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1 Introduction

The ongoing and escalating destruction of the environment and climate is one of the

most significant problems facing the entire globe. A key step forward in international

cooperation to address climate change and the destruction being caused is the United

Nations Framework Convention on Climate Change. The COP26 accord is a crucial step

in raising international awareness and fostering diplomatic relations for climate-related

issues. Also, COP26 is essential for the international community to recognise how the

ongoing growth of economic activity has aggravated climate change by raising

atmospheric concentrations of carbon dioxide (CO2), which has raised global

temperatures. By utilising more natural resources and increasing energy use, the rapid

development of global production has also increased the ecological footprint (EF),

contributing to global warming. Additionally, as the world’s population increases,

environmental worries develop because of the greater need for energy. The most

evident issues affecting the entire planet now are the slowly changing climate and

increasing environmental deterioration. The economy and health of humanity will

suffer because of this significant increase in greenhouse gases (GHG). To achieve the

2030 Sustainable Development Goals, both developed and developing countries should

prioritise environmental preservation and energy security (Sharma et al., 2021).

Countries that import energy are also working to ensure a sufficient supply to

maintain their individual rates of economic growth. However, since burning dirty fossil

fuels has a negative impact on the environment, ensuring energy security should normally

be accomplished by expanding the availability of greener energy alternatives. As a result,

existing international agreements for ecological development, such as the Paris
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Agreement, work to reduce emissions as a result of the burning of

dirty fossil fuels. To reduce CO2 emissions and ensure global

growth, the 7th SDG of the UN declaration aims to promote

access to dependable, affordable, and environmentally friendly

sources of energy. Global economies are therefore looking for

ways to transition to clean energy within global energy systems

(Rehman et al.).

Yan et al. has identified a few probable reasons for

environmental deterioration; economic growth, the use of

fossil fuels, foreign direct investment, and trade openness

have all been identified as significant sources of CO2

emissions. However, it was not until the latter half of the

twenty-first century that academics started to notice a

potential link between environmental deterioration and

trade diversification. Several countries are also attempting

to diversify their exports to expand their share of world

trade and safeguard their exports from fluctuations in

demand. However, trade diversification is likely to enhance

the chance of CO2 emissions in regions where countries are

inter-linked for commercial purposes. Therefore, it is

impossible to exclude the possibility that trade

diversification contributes to pollution (Shah et al.).

Moreover, Olanrewaju et al. (2022) suggest that governments

prioritise economic growth over gratifying social and non-social

interest groups to promote international trade. However,

economies centred on the export of unclean goods harm the

environment severely. The World Bank (2021), Lu et al. (2018)

and International Monitoring Fund (IMF) encourage nations to

diversify their exports to reduce reliance on certain commodities

and to obtain sustainable earnings. Additionally, export

diversification is essential for the economy for several reasons.

First, the term “diversified exports” refers to a method of

reducing the risk associated with international trade. Second,

it has a favourable effect on economic expansion. Third, it

enables economies to have a balanced budget and lessens the

likelihood of trade shocks. Export diversification is classified as a

phenomenon that is regarded as an important component of

structural change and development due to the availability of

resources. It also appears to have a positive impact on

environmental quality.

Significant research on numerous facets of sustainable

production is being conducted, primarily utilising qualitative

methods (Gioia et al., 2013). However, there are still some doubts

about how far the rising economies are coming to terms with

renewable energy and sustainable production. It seems that

various problems and difficulties are emerging because of

inadequate resources. In order to help collaborative efforts

across geographies, cultures, and demographics in their

pursuit of sustainability and proper energy usage, it is

necessary to adopt more incisive and subjective methodologies

that produce more priceless insights into the topic. The focus of

this Editorial on the topic of “Export Product quality, Renewable

Energy, and Sustainable Production” is on both quantitative and

qualitative research methods pertaining to the achievement of

key SDGs components in diverse emerging economies.

A large readership from academia, researchers, business, and

policymakers can be anticipated given the UN’s emphasis on

sustainability and clean production as well as the importance of

public policy and corporate actions. As a result, the issues

brought on by unsustainable production, poor export product

quality and excessive reliance on non-renewable sources of

energy are spreading, calling for a more targeted, intentional,

exhaustive, and methodical approach to their solution. The

combined perspectives of a large group of academics on some

of the most important research requirements are presented in

this special issue. We have assembled several perspectives on

sustainable consumption in this special issue with the view to

representing different aspects of consumption, methods, nations,

policy initiatives, corporate participation, disciplines, and

research traditions on sustainability.

2 Contributions to the special issue

We present the contributions to the special issue, by

bibliometrically analysing the 44 studies published in this

issue. As of now, the scholarship in the field has advanced

quite a bit, and to showcase the most up-to-date

developments we conducted a bibliometric reviw to present

the review of literature and highlight the most prevalent

topics (Shahbaz et al., 2021a). The studies have focused on

some major keywords. Node size shows the total frequency of

author keywords in the discussed topic or study area, while line

thickness depicts the number of co-occurrences. The more lines

between any two nodes, the greater the attention of researchers or

academicians from various research directions, and the stronger

the interlinkage of vital features (Yu et al., 2020). The spacing

between any two keywords shows the strength and topical

connectivity of the keywords. Nodes of the same colour

showed that the publications’ topics were related (Zupic and

Caronater, 2015).

The red cluster pertains to ecological footprint, renewable

energy consumption and export diversification. It consists of

7 keywords such as ekc hypothesis, ghg emissions, India,

ecological footprint, export diversification, renewable energy

consumption and renewable energy. Many governments have

been demonstrating their commitment to sustainable

development goals in response to rising energy consumption

and environmental damage. Specifically, these countries are

increasingly concentrating on building infrastructure for

renewable energy solutions rather than relying on non-

renewable energy sources (such coal, oil, and natural gas). The

respective governments demand a methodical transition away

from fossil fuels and toward greener energy sources until these

countries can generate renewable energy on their own (Atchike

et al.). Mahmoodi and Dahmardeh (2022) investigated the
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relationship between environmental degradation and economic

growth within the EKC hypothesis framework. They

recommended that governments of European and Asian

emerging countries to implement policies to help reduce the

adverse effects of non-renewable energy.

The green cluster is based on renewable energy consumption

and it comprises of 5 keywords which are exchange rate,

influencing factors, energy consumption, Pakistan and

CO2 emissions. With the acceleration of economic and social

development, the demand for natural resources has increased. To

help resolve an adverse effects, authors have contributed on the

benefits of sustainable natural resources utilization and

sustainable energy consumption (Naseem et al.; Yin et al.,

2022). The blue cluster highlight the interlinkage of economic

development and environment sustainability. Five keywords

which are economic complexity, foreign direct investment,

pollution haven hypothesis, environmental sustainability and

globalization are shown. The studies highlight how financial

development has a negative impact on energy consumption

(Ke et al., 2022; Ullah et al.). Ullah et al. have urged

governments to promote foreign funding for low-cost, long-

term clean energy initiatives. Such a strategy will aid a nation

in meeting its energy demands and lower electricity costs, which,

in turn, will directly impact quality of life for the average citizen

and the nation’s ability to sustain its development.

The yellow cluster contains 4 keywords namely sustainable

production, urbanization, China and economic growth. There

are several types of activities that might pollute the environment.

Almost certainly, the education industry contributes to the

degradation of environmental quality. Yan et al. inspect the

influence of income, education, and foreign direct investment

on carbon dioxide emissions for a panel of 46 Belt and Road

initiative (BRI) countries spanning the period 1996–2016. They

suggest that governments in the BRI region should improve

educational services by putting in new technologies, tools, and

resources because doing so will reduce emissions. Additionally,

using province-level data from 1988 to 2020, Huang et al.

developed a dataset of natural disasters, crop productivity, and

protein levels of cereal crops in order to better understand the

relationship between natural disasters and the quality of cereal

crops in China (rice, wheat, and maize). According to their

research, natural disaster-affected regions have seen a sharp

decline in activity since the turn of the century, with province

variations.

The purple cluster includes 4 keywords which are exports,

Saudi Arabia, sustainable economic growth and tourism. The

energy transition is accompanied by two layers of technological

innovation: the development of technologies for the generation

and consumption of renewable energy, and the introduction of

energy-efficient equipment. The acceptance and use of new

technologies are complicated processes involving

psychological, social, and economic determinants. Both

conditions generate a degree of opposition from consumers

and local communities. In light of this, Noja et al. (2022)

examined the impact of energy innovations, digital

technological change, and environmental performance in

FIGURE 1
Strategic map.
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promoting the sustainable economic development of European

Union (EU) nations, which have been profoundly influenced by

the globalization process.

Lastly, the light blue cluster consists of only 2 keywords

which are spatial spillover effect and sustainable development.

According to Cai et al., green and sustainable development

necessitates the successful integration of economic

development and the ecological environment. Green

development is considered essential in creating ecological

civilization and a precondition for economic and social

progress. The study by Cai et al. revealed that there exists

strong, observable positive correlations between the industrial

structure, digital economy development, and urbanization level

and the degree of regional economic development. However,

there were significant, observable negative correlations between

energy structure and level of opening up.

3 Research opportunities

To fully visualize the current state of the literature on the

topics addressed in this special issue, we provide a strategic map

of the extant research in the field (Figure 1). The strategic map

classifies the topics according to their centrality and density

(Cobo et al., 2015). Density describes the intensity of internal

links within a topic, whereas centrality indicates the degree of

interaction across themes (Aparicio et al., 2019). The strategic

diagram depicts four quadrants containing four themes: the

motor theme, the peripheral/niche theme, the emerging or

vanishing theme, and the basic theme (Rodríguez-Soler et al.,

2020).

Economic growth appears in the basic theme quadrant with

the highest centrality in the strategic diagram. This appearance

implies that this theme has a lower density of internal ties,

indicating the need for future research to diligently study the

sub-themes (including environmental sustainability, sustainable

production, urbanization, inclusive wealth, well-being and

financial development) despite the strength of its ties with the

other themes (Gillan et al., 2021). Economic growth aims to

increase productivity, and full employment encourages job

creation and entrepreneurship. This leads to industrialization,

which increases the extraction of natural resources and

deteriorates agricultural production. In other words, economic

actions accelerate the rate of natural resource depletion (Sorrell,

2010). The reason for this is that sustainable production is

changing toward goods or services with lower environmental

effect. This might include purchasing greener items, increasing

spending on services rather than produced things, or joining

agreements like energy service contracting and automobile

sharing schemes (Muneer et al., 2005). For instance, a move

away from products and toward services may result in a rise in

energy consumption, especially if it necessitates better service

standards, substantial transportation usage, or the production of

ecologically hazardous substances. A significant and quickly

expanding demand for adequate financing and functional

financial instruments and markets may result in sustainable

production. This is a crucial area that necessitates the use of

sustainable finance and financial development (Odugbesan et al.,

2022). However, financial development initiatives are focused on

short-term requirements, which are not necessarily best for

society’s welfare. As a result, financial development may help

reduce income disparity up to a point and create opportunities

for a more sustainable society (Odugbesan et al., 2022).

Renewable energy is mentioned in the basic topic as well as in

its sub-themes, which include ecological footprints, export

diversification, greenhouse gases, energy usage, climate

change, and environmental restraints. These aspects

emphasize the importance of future research into the sub-

themes. Renewable energy, sometimes known as clean energy,

is derived from naturally regenerated sources or processes.

Human activities have been identified as the most serious

danger to clean energy and, indeed to environmental

preservation or replenishment, as they contribute to climate

change and ecological distortions (Nathaniel et al., 2021).

Growing cities have a number of environmental limits which

may be related to greenhouse gas emissions, which contribute to

environmental damage (Owusu and Asumadu-Sarkodie, 2016).

However, to mitigate the negative effects of urbanization,

activities should be situated closer together to guarantee

greater access to services. Meanwhile, ecological

modernization and export diversification require

environmental re-adaptation of industry expansions and

economic growth (Mälkki et al., 2015). Thus, examining the

environmental implications of export diversification is important

for assuring both economic and environmental sustainability,

which is more favourable to pollution management and carbon

dioxide emissions reduction (Khan et al., 2021).

Sustainable development is a broad term that encompasses,

among other things, environmental governance, natural

resource usage, a developing economy, environmental

efficiency, and the European Union (EU). It is the third

most frequent theme because of its distinctiveness and high

density. As sustainable development is linked to governance

and responsible investment, it has been a popular topic of study.

The authors have concentrated on the conceptual approach that

demonstrates that command-based environmental regulation

may effectively increase the innovative capacity of firms in

green technology (Pan et al.). There is a need to increase

incentive-based environmental legislation in order to

promote the invention of “three wastes” treatment

capabilities among businesses. In addition, the literature

leaves the researcher with an unanswered question on how

natural resources might be digitally simonized and utilized to

decrease natural resource consumption and promote

sustainable growth (Kalymbek et al., 2021). In addition, the

European Union has mandated that corporations disclose their
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sustainable investments under the sustainable financial

disclosure regulation which is still at the infancy stage

(SFDR). Significantly increased use of electric vehicles and

solar panels has resulted in the enactment of new regulations

controlling the new sustainable investment possibilities (Yang

et al., 2022).

FDI, which comprises the sub-themes of governance,

export, economic growth, sustainable investment, impact

investment, financial development, investment choice, and

natural resources, is the fourth essential theme. According to

Simionescu et al., there is a link between renewable energy

consumption, reducing pollution and the quality of governance,

which may encourage environmental protection measures.

Consequently, government effectiveness reduces pollution in

both the short and long run, whereas corruption control and

rule of law contribute to environmental protection in the long

term. Due to international cooperation and environmental

summits, the global awareness of the SDGs and sustainable

investment projects has increased (Wen et al., 2022). Literature

indicates that an increase in FDI contributes to environmental

damage (Qamruzzaman, 2022). In addition, at low levels of

stringency, the likelihood of pollution intensive FDIs rises as the

number of stringencies decreases. This is not usually the case at

lower levels of legislation, even though tight restrictions may

increase pollution-intensive foreign direct investment (FDI).

Consequently, there is still room for FDI regulation and

oversight to make their operations viable. In the literature

focusing on investment in renewable energy, the influence of

a country’s governance structure on liquidity and financial

development has been explored (Wen et al., 2022). Investors

prefer a country with better governance and a well-developed

financial market, resulting in the security of their assets and a

positive outlook on the creation of returns (Ahmad and Wu,

2022). Developing nations with less severe laws confront the

greatest challenge right now in deciding whether or not to

engage in renewable, green energy since it requires a substantial

amount of capital and time (Lund, 2022). In order to encourage

sustainable and responsible investment, stringent governance

has become a fundamental component of the country. This FDI

topic is leaning toward the motor theme since the subthemes

have immense potential for future research.

Despite the fact that the term “carbon dioxide emissions” and

its sub-themes globalization, economic complexity, and health

expenditures are in a niche subject, it demonstrates how

important it is to research how these themes affect sustainable

development (Owusu and Asumadu-Sarkodie, 2016). Carbon

dioxide emissions operate like a blanket in the atmosphere,

trapping heat and contributing to global warming.

Globalization is predicted to be a worthy examination in the

context of environmental difficulties, particularly its merits and

downsides. These have been linked to environmental challenges

and economic complexity. Economic complexity refers to

structural changes that depend exclusively on technical

innovation, which also helps to reduce environmental impact.

It is also important to note that technologies like artificial

intelligence, high-tech internet, and information and

communication technologies (ICTs) have become a part of

people’s physical lives, which has an effect on all industrial

operations and the economy (Doğan et al., 2021). Moreover,

the largest source of environmental cost is air pollution, which

causes environmental damage and has a negative impact on

labour productivity (Apergis et al., 2018). As a result, nations

with more pollution have higher per capita health costs, whereas

countries that spend more on environmental quality defence

have lower health care expenses, which impacts industrial output

and the economy (Narayan and Narayan, 2008).

The last theme is energy consumption, which contains

keywords such as renewable energy, greenhouse gas, green

innovation, energy innovation, and ecological footprint. It is

part of the emerging theme and has a tremendous potential to

reach the motor theme. The research indicates that GDP increases

carbon intensity. However, the usage of renewable energy is an

important element in lowering carbon emissions (Wang et al.,

2022). In addition, it is verified that patents and innovation may

assist in reducing carbon intensity. However, but developing a

renewable alternative takes a great deal of innovation in the green

energy industry and impact investment (Aziz et al.). Consequently,

innovation in the energy industry will increase the effectiveness of

resource consumption. In his research, Yan et al. noted that

economic expansion has a favorable effect on pollution.

However, education and foreign direct investment have

differing quantile-level negative effects on CO2 emissions. The

study also expressed concern over health expenditures as a result of

declining health. However, the research left open the question of

how urbanization, economic growth, natural resource availability

and CO2 emissions may forecast healthcare expenditures at

different frequencies.

4 Concluding remarks

In summary, the international community is at a crucial

juncture in its pursuit of the SDGs. The COVID-19 catastrophe

has undermined decades of development achievements, but it also

accelerated the shift to greener, digital, and more inclusive

economies by accelerating the digital financial revolution

(Sharma et al., 2020). Government and policymakers have a

crucial role in establishing the conditions necessary to induce

behavioral changes that promote sustainable development,

renewable output, and an increase in foreign direct investment

in the green sector. In putting together this special issue, we have

identified a number of research possibilities and methodologies in

this nascent and quickly expanding field:

• To enhance the engagement of FDI in the green and

renewable sector, there is a need for more contextualized
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governance, decentralization of authority and authentic and

more widespread people participation.

• For responsible and sustainable growth, policy

commitments to the financing and R&D of

revolutionary green technologies, particularly in

emerging nations are needed.

• Future studies must create and propose a digitalized

method for governance, natural resource usage, and

sustainable investment in the post-COVID-19 crisis

period.

• The link between energy consumption and economic

growth might be examined in future using a production

function method, which would include labour, capital stock,

human capital, and exports as variables under control.

• Future research may need to use a more complete

environmental indicator since climate change and

environmental restrictions may further lower the maximum

amount of gross production from renewable energy sources

below what is predicted from direct energy inputs.

• Future studies may investigate additional sources of CO2

emissions, such as transportation infrastructure, R&D,

technological innovation, and financial globalization.

This special issue tackles the theoretical and empirical

concerns associated with current advancements and new

approaches that integrate sustainable development, governance,

renewable sources, carbon emissions, and sustainable economic

growth. Recent theoretical and empirical research is utilized to

examine the causes, significance and consequences of pertinent

governance and accessible opportunities in renewable sources of

investment and innovation to accomplish the sustainable

development objectives. We anticipate and expect that this

special issue will make a substantial contribution to this rapidly

expanding academic field and be of interest to academics,

practitioners, and policymakers.
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Research has proved the significance of forests in controlling carbon emissions, however,
our research sheds light on the management of existing forests to combat climate change.
To examine the role of forestation and forest investment activities, dynamic spatial
techniques are used for 30 provinces of China. The results suggest that forest
investment and management not only reduce carbon locally but also in neighboring
provinces. Furthermore, the findings of the current study confirmed that forest investment
is the most viable practice to control carbon emissions in China instead of just increasing
total forest area. Reforms regarding the management of forests would be a good policy for
both pollution reduction and employment generation.

Keywords: carbon emissions, forest activities, dynamic spatial analysis, China, economic growth

INTRODUCTION

It is also important to mention that from 1960 to 2019, the CO2 emission in China from fossil fuels
grew to the highest in the world. It is believed that in 2019, the CO2 emissions of China is more than
the emissions of the rest of the world combined (Hausfather, 2019). A few studies (including Yunfeng
and Laike, 2010; Adewuyi, 2016; Shahbaz et al., 2017; Sarwar et al., 2019) also presented some useful
measures which can be used to reduce carbon emission by either technological advance or through
generating improved income, increasing the purchasing power of individuals and industries so that
they can afford to choose expensive eco friendly products. Other recommendations include installing
industrial plants, shifting electricity generating plants from coal to hydro or wind power, and the
adoption of renewable energy sources.

However, our proposed measures in terms of forest investment and the management of existing
forests to encounter environmental problems are viable solutions that would reduce carbon emission
without halting the economic growth or industrial development in the country. Based on studies
done by (Sarwar, 2019; Sarwar and Alsaggaf, 2019; Qiu, 2020), our main hypothesis is the significance
of forests to solve environmental challenges and climate change.

While highlighting the contribution, firstly, this study disaggregates forestry into two sections; one
is related to increase the forest area, and the second is about the afforestation with continuous forest
management activities.We disaggregated the forestry to investigate whether an increase in forest area
alone is sufficient to reduce carbon emission. Forest is also considered a source of carbon emission, as
well as a carbon sink, owing to forest fires, the carbon unbalance of mature trees, and other non-
cleaning activities of forests (van der Werf et al., 2009; Joyce, 2017; Sarwar et al., 2019). For this
reason, we regress forest area on carbon emission by using two proxies: forest area (1,000 square
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kilometers) and forest land coverage (the percentage of total
land). Similarly, for the forest area, we use two proxies to
conclude the role of continuous forest investment on
management, cleaning, research, etc. on carbon reduction. To
account for the given opinions regarding the role of forests as
carbon sinks, it is more than important to investigate the
importance of forest area and forest investment to control the
environmental externalities. In contrast to previous literature
which uses only one variable to conclude the role of forest, we
use four variables to investigate the exact role of forest in carbon
mitigation. Secondly, the study contributes to the existing
literature of Waheed et al. (2018) by using a spatial
methodology approach to investigate the role of forest area
and forest investment on carbon emission; whereas previously
the author used simple regressions to conclude the phenomena.
By concluding the above arguments, it seems that the current
study has filled gaps in the literature.

REVIEW OF LITERATURE

Impact of Economic Growth on Carbon
Emission
Almost all types of economic activity involve the consumption of
energy, which is a major source of carbon emission. In this regard,
Esso and Keho (2016) used both cointegrations as well as Granger
causality tests to check the long-run association between
economic growth and carbon emission in 12 African countries
from the year 1971–2010. It found that the results regarding this
association are mixed however, in the majority of these countries
increased economic growth is positively associated with carbon
emission in long run. Reverse causality is also noted from carbon
emission towards economic growth suggesting that economic
growth is also adversely affected due to pollution decreasing
environmental policies in a few of these countries. Likewise,
Salahuddin et al. (2015) used data from GCC countries to
examine if there exists any relationship between economic
growth, consumption of electricity, financial development, and
carbon emission from the year 1980–2012 by using DOLS,
EMOLS, and DFE techniques. Results suggest that there exists
a long-run relationship between these variables, however, a short-
run relationship does not exist. In the long run, both economic
growth, as well as electricity consumption, increase carbon
emissions. However, bidirectional causality exists between
economic growth and carbon emission. The nexus between
economic growth and carbon emission can be different in
different sectorial levels hence Aslan et al. (2018) used
sectorial data of the United States from the year 1973–2015
and applied estimation through a rolling window to check this
nexus. Results validated the inverted U-shaped EKC hypothesis
for not only total carbon emission but also in three sectors
including industrial, residential, and electrical. Whereas in
both the commercial and the transport sector this relationship
was not proved. Like this analysis, Du et al. (2019) used data from
the construction industry of 30 Chinese provinces and checked
this relationship through the method of standard deviational
ellipse. They found that in the majority of provinces economic

development results in increased carbon emission. Alongside,
spatial disparity is observed in decoupling states regarding the
construction industry due to geographical differences in the
environment along with the differences in policies.

Recent studies show some interesting insights regarding this
relationship as Song (2021) used non-dynamic Chinese panel
data from 2001 to 2016 and used a threshold model so that the
impact of transitions in different sectors could be checked. Their
analysis provides evidence that although the economy of the
country is growing, technological investments, as well as efforts
regarding environmental protection, reduces the carbon emission
in China. It is noted that the carbon emission is reduced in those
provinces which are economically significant, whereas provinces
regarded as energy abundant used clean mining along with
strengthening the energy delivery channels to enhance
sustainability and growth. Additionally, Nguyen et al. (2021)
tried to check whether economic growth can be used to
explain as well as forecast the variation in carbon emission.
They used data from the year 1978–2014 from G-6 countries
and through different techniques, they came to a conclusion that
evidence of the Environmental Kuznets Curve is weak in these
countries; however, they assert that economic growth is a major
driver of carbon emission in G-6 countries.

Impact of Coal and Oil on Carbon Emission
Consumption of fossil fuels is considered the main reason behind
global warming and many studies are conducted to check the
nexus between these two. In this regard, Long et al. (2015)
conducted a complete study on the impact of non-renewable
energy sources on carbon emissions in China between 1952 and
2012. Co-integration and Granger causality, and static, as well as
dynamic regression analysis, revealed that there is a dominant
impact of coal consumption on carbon emission in China. Oil
consumption also proved to be a major determinant of carbon
emissions, hence, they recommended the use of hydro along with
nuclear energy power instead of these non-renewable sources.
Another study conducted by Ahmad et al. (2016) analyzed Indian
data from 1971 to 2014 to check if carbon emissions in India are
also influenced by the consumption of fossil fuels including coal
and oil. Co-integration analysis along with the vector error
correction model was used to check the causality between the
variables. They concluded that all types of energy sources
including coal, oil, and gas are positively related to carbon
emissions in India, hence, they suggested making policies that
promote the use of energy-efficient technology to reduce high
carbon emissions. The problem of energy-related carbon
emissions are not limited to a single country, because
according to Hanif (2018) in both East Asia as well as in the
Pacific countries increased use of fossil fuels is one of the major
reasons for high carbon in the atmosphere. They used the GMM
technique to check the reasons behind serious environmental
damage in these regions and found that policies regarding energy
management are inefficient, hence, both natural resources as well
as environmental quality is declining in these regions. It is
recommended that policies should be put in place for efficient
energy management along with the use of renewable energy
sources.
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The same type of results were also found by L. Zhang et al.
(2019) when they analyzed agricultural sector-related carbon
emissions in China. They used data from 1996 to 2015 and
applied many tests to confirm that unidirectional Granger
causality exists between the use of fossil fuels including oil and
coal, and carbon emissions. They recommended that Chinese
environmental policy should focus on agricultural-related carbon
emissions in China. Additionally, Nathaniel and Adeleye (2021)
used the most recent data from African countries and found a
direct relationship between oil and coal usage and carbon
emission, hence, they recommended that to reduce
environmental damage not only the use of renewable energy
should be promoted but effort should be made to increase
household income so that expensive but energy-efficient
appliances could be used. Alongside, in G-7 countries, the use
of those strategies which are eco-innovative are beneficial
because, Ding et al. (2021) found that although economic
growth is high in these countries, use of fossil fuels is still
deteriorating the environment, but with energy productivity
and use of renewable energy sources this environmental
problem is being solved in G-7 countries.

Impact of Urbanization on Carbon Emission
Another main factor behind increased carbon emission
throughout the world is the rising rate of urbanization. In this
regard, Y. Wang et al. (2016) conducted different tests to check if
carbon emission in BRICS countries is due to increasing
urbanization in these countries. The results of their study
clearly indicated the existence of long-run co-integration
between these two, and it is also concluded that carbon
emission is Granger caused due to urbanization hence, rational
urban planning along with efficient energy usage is
recommended. Zhang et al. (2017) checked this relationship in
141 different countries from 1961 to 2011 and found that the
relationship between these two is inverted U-shaped, which
means that carbon emission increases at the start of
urbanization but when technologies progressed, this intensity
becomes decreased. They suggested that better urban planning
can be used to reduce urban-based carbon emissions. The exact
same type of results were also found in China by J. Li et al. (2018),
who also assert that urbanization is related to carbon emission
efficiency through a U-curve, whichmeans that in the early-stages
urbanization reduces the efficiency of carbon emissions, whereas
after reaching the peak level urbanization increases this efficiency.
Although many studies show a direct relationship between
urbanization and carbon emissions however, a study by Fan
and Zhou (2019), confirms that a spatial spillover effect also
exists between these two variables because in their study the direct
impact on carbon emissions proved to be negative but the
pollutant transfer effect was positive. They suggested that
policies regarding urbanization, as well as real estate, should
be combined to get rid of the negative spillover effect. It cannot be
said that only developing countries face urban-based
environmental degradation, but developed countries are also
struggling to reduce urban-related emissions. W.-Z. Wang
et al. (2021) analyzed OECD countries that are high income,
and through the ARDL approach they confirmed a significant

positive relationship between urbanization and carbon emissions
in these high-income countries as well. The urbanization
agglomeration effect is suggested so that urbanization-based
carbon can be reduced. Another interesting insight regarding
this relationship is provided by Zhou et al. (2021) who found that
due to land use for urbanization in China, the impact on carbon
emissions is as follows: when urbanization is high, emissions are
low; when urbanization is midrange, the emissions are high; when
urbanization is low, emissions are low also. This study put
forward the policy to use urbanization levels for the reduction
of city-based carbon emissions.

Impact of Forest on Carbon Emission
When it comes to the ways to remove carbon from the
atmosphere or to reduce the emission of carbon, forests come
in first place. Taeroe et al. (2017) conducted a study to check
whether forests best reduce carbon by absorbing it or by
providing wood as an alternative to fossil fuels. They analyzed
three types of European forests including managed forests, energy
plantations, and forests set aside specifically for the purpose of
carbon storage. It is noted that the carbon reduction potential of
forests is higher as compared to the reduction of carbon emission
when wood is used as an alternative energy source. However,
according to Saranya et al. (2016) forests can emit carbon as well,
because when fire breaks in any forest, carbon as well as many
other dangerous gasses are emitted into the air. Data from Indian
forests are taken from the years 2004–2013 and it is suggested that
such fires should be avoided to reduce the impacts of climate
change. They observed that mean carbon emission from these
fires is about 1.26 CO2 Tg yr−1, however along with carbon other
gasses including CO and N2O are also emitted into the air.
Likewise, Ahmad et al. (2018) analyzed how forest degradation
and deforestation, along with the harvest of wood in the
Himalayan region of Pakistan are associated with carbon
emissions. They used Pakistani data from the year 1994–2016
and noticed that almost 90% of carbon released was due to
deforestation, whereas degradation of forests in this region
released almost 75% of their carbon into the air. The carbon
storage potential of trees depends on many factors, and a few of
them are investigated by Y. Li et al. (2019) who found that in
subtropical Chinese forests, the stand age of trees, as well as
environmental conditions and biodiversity, affects the carbon
sucking potential of forests. A recent study done on Chinese data
from the years 2007–2017 suggested that with a substantial
increase in forests, carbon emission efficiency, as well as
energy efficiency, are improved; hence, to deal with the
challenges of climate change, afforestation is the best strategy
Teng et al. (2021). Although the majority of studies try to check
the influence of forests on climate, Case et al. (2021) conducted a
study on American forests to check whether or not climate
change also affects the carbon storage potential of these
forests. It is noted by the authors that increased temperature
negatively affects the trees in terms of this potential as well as
productivity and growth and hence the carbon storage ability of
trees decreases significantly due to adverse changes in climate.

While focusing on the existing literature, we have noticed a
number of previous studies suggested important solutions
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which could help to minimize carbon emission. However,
fewer studies have focused on the role of forest activities to
counter environmental externalities. Even the studies that
investigated the role of forests have not differentiated the
forest land coverage and forest investment and management,
which provide more insight to deal with the forest
environment as a whole. To fill this gap, we segregated the
increase in forested land and forest investment, which is used
for research and management of the forest. For this purpose,
we use four proxies, two for forest area and two for forest
investment, which is helpful for the robustness of results
regarding the role of forest to counter carbon emission. We
use dynamic spatial analysis to confirm the role of variables in
our own provinces, as well as in neighboring provinces.
Whereas previous studies related to forests, have applied
simple regression techniques which have a number of
drawbacks compared to spatial analysis.

ESTIMATED MODELS AND DATA

The study uses carbon emission as a dependent variable that
needs to be measured by the calculation of the IPCC method,
which was recently used by Shahzad (2020); Sarwar (2019). The
data of dependent variables; forest land (FA), forest coverage
rate (FCR), forest investment (FI), and Total Area of
Afforestation (TAAFF) are taken from the National Bureau
of Statistics of China (http://data.stats.gov.cn). Similarly, we use
National Bureau Statistics to gather the data of control variables. The
control variables of the study are economic growth, urbanization,
coal consumption, and oil consumption. The definitions and units of
variables are presented in Supplementary Table A1.

The reason to choose CO2 emissions as a dependent
variable is to measure the environmental externalities. CO2

emissions have a higher concentration which has an adverse
impact on human health, however, we use this as a proxy
which is also followed by Waheed et al. (2018) and Shahbaz
et al., (2018). As for the independent variables, we used two
variables (forest area and forest coverage land) to examine
whether a country can decrease their carbon emissions simply
by planting trees. In contrast to the previous study, we
propose that carbon emissions cannot be decreased by
simply planting forests, but the process requires proper
research before planting the trees: to match with soil,
establish proper spacing and distancing, cleaning the forest
land, replacing old trees with new ones, continuous
management, etc. However, we propose that it is forest
investment activities that mitigate carbon emission. To
investigate this, we use two variables (forest investment
and total area of afforestation) which is an extension of
the study by Sarwar et al., (2019). There is a deep
connection between forest and urbanization; to increase
the urban area, it is often essential to remove forests.
However, one can assume that urbanization causes a boost
to the carbon emissions through the cutting of forests, as well
as the higher consumption of energy for daily use (Lv et al.,
2018). The higher consumption of energy such as coal and oil

triggers the environmental degradation process (Waheed
et al., 2018), however, it is essential to incorporate the coal
and oil consumption for estimations.

We use the data of 30 provinces over the period of 2007–2016,
which excludes the Taiwan, Tibet, Hong Kong, and Macao
regions for their special status. After collecting the data of
selected variables, we have standardized the variables by using
a logarithm.

To calculate the data of carbon emission, the study employed
an energy consumption-based methodology, which is presented
by the Intergovernmental Panel on Climate Change (IPCC,
2006). The energy-based carbon emissions are calculated by
using the following calculation, as mentioned in Eq. 1:

CO2t � ∑
i,j

CO2tij � ∑
i,j

Et
ij × Oj × EFj (1)

Where, CO2 is the carbon emission for year t; CO2t ij expresses the
carbon emission of fuel type j, for province i at time t. Et ij

represents the energy consumption of fuel type j in province i at
time t, whereas, Oj expresses the fraction of fuel j in carbon
emission. Moreover, EFj is the carbon emission coefficient of fuel
type j. Supplementary Table A2 presents the carbon content,
oxidation rate, and carbon emission factors.

Dynamic Spatial Durbin Model
The Dynamic Spatial Durbin Model (SDM) under individual
fixed effects is the baseline model used in the current paper.
The main advantage of this model is its ability to test the
existence of endogenous, as well as exogenous interaction
effects in the short term along with the long term (LeSage
and Sheng, 2014). It was not only used to examine the effect of
the independent variables on the dependent variable in the
local and surrounding regions but also to test the spatial
dependence, temporal dependence, and spatiotemporal
dependence of the dependent variable (Debarsy et al., 2012;
LeSage and Sheng, 2014; Elhorst, 2014a, b). Formally, the
dynamic SDM under the space fixed effect is specified is Eq. 2:

Yi,t � βXi,t + θWXi,t + ρWYi,t + τYi,t−1 + ηWYi,t−1 + μi + εi,t (2)

where Yi,t is the dependent variable in province i at time t; Yi,t−1
denotes the lagged dependent variable; β denotes the vector of the
coefficients of the independent variables; Xi,t stands for the set of
the independent variables in province i at time t;W is the spatial
weight matrix;WXi,t refers to the spatial lag effects associated
with independent variables; θ and ρ are the spatial lag coefficients
of dependent and independent variables, respectively; τ is the
temporal lag coefficient of the dependent variable; η denotes the
spatiotemporal lag coefficient of the dependent; μi ∼ N(0, σ2μ)
indicates the space fixed effect; and εi,t is the random error vector.

Equations 3-8 show the direct, indirect, and total effects of the
dynamic SDM in the short-term and long-term scales (Elhorst,
2014a, b).

Short − term direct effects � [(IN − ρW)−1(βkIN + θkW)]
d

(3)
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Short − term indirect effects � [(IN − ρW)−1(βkIN + θkW)]
�rsum

(4)

Short − term total effects � [(IN − ρW)−1(βkIN + θkW)]
d+[(IN − ρW)−1(βkIN + θkW)]

�rsum

(5)

Long − term direct effects � [((1 − τ)IN − (ρ + η)W)−1(βkIN + θkW)]
d

(6)

Long − term indirect effects � [((1 − τ)IN − (ρ + η)W)−1(βkIN + θkW)]
�rsum

(7)

Long − term total effects � [((1 − τ)IN − (ρ + η)W)−1(βkIN + θkW)]
d+[((1 − τ)IN − (ρ + η)W)−1(βkIN + θkW)]

�rsum

(8)

where IN is an identity matrix, and d and �rsum denote
respectively two operators that allow calculating both the
mean diagonal element and the mean row sum of the non-
diagonal elements of a matrix (Elhorst 2014a, b).

Spatial Weight Matrix
The spatial weight matrix (W) represents the fundamental
element of spatial econometrics models. Unlike most previous
studies that focused on one single matrix, this paper utilizes
different types of W matrices. In addition, we use the Bayesian
approach to model comparisons (LeSage, 2014, 2015), the main
advantage of which is that it allows a simultaneous selection of the
best W matrix and the appropriate spatial model. Twelve W
matrices are considered in this paper:

1. A first-order binary (0/1) W1 matrix based on common
land or maritime borders.

2. A second-order binary matrix: W2 � W1 ×W1.
3. A third-order binary matrix: W3 � W2 ×W1.
4. A W4 matrix based on the geographical (spherical)

distance between geographic centroids of the provinces.
5. An inverse distance W5 matrix.
6. k-nearest neighbor matrices: Wk (k � 5, 6, 7, 8, 9, 10, 20),

where the spatial weightwij � 1 if the province j is within
the k-nearest neighbor of the province i and wij � 0 if
otherwise.

Finally, all these W matrices are row normalized such as
∑N

j�1 wij � 1; i � 1, . . . , N.

Estimated Models of the Study
For empirical analysis, we propose the models as below:

ln(CO2i,t) � β0 + β1ln(Foresti,t) + β2ln(EGi,t) + β3ln(URi,t)
+ β4ln(COALi,t) + β5ln(OILi,t) + μi + εi,t

(9)

where Foresti,t denotes forestry indicators which are divided
into two subcategories; forest area and forest investment
activities. For forest area, we use two variables, forest area
in square kilometers and forest coverage rate in percentage.
To estimate the impact of forest investment activities, we use
two proxies; forest investment in million yuan and total area
of afforestation in square kilometers. Moreover, i represents
province at time t, μi is presumed to be fixed province-specific
effects. The observations in Eq. 9 are available in the 30

contiguous provinces from 2007 to 2016 so that T � 10 and
N � 30.

In the case of spatial analysis, we estimate the model in the
given form:

ln(CO2i,t) � β0 + β1ln(Foresti,t) + β2ln(EGi,t) + β3ln(URi,t)
+β4ln(COALi,t) + β5ln(OILi,t)

+θ1 ∑
N

j�1
wijln(Forestj,t) + θ2 ∑

N

j�1
wijln(EGj,t)

+θ3 ∑
N

j�1
wijln(EGj,t) + θ4 ∑

N

j�1
wijln(COALi,t)

+θ5 ∑
N

j�1
wijln(OILj,t) + ρ∑

N

j�1
wijln(CO2j,t)

+τln(CO2i,t−1) + η∑
N

j�1
wijln(CO2j,t−1) + μi + εi,t

(10)

RESULTS AND DISCUSSION

Cross-sectional Dependence Estimation
To examine the spatial dependencies across Chinese provinces,
we use a number of cross-sectional dependence (CSD) tests: 1)
Lagrange Multiplier (LM) test presented by (Breusch and Pagan,
1980), 2) scaled LM for cross-sectional dependence test proposed
by (Pesaran, 2004). 3) bias-corrected scaled LM test of (Baltagi
et al., 2012). The findings of cross-sectional test are presented in
Table 1, which reject the null hypothesis for studied variables.

Comparison of Dynamic Models and Spatial
Weight Matrices
The empirical findings of Table 2 propose that SDM outperformed
compared with dynamic SAR and SEM models. Where we find that
inverse distance matrix underperformed while we account for
marginal likelihood value. Further, by decomposing the variables
into base components alongside considering the spatially lagged
variables, we can achieve a high degree of flexibility. For the case
of neighborhood matrix which compliance with inverse distance or
greater circle distance, dynamic SDM turned out to be an optimal
estimation. Table 2 shows the weight matrices and Bayesian posterior
model probabilities for SDM, SAR, and SEM. The resulting
probabilities help to identify the spatial weights and the best spatial
panel model. The probabilities are determined by integrating the
parameters of studied models by accounting the space of parameters.
Later, the sum of all probabilities are assumed to be one for
normalization.

According to Table 2, while considering the Bayesian model
probabilities and log-marginal values across spatial model
specifications for neighboring matrix, we conclude that SDM
outperforms compared to the SAR and SEM. However, it is not
compulsory to comprise the (WX).
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Besides, the dynamic SDM specification is estimated using the
bias-corrected maximum likelihood (ML) estimator suggested in
Yu et al. (2008) and developed by Elhorst (2010a, b) and Lee and
Yu (2010). As argued by LeSage (2014, 2015), the dynamic SDM
produces global spillover effects, i.e., provinces are not neighbors.
Accordingly, the spatial weight matrix is likely to be sparse. The
results show that the average number of neighbors is equal to
12.067 for theW2 matrix, 20.167 for theW3 matrix, 11.267 for the
W4 matrix, and 4.4 for the W1 matrix. Therefore, based on the
sparsity principle, the selected optimal spatial weight matrix
is W3.

Empirical Estimations
The estimation results of the dynamic SDM are reported in
Tables 3–5. The Wald’s test results show that the dynamic
SDM is preferred over the dynamic SAR model or the
dynamic SEM. In addition, the condition of stationarity,
i.e., τ + ρ + η< 1, is satisfied for all empirical specifications.
This finding was confirmed by the Wald test, across which the
null hypothesis τ + δ + η � 1 is strongly rejected at the 1% critical
level.

The direct and indirect effect of explanatory variables on
carbon emission in short term and long term is checked by
using the Dynamic SAR model with spatial spillover effect due to
the best fitting property of this model. Tables 3–6 presents the
results of this model by taking forest area, forest coverage rate,
forest investment, and total area of afforestation as independent
variables. It can be seen that the value of ρ is not only negative but
also significant at the 1% level in all tables which means that in
China, the current year’s carbon emission is negatively affected by
carbon emission in the previous year and carbon emission in
neighboring provinces, resulting in decreases in the local carbon
emission. This also shows that spatial dependences result in the
decreasing trend of concentration of carbon emission in China.
Alongside, spatiotemporal dependences also result in a decrease
in carbon emissions because the value of (η) is significant, as well
as negative in all tables. Hence, it can be concluded that local
carbon emission is decreased due to the previous year’s carbon
emission in adjacent provinces, and local emission is highly
dependent on neighboring carbon emission. On the basis of
this result, hindrances of carbon emission concentration by
spatiotemporal dependence are confirmed. Temporal
dependencies are also present because τ is also significantly

negative which shows that, in the same year, local carbon
emission is dependent on adjacent province’s emission.

Turning attention towards the explanatory variable’s
coefficient including forest area, forest coverage rate, forest
investment, and area of afforestation, it can be seen that the
elastic coefficient of forest area is significantly positive at a 1%
level. This suggests that if forest area increases by 1%, it leads to a
0.2576% increase in carbon emission. Alongside, forest area is
related to adjacent area’s carbon emission positively only in short-
term as coefficient is positive and significant at 1% level. However,
in the case of forest coverage rate, the elastic coefficient is positive
but insignificant which means forest coverage rate has no impact
on carbon emission in China. The same is the case in forest
investment because the elastic coefficient, in this case, is also
insignificantly positive. However, it is interesting to see that both
the direct and indirect impact of forest investment is significant in
short term but local emission is increasing due to forest
investment whereas adjacent area emission is decreasing due
to investment in forests.

The elastic coefficient of the total area of afforestation is
significantly negative at a 1% level. This suggests that a 1%
increase in afforestation area results in decreasing the carbon
emission by 0.0732%. This result is according to the expectation
because, when more trees are planted, they will absorb more
carbon, and hence, environmental degradation decreases. This
result is consistent with the findings of Waheed et al. (2018) who
also concluded that afforestation resulted in decreased carbon
emission in Pakistan. The coefficient regarding the direct and
indirect impact is significant in short term only but local emission
is decreasing and adjacent emission is increasing due to an
increase in the afforestation area.

Concentrating on estimated coefficients of variables other
than forest, it can be seen that the coefficient of per capita
GDP is not only positive but also statistically significant at a
1% level. This shows that an increase in carbon emissions can
be attributed to the increased economic growth in China. The
value of the coefficient is almost 0.95 in all models which
suggests that a 1% increase in economic growth results in a
0.95% increase in carbon emission in China. A plausible
explanation for this relationship is the fact that when the
economy grows, the industrial and manufacturing etc. sectors
also grow, and these sectors are highly dependent on energy.
Hence, more carbon is emitted due to the use of non-

TABLE 1 | Panel Cross-sectional dependence (CSD).

Variables ln(PCCO2) ln(FA) ln(FCR) ln(FI) ln(TAAFF) ln(GDPPC) ln(URBAN) ln(COAL) ln(OIL)

Breusch-Pagan LM 586.0221*** 5,220*** 5,220*** 4,175.152*** 1,445.231*** 784.5612*** 3,362.977*** 3,518.2880*** 1,563.352***
— (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000)
Pesaran scaled LM 5.1201*** 162.2267*** 162.2267*** 126.8030*** 34.2501*** 11.8512*** 99.2677*** 104.5333*** 38.2547***
— (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000)
Bias-corrected scaled LM 3.7565*** 160.8631*** 160.8631*** 125.4394*** 32.8864*** 10.4876*** 97.9041*** 103.1696*** 36.8911***
— (0.0002) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000)
Pesaran CD 2.4447** 62.6163*** 72.2496*** 64.2519*** 25.7567*** 16.6838*** 42.6216*** 51.5942*** 9.7274***
— (0.0145) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0033)

Notes: The CSD tests perform the null hypothesis of cross-sectional independence. The test statistic of the different CSD tests follows the standard normal distribution N (0,1). *** denotes
statistical significance at the 1% level.
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TABLE 2 | Simultaneous Bayesian comparison of SAR, SEM, and SDM.

W Matrix Statistics Model 1.1 Model 1.2 Model 2.1 Model 2.2

SAR SEM SDM SAR SEM SDM SAR SEM SDM SAR SEM SDM

W1 Log marginals −61.5421 143.2560 147.0973 −55.1703 141.8505 146.1472 −0.3705 141.1170 155.6447 −38.1390 141.2678 148.1298
Model probabilities 0.0000 0.0210 0.9789 0.0000 0.0134 0.9864 0.0000 0.0000 1.0000 0.0000 0.0010 0.9990
Posterior model probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W2 Log marginals −45.0865 176.8499 183.7598 −40.7925 175.2790 180.3503 14.3672 177.1962 186.5970 −24.5427 174.4924 179.5939
Model probabilities 0.0000 0.0010 0.9910 0.0000 0.0061 0.9742 0.0000 0.0001 0.9910 0.0000 0.0060 0.9900
Posterior model probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W3 Log marginals −13.3353 182.2925 208.1318 −11.2699 180.3708 204.4949 29.8436 181.0257 198.5481 −3.0872 181.0085 197.6172
Model probabilities 0.0000 0.0000 0.2452 0.0000 0.0000 0.1475 0.0000 0.0000 0.0025 0.0000 0.0000 0.0002
Posterior model probabilities 0.0000 0.0000 0.2445 0.0000 0.0000 0.1465 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002

W4 Log marginals −50.1191 172.3677 188.3888 −45.7942 171.4891 183.8851 6.9529 170.1703 184.7622 −30.2937 171.6488 182.4363
Model probabilities 0.0000 0.0000 1.0000 0.0000 0.0000 0.9984 0.0000 0.0000 1.0000 0.0000 0.0000 0.9999
Posterior model probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W5 Log marginals −764.5967 −158.0792 −25.8856 −769.7168 −141.7866 −26.5105 −575.3944 −139.4775 −36.5232 −686.0235 −150.0557 −21.3283
Model probabilities 0.0000 0.0000 0.0653 0.0000 0.0000 0.9418 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Posterior model probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W6 Log marginals −58.3688 157.4151 169.0498 −52.9646 156.5274 166.9574 3.3982 156.0406 171.7899 −34.4235 159.3723 167.9179
Model probabilities 0.0000 0.0000 1.0000 0.0000 0.0000 0.9989 0.0000 0.0000 1.0000 0.0000 0.0002 0.9998
Posterior model probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W7 Log marginals −57.6251 174.4907 179.3297 −52.0648 173.9883 177.0847 4.8618 174.3575 184.0152 −33.9749 174.4316 178.3724
Model probabilities 0.0000 0.0061 0.7648 0.0000 0.0070 0.1552 0.0000 0.0001 0.9999 0.0000 0.0101 0.5216
Posterior model probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W8 Log marginals −56.3852 176.7883 182.0877 −50.7914 176.2189 179.4042 5.5688 177.0912 187.7294 −33.6057 176.6715 180.5226
Model probabilities 0.0000 0.0040 0.8087 0.0000 0.0072 0.1730 0.0000 0.0000 1.0000 0.0000 0.0174 0.8196
Posterior model probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W9 Log marginals −58.1372 181.8084 184.1104 −52.5415 180.8816 180.4465 2.3470 181.2878 189.4667 −35.1830 181.7240 181.4795
Model probabilities 0.0000 0.0004 0.0044 0.0000 0.0007 0.0005 0.0000 0.0003 0.9988 0.0000 0.1317 0.1031
Posterior model probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W10 Log marginals −57.0026 183.9683 187.6523 −51.8406 182.9274 184.8732 2.4149 183.5170 192.6171 −34.3731 183.5858 185.9111
Model probabilities 0.0000 0.0241 0.9597 0.0000 0.1101 0.7704 0.0000 0.0001 0.9999 0.0000 0.0889 0.9095
Posterior model probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W11 Log marginals −55.2160 185.7804 189.7660 −50.0902 184.7220 186.2598 3.6843 185.2323 192.5567 −33.1787 184.8604 186.2046
Model probabilities 0.0000 0.0162 0.8713 0.0000 0.0581 0.2706 0.0000 0.0007 0.9983 0.0000 0.1891 0.7253
Posterior model probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W12 Log marginals −23.3463 185.1425 202.1552 −22.1898 182.6395 198.5180 20.5712 183.7140 206.2774 −12.4313 183.1203 193.2065
Model probabilities 0.0000 0.0000 0.2051 0.0000 0.0000 0.0512 0.0000 0.0000 0.0674 0.0000 0.0000 0.0000
Posterior model probabilities 0.0000 0.0000 0.0006 0.0000 0.0000 0.0004 0.0000 0.0000 0.0666 0.0000 0.0000 0.0000
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renewable energy sources. Aye and Edoja (2017), Hashmi and
Alam (2019), Lee, (2019), and Shahzad (2020) also found
some type of positive association between economic growth
and carbon emission. It was also shown that the direct and
indirect impact of economic growth is significant in the short
term, but local carbon emission is increased due to an
increase in GDP whereas emissions in adjacent areas are
decreased by increased economic growth.

Likewise, the coefficient of urbanization is significantly
negative at a 1% level in all models which shows that, in
China, urbanization is decreasing carbon emissions.
However, the highest coefficient regarding urbanization is
in the first model when forest area is included in the model. It
can be seen that a 1% increase in urbanization results in the
reduction of carbon emission by 3.3248%. In the case of
spatial spillover effect, it is significantly negative only in
short term and in the indirect effect. This suggests that
local urban expansion results in decreasing the carbon

emission in adjacent provinces. Fan and Zhou (2019) also
found some type of indirect effect of urbanization and
suggested that neighboring provinces experience increased
carbon emission due to an increase in the rate of urbanization
locally.

Now turning attention towards the coal, the coefficient of
coal is significant and negative in the first two models at a 10%
level, which shows that the impact of coal consumption on
carbon emission is negative. This result is in contrast with the
previous studies which suggest that consumption of coal is
adding to the carbon emission (Mensah et al., 2019; Kang
et al., 2016). This negative association could be due to the
strict policies and guidelines imposed by the Chinese
government regarding the use of coal. Alongside,
ambitious policies are implemented by the government for
the promotion of non-fossil fuel energy use is also the main
reason for this negative impact (Zheng et al., 2020).
Considering the spatial spillover effect of coal, the indirect

TABLE 3 | Estimation results of dynamic SDM with Forest Coverage Rate.

Variable Estimates Short-term Long-term

Direct effect Indirect effect Total effect Direct effect Indirect effect Total effect

ρ −0.2362*** — — — — — —

— (0.0000) — — — — — —

τ −0.0128* — — — — — —

— (0.0617) — — — — — —

η −0.0208*** — — — — — —

— (0.0000) — — — — — —

lnFCR 0.0834 −0.2636 0.6361*** 0.3725*** −0.5353 0.8769 0.3415***
— (0.3713) (−1.2188) (2.9900) (10.9910) (−0.0572) (0.0939) (9.6117)
lnGDPPC 0.9499*** 1.1179*** −0.3109*** 0.8070*** 1.3487 −0.5892 0.7595***
— (0.0000) (30.9069) (-7.4466) (52.2385) (0.2151) (-0.0942) (33.4975)
lnURBAN −3.1213*** 0.2264 −6.1573*** −5.9308*** 3.5088 −8.9945 −5.4857***
— (0.0000) (0.2884) (−7.1420) (−21.3057) (0.0451) (−0.1158) (−16.8703)
lnCOAL −0.1261* 0.1783 −0.5702*** −0.3919*** 0.5337 −0.8940 −0.3603***
— (0.0723) (1.1741) (−3.6878) (−11.7077) (0.0732) (−0.1229) (−10.8181)
lnOIL 0.0056 0.0144 −0.0154 -0.0011 0.0181 −0.0189 −0.0008
— (0.6284) (0.4991) (−0.3999) (−0.0568) (0.0343) (−0.0358) (−0.0476)
WplnFCR 0.1107*** — — — — — —

— (0.0000) — — — — — —

WplnGDPPC 0.1795*** — — — — — —

— (0.0000) — — — — — —

WplnURBAN −1.6258*** — — — — — —

— (0.0000) — — — — — —

WplnCOAL −0.1134*** — — — — — —

— (0.0000) — — — — — —

WplnOIL −0.0009 — — — — — —

— (0.7909) — — — — — —

R2 0.9923 — — — — — —

Corrected R2 0.9883 — — — — — —

σ2 0.0451 — — — — — —

Nobs 330 — — — — — —

log-likelihood 349.0638 — — — — — —

τ + ρ + η −0.2698 — — — — — —

Wald’s stability testτ + ρ + η � 1 5.8609*** — — — — — —

— (0.0000) — — — — — —

Wald test for dynamic spatial lag model 1,054.900*** — — — — — —

— (0.0000) — — — — — —

Wald test for dynamic spatial error model 540.6614*** — — — — — —

— (0.0000) — — — — — —

Notes: Numbers in the parentheses represent p values. Numbers in the brackets denote t-values. *denotes p< 0.1. **denote p<0.05. ***denotes p<0.01
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effect is only significant and negative in the short-run in the
first two models which means, that local consumption of coal
results in a decrease in carbon emission in neighboring
provinces. However, in the third model, where forest
investment is added to the model, the effect of local
carbon emission on neighboring province’s carbon
emission is positive hence, it can be said that a 1%
increase in local coal consumption increases the carbon
emission in neighboring provinces by 0.3727%.

In the case of oil consumption, it can be seen that oil usage
is not an environmental issue for China now because the
coefficient of oil is insignificant in all models. However, the
spatial spillover effect of oil consumption is significant in the
third model but the direct impact is positive and the indirect
impact is negative which suggests that a 1% increase in local
oil consumption increases the local carbon emission by
0.0945% whereas neighboring carbon emission is decreased
by 0.1854%. This result is consistent with the findings of

Zou & Zhang (2020) who also found a negative spatial
spillover effect of energy consumption in China.

Direct, Indirect, Short-Term, and
Long-Term Effects
The main purpose behind the reporting of short-term and long-term
direct along with the indirect effect of explanatory variables is the
inability of dynamic coefficients of SDM to directly reflect the
marginal effect of corresponding variables on dependent variables.
Tables 3–6 presents the short-term as well as long-term effects and to
check the significance of these effects the simulated parameter is used,
which is an amalgamation of 1,000 variations, and a matrix of
variance-covariance regarding the maximum likelihood estimates is
used to draw these variations.

It is evident from the results that few explanatory variables are
significantly and indirectly related to carbon emission only in the
short term. Short-term direct coefficients are estimated through

TABLE 4 | Estimation results of dynamic SDM with Forest Investment.

Variable Estimates Short-term Long-term

Direct effect Indirect effect Total effect Direct effect Indirect effect Total effect

ρ −0.2360*** — — — — — —

— (0.0000) — — — — — —

τ −0.0186*** — — — — — —

— (0.0316) — — — — — —

η −0.0149*** — — — — — —

— (0.0001) — — — — — —

lnFI −0.0127 0.1427*** −0.2896*** −0.1469*** 0.4898 −0.6272 −0.1373***
— (0.5708) (2.4044) (−4.5015) (−11.2230) (0.0841) (−-0.1079) (−8.3127)
lnGDPPC 0.9511*** 1.0667*** −0.2146*** 0.8521*** 1.6152 −0.8024 0.8127***
— (0.0000) (31.0444] (-5.3636) (56.2875) (0.1549) (−0.0771) (29.3705)
lnURBAN −1.8242*** −0.1049 −3.1578*** −3.2627*** 4.2936 −7.3718 −3.0782***
— (0.0000) (−0.1359) (−3.3611) (−8.5440) (0.0411) (−0.0706) (−7.3112)
lnCOAL 0.0086 −0.1957 0.3727** 0.1770*** -0.9627 1.1273 0.1646***
— (0.8110) (−1.2429) (2.2746) (4.1799) (−0.0522) (0.0612) (3.0712)
lnOIL 0.0059 0.0945*** −0.1854*** −0.0909*** 0.3768 −0.4616 −0.0848***
— (0.7257) (3.1477) (−4.6019) (−4.6705) (0.0690) (−0.0847) (−4.0716)
WplnFI −0.0454*** — — — — — —

— (0.0000) — — — — — —

WplnGDPPC 0.1934*** — — — — — —

— (0.0000) — — — — — —

WplnURBAN −0.8840*** — — — — — —

— (0.0000) — — — — — —

WplnCOAL 0.0553*** — — — — — —

— (0.0000) — — — — — —

WplnOIL −0.0284*** — — — — — —

— (0.0000) — — — — — —

R2 0.9923 — — — — — —

Corrected R2 0.9880 — — — — — —

σ2 0.0461 — — — — — —

Nobs 330 — — — — — —

log-likelihood 348.6291 — — — — — —

τ + ρ + η −0.2695 — — — — — —

Wald’s stability testτ + ρ + η � 1 5.9535*** — — — — — —

— (0.0000) — — — — — —

Wald test for dynamic spatial lag model 1,098.200*** — — — — — —

— (0.0000) — — — — — —

Wald test for dynamic spatial error model 138.2710*** — — — — — —

— (0.0000) — — — — — —

Notes: Numbers in the parentheses represent p values. Numbers in the brackets denote t-values. *denotes p< 0.1. **denote p<0.05. ***denotes p<0.01.
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Eq. 6 and it can be seen that afforested area is significantly and
negatively related to local carbon emission, which shows that
increase in forest area reduces the local carbon emission in the
short term. The value of the coefficient is 0.1422 which suggests
that a 1% increase in forest land results in a 0.1422% reduction in
carbon emission. Additionally, economic growth, as well as oil
consumption, are significantly and positively related to carbon
emission in the short run. Hence, it can be said that when the
economy grows and the consumption of oil increases, carbon
emission increases.

It can be observed that the direct spillover effect of these
variables is insignificant which suggests that the effect is only
local. Values related to indirect effect are presented in Tables 3–6
which are obtained through Eq. 7. The coefficients of indirect
effect are significant for afforested land as well as total afforested
area and forest coverage rate. This suggests that all these variables
are responsible for the increased carbon concentration in the local
provinces of China. However, the coefficient of forest investment

is significant as well as negative regarding the spatial spillover
effect which suggests that investment in forests results in a
reduction of carbon emission in adjacent provinces as well.
However, it confirms the significance of the indirect effect for
the estimations, which urge environmental policymakers to
initiate joint plans to curb environmental externalities, rather
than individual plans.

Also, it can be seen that the indirect effect of economic growth,
urbanization, and coal and oil consumption is significant as well
as negative, but only in short term. This suggests that an increase
in these variables results in a reduction of carbon emission both
locally and in adjacent provinces however, the local effect is much
stronger as compared to the spillover effect.

Discussion
The findings of forest indicators are quite contrasting to previous
literature. The empirics of dynamic SDM confirms that forest
area and forest coverage area have significant and positive, direct

TABLE 5 | Estimation results of dynamic SDM with Total Area of Afforestation.

Variable Estimates Short-term Long-term

Direct effect Indirect effect Total effect Direct effect Indirect effect Total effect

ρ −0.2358*** — — — — — —

— (0.0000) — — — — — —

τ −0.0073* — — — — — —

— (0.0550) — — — — — —

η −0.0125** — — — — — —

— (0.0230) — — — — — —

lnTAAFF −0.0732*** −0.1302** 0.1047* −0.0255 −0.0897 0.0647 −0.0250
— (0.0083) (−2.1945) (1.7104) (−1.5013) (−0.0455) (0.0329) (−1.5007)
lnGDPPC 0.9497*** 1.0559*** −0.1977*** 0.8582*** 0.7491 0.0760 0.8252***
— (0.0000) (25.5305) (−3.8794) (41.9152] (0.0736) (0.0075) (25.9447)
lnURBAN −2.8512*** 1.1153 −7.3431*** −6.2278*** −1.9703 −3.9774 −5.9477***
— (0.0000) (1.2158) (−7.1930) (−18.7127) (−0.0159) (−0.0322) (−13.8835)
lnCOAL −0.0999 −0.0293 −0.1393 −0.1686*** −0.0376 −0.1236 −0.1612***
— (0.2921) (−0.1616) (−0.7729] (−5.1156) (−0.0136] (−0.0450] [−4.9673)
lnOIL 0.0002 0.0348 −0.0633 −0.0285 0.0916 −0.1185 −0.0269
— (0.9525) [0.9938) [−1.3319) [−1.2334) [0.0610) [−0.0791) [−1.2093)
WplnTAAFF −0.0024 — — — — — —

— (0.7509) — — — — — —

WplnGDPPC 0.1954*** — — — — — —

— (0.0000) — — — — — —

WplnURBAN −1.7373*** — — — — — —

— (0.0000) — — — — — —

WplnCOAL −0.0451*** — — — — — —

— (0.0000) — — — — — —

WplnOIL −0.0092 — — — — — —

— (0.1243) — — — — — —

R2 0.9919 — — — — — —

Corrected R2 0.9894 — — — — — —

σ2 0.0654 — — — — — —

Nobs 330 — — — — — —

log-likelihood 344.0528 — — — — — —

τ + ρ + η −0.2556 — — — — — —

Wald’s stability testτ + ρ + η � 1 4.1149*** — — — — — —

— (0.0000) — — — — — —

Wald test for dynamic spatial lag model 810.4016*** — — — — — —

— (0.0000) — — — — — —

Wald test for dynamic spatial error model 436.4905*** — — — — — —

— (0.0000) — — — — — —

Notes: Numbers in the parentheses represent p values. Numbers in the brackets denote t-values. *denotes p< 0.1. **denote p<0.05. ***denotes p<0.01.
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and indirect, impacts on the carbon emissions of Chinese
provinces. The rationale behind the positive effects of forests
might be due to the plantation of trees without proper research
and management. However, it is useless to increase forested land
to counter carbon emissions in Chinese provinces. The findings
contradict the study of Waheed et al. (2018) and (Amos, 2020),
which reported a significant and positive relationship between
forest area and carbon emissions.

For the case of forest investments, the spatial analysis confirms the
significant and positive relationship between forest investment and
carbon emission, for both direct and indirect effects. While matching
the results of forest area and forest investment, it is worth mentioning
that carbon cannot simply be controlled by increasing the forest area,
however, it needs extensive research while planting the forests, as well
as tomanage the forests, properly clear the forest land, and replace the
old and dead trees with young ones to maintain the carbon balance.
Such activities in a province help to reduce the carbon concentration
in neighboring provinces which leads to reduce the environmental

externalities. However, it is recommended that China need to
introduce the reforms across the provinces, as activity in bordering
provinces also causes carbon emissions.

While focusing on the results of economic growth, it is clearly
outlined that higher economic growth leads to increase the carbon
emissions in China. The results are verified through different
channels; higher energy consumption, industrialization,
urbanization, etc. Firstly, higher economic growth tends to increase
industrialization which requires higher consumption of energy. In
return, higher energy consumption leads to an increase the carbon
emission. Secondly, a boost in economic growth needs transportation
to transfer the raw materials and inventories. Such an increase in
transportation triggers fuel consumption which causes environmental
externalities.

In the case of urbanization, the findings are surprising, showing
that higher urbanization is a significant tool to diminish carbon
emission. The results contradict the previous findings of Lv et al.
(2018), Sarwar and Alsaggaf (2019) for the case of China which used

TABLE 6 | Estimation results of dynamic SDM with Forest Area.

Variable Estimates Short-term Long-term

Direct effect Indirect effect Total effect Direct effect Indirect effect Total effect

ρ −0.2362*** — — — — — —

— (0.0000) — — — — — —

τ −0.0124* — — — — — —

— (0.0668) — — — — — —

η −0.0203*** — — — — — —

— (0.0000) — — — — — —

lnFA 0.2576*** −0.2495 0.9331*** 0.6836*** 0.9661 −0.3322 0.6340***
— (0.0084) (−1.1371) (4.0868) (12.5648) (0.0254) (−0.0088) (7.1236)
lnGDPPC 0.9493*** 1.1111*** −0.2995*** 0.8116*** 0.6168 0.1466 0.7634***
— (0.0000) (32.0333) (−7.4943) (54.3680) (0.0371) (0.0088) (20.2727)
lnURBAN −3.3248*** −0.0262 −6.0690*** −6.0951*** −6.5603 0.8897 −5.6706***
— (0.0000) (−0.0346) (−7.2855) (−22.6111) (−0.0308) (0.0042) (−11.3631)
lnCOAL −0.1032* 0.2242 −0.6119*** −0.3877*** −0.6402 0.2811 −0.3591***
— (0.0792) (1.4696] (−3.9429] (−12.2003) (−0.0242) (0.0106) (−6.0758)
lnOIL 0.0058 0.0133 −0.0132 0.0001 0.0199 −0.0197 0.0003
— (0.6133) (0.4759] (−0.3521) (0.0076) [0.0188] (−0.0186) (0.0169)
WplnFA 0.1949*** — — — — — —

— (0.0000) — — — — — —

WplnGDPPC 0.1809*** — — — — — —

— (0.0000) — — — — — —

WplnURBAN −1.6614*** — — — — — —

— (0.0000) — — — — — —

WplnCOAL −0.1139*** — — — — — —

— (0.0000) — — — — — —

WplnOIL −0.0006 — — — — — —

— (0.8414) — — — — — —

R2 0.9924 — — — — — —

Corrected R2 0.9885 — — — — — —

σ2 0.0426 — — — — — —

Nobs 330 — — — — — —

log-likelihood 350.6856 — — — —

τ + ρ + η −0.2689 — — — — — —

Wald’s stability testτ + ρ + η � 1 6.1505*** — — — — — —

— (0.0000) — — — — —

Wald test for dynamic spatial lag model 1,092.500*** — — — — — —

— (0.0000) — — — — — —

Wald test for dynamic spatial error model 604.6906*** — — — — — —

— (0.0000) — — — — —

Notes: Numbers in the parentheses represent p values. Numbers in the brackets denote t-values. *denotes p< 0.1. **denote p<0.05. ***denotes p<0.01.

Frontiers in Environmental Science | www.frontiersin.org October 2021 | Volume 9 | Article 76067511

Li et al. Forestry, Carbon Emission, China

1724

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


traditional econometric techniques. The reason for the negative
association is the results of urban reforms, such as green cities, the
environment-friendly behavior of urban communities, etc., which
helps to reduce the urban-based carbon emissions (Chinadaily, 2017;
UBS, 2019; Bloomberg, 2020).

CONCLUSION AND IMPLICATIONS

The main motivation behind the current study is to investigate the
impact of forest area and investment on carbon emissions in China.
Additionally, the role of urbanization and planned urbanization
structure on carbon emissions is also checked. On the basis of the
results of the study, it can be said that although foresting areas actually
increase carbon emission, investment in existing forests could help in
themitigation of carbon because forests play a role as carbon sinks and
their proper management can increase their absorption potential
hence, with the help of forest investments, carbon from the
Chinese atmosphere can be reduced (Lin and Ge, 2019).
Alongside, it will not be wrong to say that atmospheric carbon can
be reduced significantly with the help of afforestation due to the
carbon absorption potential of plants and trees. However, while
considering the impact of forests on environmental quality, it is
important to consider the environment-related policies of the
Chinese government including but not limited to environmental
protection laws, emission trading systems, the enhancement of
investment regarding the forests, and the installing of treatment
plants in relevant industries. Another main conclusion regarding
the carbon emission increase in China is the fact that increased
urbanization is also responsible for high carbon emissions because,
when people migrate to urban areas, their energy consumption
pattern also increases which adds to carbon emissions. However, it
is found that planned urbanization structure is negatively associated
with urban carbon emission.

The results of the current study are important regarding the
formation of policies which are beneficial for the environment of
China, and also required to develop policies in such a way that the
rising economic growth of the country would not be affected. The
results regarding the effect of forest area on carbon emission are
positive which means that an increase in forest area is actually
increasing carbon emissions in China. This is somewhat counter
to expectations because forest areas are considered as carbon sinks
instead of carbon emitters. One explanation for this positive
relationship is the fact that the majority of the forests in China are
at a mature stage, where the trees are old and are not able to absorb
carbon anymore. Additionally, it is a proven fact that when trees get
old andmature they start emitting carbon because when leaves, as well
as trunks and roots, rot and break down, the stored carbon in these
parts is released into the air. Along with this, another main reason
could be the fact that planting of trees is seldom done after proper
research so that the trees planted are in accord with the local climate.
Hence, it is recommended that proper policies should be formulated
regarding the checking of these forests so that old and worn out trees
could be removed before they start emitting carbon. Alongside, efforts
should be made to plant only those trees which are known to be the

most carbon absorbant species including white oak and black walnut.
It is also recommended to plant only native trees, so that more carbon
can be reduced from the atmosphere. Additionally, new forests should
contain biologically diverse trees instead of being single species
plantations so that in coming years researchers could identify
which types of plants and trees are most beneficial and should
thus be replanted, as well as the fact that the structure of forests
are more important in terms of carbon emission than the area of
forests.

The relationship between forest area and carbon emission is
positive whereas forest investment is negatively related to carbon
emission. This means that it is time for policymakers to turn their
attention from increasing forest areas to invest in existing forests so
that the carbon absorption role of these forests could be enhanced.
First of all, policymakers and government should make arrangements
to analyze the existing forests, and this can be done by engaging the
local community in provinces and then training them to remove
mature and dead trees from local forest areas. Alongside, it is required
that they must invest in R & D in forestry and arrange research
facilities on a regional and province basis in order to identify and label
trees in terms of their carbon absorption capacity so that species with
less carbon absorption potential could be replaced with new trees.
Through this process, those species could be identified which are
accordant to the atmosphere. Also, local people on a province and area
basis should be hired and given training about cleaning the forests and
taking care of trees. Another main area where more efforts are
required by the government is unauthorized logging. It must be
made sure that those forests which are of high conservation value
should not be transformed for other purposes and strict measures
should be taken to prevent logging from these forests. The
government must prohibit the destruction of forests not only for
logging but also for any unauthorized activity. This can be done by
establishing monitoring bodies in each province and also in every
region which ensures that all laws and guidelines are followed
regarding forests. Alongside, it is noted that natural disasters are
also a threat to the forests and if proper forecasting, as well as
management protocols, are established then the damage could be
reduced and effects could bemitigated. Hence, it is recommended that
proper mechanisms should be placed along with the policies so that
the negative effects of natural disasters on Chinese forests could be
reduced. Last but not least is the regulation of carbon trading so that
regions have to purchase carbon emission rights which will increase
their costs, hence regional governments will try to reduce carbon
emission activities and make arrangements to properly manage local
forests so that they would have to spend less capital in terms of carbon
emissions.

Although urbanization is important for the economic growth of a
country, there are some negative points regarding increased
urbanization in China, and environmental degradation is one of
these issues. However, if urbanization is done with proper
planning and policies are placed for not only carbon emission but
also regarding the establishment of cities according to environmental
standards, then economic benefits of urbanization can be achieved
without doing any harm to the atmosphere. It is a fact that more land
is cleared for urban cities and the majority of forests disappear due to
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excessive land use for urbanization. However, planning regarding land
use plays a vital role in the reduction of carbon emission, and the
impact of urbanization on climate can be reduced through this
planning. Hence, it is recommended that before the establishment
of new urban cities, proper planning should be done as to how much
land could be cleared to build cities. In this regard, restrictions could be
placed so that establishment of new housing schemes in cities can be
done without harming the environment. Another important measure
that can be done to reduce urban carbon emission is the creation of
awareness in the urban population regarding the use of energy-
efficient and technologically enhanced appliances and products.
For this purpose, seminars could be conducted locally. However, it
is also a fact that these upgraded and energy-efficient products are
expensive and it is difficult to encourage the low-income
population to use these goods. Hence, it is recommended
that local government should take measures to improve the
income level of the urban population by giving them training
regarding additional skills which could be used to improve their
earning. Alongside, it is recommended that government should
approve only those building designs which are low carbon
contributors because building designs also impact the carbon
in the atmosphere.

In light of the above findings, it is recommended that future
studies should focus on time series data from each province of the
country and separate provinces according to their carbon
emission and then analyze the factors which are contributing
to or decreasing the carbon emission in these provinces.
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Recent debates on the Environmental Kuznets Curve (EKC) in the context of the European
Green Deal highlights that pollution could be controlled using channels other than
economic development. The role of renewable energy consumption in reducing
pollution should be correlated with quality of governance, which could support
initiatives for a cleaner environment. This study considers the renewable Kuznets curve
for 10 Central and Eastern European countries in the period 2006–2019, using economic
indicators (index of economic freedom, foreign direct investment, domestic credit to
private sector and labour productivity) as control variables and indicators reflecting the
quality of governance (Worldwide Governance Indicators and Google Trend indexes
associated to key-word corruption in each language). The research is based on two
types of panel data models: panel dynamic OLS model (PDOLS) and panel autoregressive
distributed lag models based on pooled mean group (PMG) estimator. The results indicate
that government effectiveness reduces pollution in both the short-run and long-run, while
control of corruption and rule of law supports environmental protection in the long-run.
Google searches for corruption as a proxy for quality of governance indicate that tGHG
emissions have immediate and practical implications in nowcasting pollution.

Keywords: renewable Kuznets curve, google trends, pollution, corruption, governance, GHG emissions

HIGHLIGHTS

⁃ Worldwide Governance Indicators have a significant impact on pollution
⁃ Government effectiveness reduces GHG emissions in the short and long-run
⁃ Google searches on corruption improve the pollution nowcasts

INTRODUCTION

Fully engaged on the road to becoming the world’s first climate-neutral continent by 2050, the EU
has set up an ambitious set of measures designed to facilitate the accomplishment of climate action
initiatives under the European Green Deal, as part of a set of Sustainable Development Goals. The
decrease in net greenhouse gas emissions by at least 55% by 2030 and complete climate neutrality by
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2050 will result in a zero-pollution environment and a new clean,
circular economy. However, many reinforcing areas for action at
all policy levels are needed to facilitate the achievement of the
economic, social, and environmental objectives of the European
Green Deal, since launching and implementing a set of initiatives
might not be enough. A deep transformation of the EU economy
to a climate-neutral and circular economy requires an
understanding of the specific mechanisms and processes that
are at the core of the economy-environment relationship.

Recent decades have witnessed increasing interest in
environmental studies, with a focus on the Environmental
Kuznets Curve (EKC) and the dynamic relationship between
economic growth and environmental quality, under the influence
of various predictors and covariates. The European Green Deal
and the EU’s strategic goal to become the world’s first “climate-
neutral block” by 2050 have urged the emergence of EKC research
studies, slightly moving the analysis and discussion from the area
of EKC hypothesis and the macroeconomic determinants to the
role of institutional quality and its implications on EKC in this
new challenging context. The quality of governance, in particular
the environmental governance, has become a key-issue in the
achievement of Green Deal objectives.

The topic is of interest to the scientific community, which has
to propose better policies for improving the quality of governance
to achieve sustainable development in light of the 2030 agenda. By
ensuring the quality of governance, social and economic
development are supported through well-being, social equity,
health, quality education, better and more jobs, inclusive
economic growth and innovation. Moreover, environmental
policies and strategies could be successfully implemented
under high-quality governance. In this context, the efficiency
of the institutions is promoted by the 2030 Agenda for
Sustainable Development as a condition for achieving
sustainable development goals.

The European Green Deal can be seen as an unprecedented
opportunity to modernize the European economy and to ensure
long-term sustainable development, emerging when the rapid
economic development and accelerated economic growth rates
over the past decades have increased environmental degradation
in both developed and emerging economies. The U-shaped
relationship between ecosystem degradation and income has
extensively been examined in empirical studies, with various
results and model specifications. Overall, they provide a solid
basis for the necessity to make a change and foster green growth
and climate-friendly prosperity. Despite mixed results and
findings, there is a consensus about the insufficiency of
economic growth, in the absence of effective environmental
policies and governance to preserve the natural ecosystems
(Agras and Chapman, 1999; Kahuthu, 2006). As economic
growth and climate neutrality are goals of all EU countries at
present, restructuring and refining policy measures and
accelerating economic growth and economic development on
the challenging path of reaching “net-zero greenhouse gas
emissions” are strongly required.

Our paper is intended to add new empirical evidence to
existing strands of literature, by emphasizing the underlying
impact of the quality of governance on sustainable

development from an environmental point of view. Therefore,
the impact of quality of governance and various economic
variables on pollution is analyzed from different perspectives.
Besides the worldwide governance indicators provided by the
World Bank, we used the Google Trends index associated with
the keyword corruption in each country of our analysis, as a proxy
for the quality of governance. This new approach introduces the
use of microdata as an alternative to macroeconomic data,
reflecting the quality of governance. This is the first study
using Google searches to assess governance and explain GHG
emissions. The COVID-19 pandemic accelerated recent
tendencies to combine official statistics with Internet data.
Google Trends were used to collect data to reflect various
aspects of social life, but the quality of governance was never
assessed. The social issues targeted by Google data refer to
unemployment (Simionescu, 2020), well-being (Brodeur et al.,
2021), the COVID-19 pandemic (Mavragani and Gkillas, 2020),
psychological moods, tourism flow, consumer behavior, and
various behavior patterns in financial markets (Brodeur et al.,
2020).

This topic is supported by a) policy-makers, b) economists,
and c) EU citizens for post-pandemic period.

a) “The quality of public institution has a major impact on social
and economic development at regional level” (EU Parliament
Research Service, 2018). The United Nations Environment
Programme (UNEP) mission is to support environmental
governance and laws to ensure “a health planet and healthy
people.”

b) In a presentation for Frontiers Forum Speaker Series (on
“Good economics for harder times”), Esther Duflo (who was
awarded the Nobel Prize in Economic Sciences in 2019),
identified three opportunities for the post-pandemic period
that are in line with our research topic: more support for the
population by “breaking down the usual political impasse,”
“stepping up environmental action and renewing
international cooperation.”

c) As international cooperation is vital for surpassing these
issues, the Conference on the Future of Europe was built as
a citizen-led series of debates and discussions that will enable
people from across Europe to share their ideas and help shape
a common future.

There are sections in the conference assigned to climate
change and environment, health, education, and a stronger
economy, social justice, jobs, values and rights, rule of law and
security, and European democracy. The debates on these topics
aim to provide solutions to ensure a green transition by reducing
pollution and maintaining a good quality economic and social
environment. The webinar on “Social Economy Solutions
towards Zero Pollution” in the Future of Europe conference
provides solutions for this green transition.

EU citizens consider respect for the rule of law as compulsory
within the European community. Measures to diminish public
corruption are required by more citizens gathering initiatives
from fines to higher transparency and economic actions. It seems
that corruption and rule of law are the most significant issues
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identified by the EU citizens in the Conference on the Future of
Europe and our proposed solutions could reach their
expectations.

Therefore, we conclude that our research is supported by
policy-makers, the academic, and scientific environment, as well
as society as represented by the voice of the EU citizens.

This paper is structured into five sections: the introduction, a
literature review, methods and data, results and discussion, and
the final section concludes and formulates policy
recommendations.

LITERATURE REVIEW

The green economy refers to principles, topics, policies, or
sectors. There are more definitions of green economy, but a
generally agreed one does not yet exist. A critical analysis of the
concept of the green economy will be made starting from the
definitions in the literature. Among the different definitions of the
green economy (Loiseau et al., 2016), the most one used is that of
United Nations Environmental Programme (UNEP), 2011, as it
highlights the improvement in social equity and well-being in the
context of fewer environmental risks and ecological scarcity.
Starting from this definition, we propose a definition that links
the green economy with governance: the green economy
promotes economic growth that ensures functional ecosystems
under governance that supports sustainable development. The
green economy is measured using indicators in three
sustainability dimensions (economic, ecological, and social
dimensions). Each of the indicators fulfills one of the green
economy paradigms: social equity, ecosystem resilience, and
resource efficiency. There are many classifications of indicators
used to describe the green economy, some of them being
aggregated in a green economy index (Timonen et al., 2021).
However, these indicators could be improved by considering the
sub-components that are correlated with quality of governance
and which support our definition of the green economy.
Economic complexity plays a major role in environmental
quality by providing new solutions to climate challenges
(Shahzad et al., 2021). Other factors like urban agglomerations
might affect the relationship between pollution and economic
development (Akram et al., 2020).

The EKC hypothesis, formulated by Grossman and Krueger
(1991), states that there is a U-shaped relationship between
economic growth and environmental degradation resulting
from countries moving through different stages of economic
development. Many criticisms have been formulated against
the EKC hypothesis, mostly advancing econometric
weaknesses (Perman and Stern, 2003; Stern, 2004), but despite
them, numerous subsequent studies have examined hypothesis
validity, under different econometric models, data, and
timespans. The results are mixed, with empirical findings
confirming either the validation of EKC (e.g. Tamazian and
Rao, 2010; Baek and Kim, 2013; Apergis and Ozturk, 2015) or
its invalidation (e.g. Kang et al., 2016; Pal and Mitra, 2017). It has
been shown that the relationship between economic growth and
environmental quality could take various forms, such as an

N-shaped or an inverted N-shaped curve, upon the specific
country’s development pattern (Churchill et al., 2018).

Further to the empirical validation of the EKC hypothesis,
most empirical studies also look at macroeconomic determinants
and their influence on the quality of the environment. Among
them, foreign direct investment (FDI), trade openness, renewable
energy consumption, domestic credit for the private sector,
technological change, institutional quality, and corruption are
among the most significant predictors. In general, the results are
mixed, which is not surprising since there is no policy fitting all
countries. As Allard et al. (2018) conclude, after conducting
quantile regressions, the relationship between income and
environment differs widely across quantiles, as well as the
impact of covariates so that no model that fits all data.

As a consequence of European energy policies (enhanced by
the 2009 Renewable Energy Directive) and technological
progress, the consumption of renewable energy has increased
over recent decades in the EU, with significant differences
between the member states. Growth in renewable energy has
reduced fossil fuel energy use, especially in the energy-intensive
industrial sector. However, the effect of renewable energy on
pollution is mixed, because biomass burning can negatively
impact the environment. Empirical findings have confirmed
the positive effects of renewable energy consumption on
pollution (Destek and Aslan, 2020; Assi et al., 2021; Shahnazi
and Shabani, 2021). Sharif et al. (2020) also analyze the
relationship between renewable energy utilization and
environmental degradation on a dataset comprising the top
10-polluted countries and found a bidirectional causal link
between renewable energy consumption and environmental
degradation in most countries, except India, Indonesia, and
China, where the relationship is inconclusive.

The role of institutional quality has been underlined in the
literature on EKC, but in general, the results are different for
developed, developing, and low-income countries. Lau et al.
(2018) found that controlling corruption plays an important
role in reducing CO2 emissions, but only in high-income
countries, while rule of law has a positive effect on the
environment in all countries, but not in low-income examples.
Godil et al. (2020) applied the quantile autoregressive distributed
lag estimator for Pakistan data, running from 1995 to 2018 and
found that institutional quality and GDP contribute to
environmental degradation in the long term. The same
negative effect of institutional quality on the environment is
underlined by Abid (2016) in the case of 25 Sub-Saharan
African economies, and by Zakaria and Bibi (2019) in South-
Asia. In turn, in cross-country studies applied to a set of emerging
economies (Le and Ozturk, 2020) and EU countries (Usman et al.,
2019) the GDP and institutional quality were found to generate
positive effects on the environment. Usman and Jahanger (2021)
investigate the dynamic linkages of remittances and institutional
quality on the ecological footprint by using a global sample of 93
counties covering data from 1990 to 2016. They found that the
ecological footprint is positive and statistically significant when
associated with institutional quality, and suggest a set of policy
measures such as the development of lending channels and
financing only eco-friendly industries.
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The index of economic freedom, created by the Heritage
Foundation and the Wall Street Journal, measures the
influence of liberty and the free market by four areas of policy
control: Rule of Law, (property rights, freedom from corruption)
Government size (fiscal freedom, government spending),
Regulatory Efficiency (business freedom, labor freedom,
monetary freedom), and Market openness (trade freedom,
investment freedom, financial freedom). Since economic
freedom is fuel for economic progress, the impact of economic
freedom on the quality of the environment reveals interesting
findings. This topic has been examined in literature either by
considering the aggregated levels of economic freedom, or by
considering each component, and the results indicate a positive
association. For instance, as highlighted by Fan and Zhao (2019)
as well as by Raine and Pluchon (2019), effective environmental
governance could ensure pollution control by rule of law. Ashfaq
and Sharma (2012) extend the space of governance indicators
beyond the rule of law, by also including the fight against
corruption, regulatory standards, the effectiveness of
government, and also find a positive effect. In general,
economic freedom is positively associated with the quality of
the environment, when economic freedom is operationalized by
the trade freedom index, business freedom index, and financial
freedom index (Adesina and Mwamba, 2019), government
subsidies on carbon pollutants (von Moltke, 2012),
environmental policies such as financial and tax policies (Li
et al., 2016), when using the economic freedom index (Lazăr
et al., 2019), etc. Despite the abundant body of papers indicating
the positive relationship between economic freedom and the
quality of the environment, there have also been reported few
inconclusive (Joshi and Beck (2018) and negative results (Saint
Akadırı et al., 2019), and some have reported a U-shaped
relationship (Shahnazi and Shabani, 2021).

Another body of literature on EKC aims to test the EKC
hypothesis when also considering the impact of FDI and trade.
The effect of FDI on CO2 emissions is contrasting in rich and
developing countries. In advanced economies, the FDI inflows
contribute to CO2 reduction, while in developing and low-income
countries the effect is negative (Lau et al., 2018; Marques and
Caetano, 2020). When analyzing a panel of Sub-Saharan Africa
countries, Twerefou, Danson-Mensah, and Bokpin (2017)
concluded that the expansion of globalization will result in the
deterioration of environmental quality. Empirical evidence from
Asian countries is mixed. FDI has been found to contribute to
pollution enhancement in India from 1983 to 2014 (Adamu and
Shafiq, 2019) and in China from 2013 to 2017 (Zhu et al., 2019).
However, cross-country studies based on Asian countries identify
the positive effects of FDI on pollution (Zhu et al., 2016; Huynh
and Hoang, 2019). When studying a panel of OECD countries,
Ganda (2019) found that FDI is positive and significantly linked
to carbon emissions but not significantly related to
greenhouse gases.

The quality of the environment has also been studied in
literature in relation to financial development, and the results
are again mixed. Financial development has the potential to
support the environment-friendly projects and investment in
clean and new technologies (Zhang, 2011; Zhang and Zhang,

2018), but equally to accelerate environmental degradation by
providing credit facilities for the acquisition of machines, plants,
and houses by increasing carbon emissions (Zhang and Zhang,
2018). Financial development was generally operationalized by a
set of variables like domestic credit to the private sector, domestic
credit by the banking sector, and domestic credit by the financial
sector. Given the broad area of empirical findings, these kinds of
variables could bring additional insights when included in any
EKC study.

Variables, data, and methodology.
This paper employs panel data for 10 countries in Central and

Eastern Europe (Romania, Poland, Bulgaria, Hungary, Czech
Republic, Slovenia, Slovakia, Estonia, Lithuania, Latvia) in the
period 2006–2019, according to data availability for Google
Trends indexes. The main hypotheses of this study refer to:

H1: The quality of governance significantly influences the level
of pollution.
H2: More searches on Google for corruption indicating a
weaker quality of governance might affect the level of
pollution.

GHG emissions (in thousand tonnes CO2 equivalent provided
by Eurostat) are used as a proxy for the level of pollution. The
renewable energy Kuznets Curve (RKC) explains GHG emissions
based on renewable energy consumption as Yao et al. (2019)
stated:

GHGit � β0i + β1 · GDPit + β2 · GDP2
it + β3 · RECit + εit (1)

REC- renewable energy consumption.
GDP- real gross domestic product per capita.
GHG- greenhouse gas emissions.
X- control variables (vector)
β0i- country-fixed effects.
β1, β2, β3, c- parameters.
eit- errors.
i- country index, t- time index.
The data for real GDP per capita (in PPP, constant 2017

international $) and renewable energy consumption (REC)
(percent of total final energy consumption) are provided by
World Bank.

This equation could be extended by adding various control
variables:

GHGit � β0i + β1 · GDPit + β2 · GDP2
it + β3 · RECit + c ·Xit + εit

(2)

The variables in this model are considered in natural logarithmic
forms:

ln GHGit � β0i′ + β1′ · ln GDPit + β2′ · ln2 GDPit + β3′ · ln RECit

+ c′ · ln Xit + εit′
(3)

Where β2′ ˂ 0.
The optimal real GDP per capita level is computed as exp

( − β1′ /2β2′). The signs for β1′and β2′ should be positive and
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negative, respectively, since the growth of GDPwill increase GHG
emissions in the initial stage and, then, it will decrease after a
maximum level. A negative value for β’3 is expected since REC
implies less pollution.

The role of REC in reducing pollution is proved by previous
empirical studies. For example, Assi et al. (2021) showed that
REC reduced pollution in ASEAN+3 countries in the period
1998–2018. Saint Akadiri et al. (2019) showed that REC reduced
carbon emissions in the long-run in the EU-28 countries in the
period 1995–2015. Moreover, wind power determined a
significant decrease in GHG emissions in G7 countries in the
period 1991–2004, while water energy consumption reduced
pollution in the UK, Italy, and US (Destek and Aslan, 2020).

The other control variables in vector X are represented by the
following indicators in natural logarithmic forms:

❖ Index of economic freedom (IEF) provided by Heritage,
taking values from 0 (lack of economic freedom) to 100
(maximum economic freedom).

Economic liberalization might reduce pollution in the long
run in these countries since, during the transition process from a
planned economy to a functional market, heavy industries are
replaced by more environmental-friendly ones. This hypothesis
was checked for the ten CEE countries in our sample by Lazăr
et al. (2019) in the period 1996–2015. However, in our sample, the
first phase of transition is not taken into account.

❖ Foreign direct investment (FDI) as net inflows (percent of
GDP) from World Bank database.

Previous studies bring mixed evidence regarding the impact
of FDI on pollution, including the positive and negative effects
of FDI on pollution. Marques and Caetano (2020) showed that
FDI reduces pollution only in developed countries, while in
less developed ones FDI enhances environmental degradation.
For example, Adamu and Shafiq (2019) showed that FDI
contributes to pollution enhancement in India from 1983 to
2014, while Zhu et al. (2019) obtained the same result for
Chinese towns in the period 2013–2017. For 19 developing
Asian countries in the period 2002–2015, Huynh and Hoang
(2019) showed the positive impact of FDI on pollution, but this
influence becomes lower when the quality of institutions
improves. On the other hand, in ASEAN-5 countries, Zhu
et al. (2016) indicate that FDI reduced CO2 emissions in the
period 1981–2011.

❖ Domestic credit to the private sector (percent of GDP)
provided by the World Bank.

Acheampong (2019) indicated that domestic credit to the
private sector enhanced pollution in 46 sub-Saharan Africa
countries between 2000 and 2015. The same influence was
observed by Ganda (2019) in the case of OECD countries in
the period 2001 to 2012 using static and dynamic panel data
models to explain CO2 and GHG emissions.

❖ Labor productivity as output per worker in GDP constant
2011 international dollar in PPP from the International
Labour Organization.

Simionescu et al. (2021) have indicated the positive effect of
labor productivity on GHG emissions in EU-28 countries
between 2007 and 2019. The same influence was observed in
the US in the period spanning 2007 to 2013 and working time
reduction is recommended for emissions mitigation.

❖ Indicators showing the quality of governance.
➢ Worldwide Governance Indicators:
• Government effectiveness reflecting the quality of policy
and of public and civil services.

• Political stability and absence of violence as an indicator
measuring chances of political instability;

• Voice and accountability reflecting citizens’ freedoms.
• Control of corruption showing the use of public power in
personal purposes.

• Regulatory quality refers to policies supporting the private
sector.

• Rule of law shows confidence in the rules of society.

The impact of quality of governance on CO2 emissions was
evaluated by Gill et al. (2019) for 19 countries from South-Eastern
Asia between 2002 and 2016, but only five of the governance
dimensions above have been found to have a significant impact on
pollution. Baloch and Wang (2019) showed that good governance
reduced CO2 emissions in BRICS countries during the period from
1996 to 2007. Most of the studies focused on control of corruption
or perceived corruption. The role of corruption in enhancing
pollution was supported for 16 OECD countries in the period
1995 to 2016 (Balsalobre-Lorente et al., 2019). The corruption of
the public sector in BRICS and the next 11 states contributed to
environmental degradation in the period between 1990 and 2017
(Sinha et al., 2019).

➢ The Google Trends index associated with the keywords
corruption in each country: lpruVxj> (Bulgaria), korupce
(Czech Republic), korupcia (Slovakia), korrupció (Hungary),
korupcja (Poland), corupţie (Romania), korruptsioon
(Estonia), korupcija (Latvia), korupcija (Lithuania).

The Google Trends index in this study was computed as a
geometric mean of the Google Trend indexes associated with
searches for this keyword at certain moments each year. The use
of microdata based on the Google Trends tool to measure the
quality of governance and assessment of the impact of Google
Trend indexes on pollution represent a novelty in literature in
this field.

From a mathematical point of view, if the number of searches
for a query q is n(q,l,t) where l is the location (country) and t is the
period, the relative popularity of the query is:

RP(q, l, t) � n(q, l, t)
∑q∈Q(l,t)n(q, l, t)

·D(n(q,l,t)> τ)

Frontiers in Environmental Science | www.frontiersin.org October 2021 | Volume 9 | Article 7659275

Simionescu et al. Governance, Renewable Energy and FDI

2633

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


Q(l,t)- set of all queries made during t from the area l,D(n(q,l,t)> τ)
is a dummy variable with value 1 for enough popular query
(n(q, l, t)> τ) and else it is 0. The resulting values were scaled on
a range from 0 to 100 based on the proportion of that topic in the
total number of search topics. The GTI is calculated as:

GTI(q, l, t) � RP(q, l, t)
max{RP(q, l, t)t∈1,2,...,T}

· 100

GTI takes the value zero for queries with low search volume. The
searches made repeatedly from the same machine in a short
period were not considered and queries with apostrophes and
special characters were filtered. The GTI has been available from
the first of January for up to 36 h prior to the search.

According to the descriptive statistics in Table 1, the highest
level of real GDP per capita is 40862.21 in PPP, constant 2017
international $. It was observed in the Czech Republic in 2019,
while Bulgaria registered the lowest values of this indicator. The
performance of the Czech economy is explained by high levels of
occupation and intensive export, while in Bulgaria the risk of
poverty, unemployment, and social exclusion is higher compared
to other countries in the sample.

Poland registered the highest level of GHG emissions in the
period 2006–2019 with a maximum reached in 2007. Since
integration in the EU, the level of pollution has started to
decrease in Poland due to environmental policies at the
community level. However, the progress in terms of pollution
reduction is not enough since Poland is the fifth European
country in terms of the level of GHG emissions. Fossil fuel
combustion in Poland determines more than 40,000 deaths
per year. The minimum value of GHG emissions was reached
by Latvia in 2008, but the indicator is situated on an ascending
trend in this country.

Few tests are applied before the selection of the suitable model
to explain GHG emissions in the ten CEE countries: cross-
sectional tests, unit root tests, and cointegration tests.
Moreover, heterogeneity is confirmed since there are
differences between countries in the sample related to climate,
geographical position, speed of economic development, etc. The
cross-sectional dependence is explained by the fact that the level
of pollution in one country might depend on the pollution of

another country in the sample. This correlation was empirically
proven by Shahnazi and Shabani (2021) for EU countries in the
period 2000–2017 using a spatial dynamic panel data model.
The authors show that the CO2 level in a country depends on the
CO2 emissions in neighboring countries. The CD Pesaran (2004)
test was selected to check for this hypothesis since it is not affected
by the small size of the analyzed sample.

H0: ρij � ρji � cor(eit, ejt)

� 0, i≠ j (cross − sectional independence)
H1: ρij � ρji ≠ 0, for some i≠ j

ρij- pair-wise coefficient of correlation associated to errors.

ρij � ρji �
∑T

t�1 eit · ejt						
∑T

t�1 e
2
it

√
·

						
∑T

t�1 e
2
jt

√

For balanced panels, the statistic of CD Pesaran (2004) test is
computed as:

CD �
									

2
N(N − 1)·

√
∑
N−1

i�1
∑
N

j�i+1
ρ̂ij

Tij- number of common observations for two states in the sample
i and j.

ei �
∑t∈Ti ∩ Tj

(êit)
#(Ti ∩ Tj)

If the cross-section dependence is confirmed, the presence of unit
root is checked using the Breitung test for balanced panels. For
the integrated data series, the cointegration is studied using
specific tests like Kao, Pedroni, or Westerlund tests.

Under the hypothesis of cointegration, the
panel data models were estimated using the PDOLS
method ((panel dynamic OLS model)) of Pedroni (2001).
The advantages of the PDOLS estimator is related to the
alleviation of endogeneity and errors in auto-correlation by
including instruments given by leads and lags of differenced
endogenous variables. The PDOLS approach associated to
the basic model for RKC is:

TABLE 1 | Descriptive statistics.

Variable Mean Standard deviation Minimum Maximum

GHG emissions 81334.31 104223.6 6990.58 381407.2
Real GDP per capita 27840.88 5659.66 15437.52 40862.21
REC 18.92892 8.573276 5.364129 40.36562
IEF 67.99143 4.706103 58.1 79.1
Labour productivity 50669.9 14745.21 26113.6 80539.48
Domestic credit to private sector 52.05994 15.40396 24.716 100.8176
Google Trends index 27.7857 10.13006 5.354671 52.86301
Rule of law 0.6853703 0.3997196 0.1178744 1.372891
Voice and accountability 0.8361897 0.2476588 0.22 1.213275
Control of corruption 0.4005777 0.4178217 −0.2672882 1.542329
Government effectiveness 0.6763513 0.4157565 −0.3597497 1.191938
Political stability and absence of violence 0.681332 0.2945087 0.02 1.147953
Regulatory quality 0.9481896 0.2907747 0.4262204 1.698142

Source: own computations in Stata 15.

Frontiers in Environmental Science | www.frontiersin.org October 2021 | Volume 9 | Article 7659276

Simionescu et al. Governance, Renewable Energy and FDI

2734

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


ln GHGit � β0i + β1i · ln GDPit + β2iln
2 GDPit · +β3i · RECit

+∑ ki
k�−ki αikΔ lnGDPi,t−k + +∑ ki

k�−ki τikΔln
2GDPi,t−k

+∑ ki
k�−ki φikΔ lnRECi,t−k + εit

(4)

−Ki and Ki refer to the leads and lags associated with
differenced endogenous variables in the model.

The heterogeneity of the parameters between dimensions
is another advantage of the model proposed by Pedroni
(2001). The group mean associated to the PDOLS
estimator is computed as an average of each parameter
between dimensions:

β̂GD � 1
N

∑
N

i�1
β̂D,i

β̂D,i- DOLS estimator for country i.
Under the hypothesis of no cointegration, the

panel Autoregressive Distributed Lag model (panel
ARDL) is used with the following representation for the
basic model:

GHGit � αi +∑
p

l�1
β0GHGit−l +∑

q

l�0
β1GDPit−l +∑

q

l�0
β2GDP

2
it−l

+∑
q

l�0
β3RECit−l + eit

After parameterization, the equation in logarithmic form
becomes:

ΔlnGHGit � αi + Φi(lnGHGit−l − θ1 lnGDPit−l − θ2 ln
2 GDPit−l

+ θ3 lnRECit−l) + ∑
p−1

l�1
λilΔ lnGHGit−l +∑

q−1

l�0
λ’ilΔ lnGDPit−l

+∑
q−1

l�0
λ’’ilΔln2GDP it−l +∑

q−1

l�0
λ’’’ilΔ lnREC it−l + eit

λ, λ′, λ′′, λ′′′ represent short-run parameters for lagged
endogenous variable and regressors. θ type parameters are
long-run coefficients for regressors. The speeds of adjustment
are represented by. Φi

The PMG estimator is based on the homogenous long-run
equilibrium between countries in the sample and heterogeneous
short-run equilibrium due to gaps between the countries.
Alternative methods that could be used in this study are
represented by non-linear panel ARDL models or other types of
linear panel ARDL models (two-way fixed effect estimator (2FE)
and mean group estimator (MG)). The MG estimator considers
both short and long-term heterogeneous nexus, but it is not
recommended for small samples such as those used in our study.
2FE estimator considers both long and short-run homogeneous
connections, but it is not suitable for this case since there are
differences between countries related to the initial level of
pollution. Non-linear panel ARDL would be a suitable method
for robustness check, but this will be the subject of future study.

The PMG estimator is recommended in this case, since it is
based on homogenous long-run equilibrium across countries and
heterogeneous short-run nexus. These hypotheses could be justified
from an economic point of view. The analyzed countries present the
significant short-run effects of economic development on GHG
emissions, but in the long-run the convergence to a steady state
was achieved due to the common policies supported by the
European Commission through the European Green Deal. All
these countries should apply common measures, such as
enabling EU member states to manage climate change by
pollution reduction through increased investment in green
technology, more energy efficiency, and the promotion of
renewable energy consumption. Therefore, the short-run
difference between countries related to the level of pollution
should disappear in the long-run because net-zero GHG
emissions should be achieved for all the countries by 2050 as
a target for European Green Deal.

RESULTS

The results of CD Pesaran’s test indicate cross-section
dependence in the case of GDP, GHG emissions, REC, labor
productivity, FDI, domestic credit to the private sector, and index
of economic freedom index at a 5% level of significance (see
Table 2). Cross-sectional independence was observed for
Worldwide Governance indicators and Google Trend indexes
and it is explained by the fact that government instability is
determined by specific issues in each country.

According to the Breitung test for the balanced panel, the data for
all the variables are non-stationary in level (see Table 3). The Im-
Pesaran-Shin test for unbalanced panel indicates stationary data in
the first difference at a 5% level of significance. Therefore, the data
are integrated of order 1 and the cointegration will be checked.

Since the data for all variables present the same order of
integration, the cointegration relationship is verified using Pedroni,
Kao, andWesterlund tests. The dependent variable is represented by
GHG emissions. The common regressors are represented by the
logarithmic values of real GDP per capita, FDI, labor productivity,
domestic credit to the private sector, the index of economic freedom.
An additional regressor related to the quality of governance is added
to check the cointegration relationship.

According to Table 4, the evidence of cointegration is mixed,
some tests indicate a lack of cointegration, and some of them
cointegration for the same set of variables. Therefore, the
estimations will be made under two hypotheses: cointegration
(panel DOLS models) and no cointegration (pooled mean group
estimator (PMG)).

The estimations in Table 5 for panel DOLS models suggest a
bell shape relationship between pollution and economic growth.
Renewable energy consumption contributes to the reduction of
GHG emissions. In most of the models, FDI has a significant and
negative impact on pollution. Domestic credit to the private
sector reduced environmental degradation, while economic
freedom enhanced the GHG emissions.

The Google Trends index used as a proxy for government
instability and was directly correlated with the level of pollution.
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The second hypothesis stating that more searches on Google for
corruption indicate that the tensions related to corruption might
encourage behaviors that are not supportive of environmental
issues. This result could help us in nowcasting GHG emissions,
knowing the searches on Google for corruption in times of
political instabilities. The causality between searches on
corruption and GHG emissions is checked in terms of
predictability using the Dumitrescu-Hurlin test. W-statistic is
5.22 (p-value less than 0.05), indicating causality from Google
Index for corruption to GHG emissions.

The six dimensions of quality of governance are also significantly
correlated with GHG emissions. As expected, more control of
corruption, more confidence in the rules of society, better public
policies, and more political stability contribute to pollution

reduction. On the other hand, more citizen freedoms and policies
supporting the private sector are associated with higher pollution.
Therefore, increased education in environmental protection is
required to make citizens understand that they have freedoms,
but also responsibilities to keep the environment clean. The
private sector should be sustained, but the government should
support stronger environmental policies to encourage companies
to make a profit while respecting the laws that prevent
environmental degradation. More investment in green
technologies is necessary in these countries and governments
could support companies in implementing these new
technologies through subsidies. A stable policy environment with
less corruption and confidence in societal rules is a desirable goal for
governments in the fight against pollution and climate challenges.

TABLE 2 | The CD Pesaran’s test–results (2006–2019).

Variables Statistics p-values

ln (GDP) 22.19 <0.05
ln (GHG) 5.54 <0.05
ln (REC) 22.20 <0.05
ln (index of economic freedom) 5.08 <0.05
ln (FDI) 8.96 <0.05
ln (labour productivity) 20.17 <0.05
ln (domestic credit to private sector) 5.92 <0.05
ln (Google Trends index) −0.87 0.382
ln (voice and accountability) 0.16 0.870
ln (control of corruption) 1.53 0.127
ln (political stability and absence of violence) 1.75 0.079
ln (rule of law) 0.75 0.452
ln (government effectiveness) −0.95 0.344
ln (regulatory quality) 0.16 0.870

Source: own calculations in Stata 15.

TABLE 3 | The results of Breitung and Im-Pesaran-Shin tests for unit root (p-values in brackets).

Test Breitung test Im-Pesaran-Shin test

Variable Statistic (constant and trend)
(no lag) data in level

Statistic (constant and trend)
(one lag) data in level

Statistic (no trend) for data in
the first difference

Statistic (trend) for data in
the first difference

ln (GDP) −0.0822 (0.4673) 0.5010 (0.6918) −4.0028 (0.000) −4.8356 (0.0000)
ln (GHG) −0.1404 (0.4442) −0.5671 (0.2853) −4.3866 (0.0000) −5.2039 (0.0000)
ln (REC) 2.3285 (0.9901) 1.1449 (0.8739) −3.3789 (0.0004) −5.3368 (0.0000)
ln (index of economic
freedom)

0.2273 (0.5899) 1.3682 (0.9144) −4.9608 (0.000) −4.9570 (0.0000)

ln (FDI) −0.0733 (0.4456) 0.5230 (0.7023) −4.5523 (0.000) −4.9978 (0.000)
ln (labour productivity) −0.3089 (0.3787) 0.9517 (0.8294) −4.8258 (0.000) −5.2342 (0.0000)
ln (domestic credit to
private sector)

−0.0837 (0.4722) 0.6022 (0.6778) −4.5653 (0.000) −4.4620 (0.000)

ln (Google Trends index) −2.9533 (0.0016) −1.6144 (0.0532) −6.2719 (0.000) −6.2855 (0.0000)
ln (control of corruption) 1.1137 (0.8673) 0.2134 (0.5845) −4.5377 (0.000) −4.6411 (0.000)
ln (voice and
accountability)

0.6933 (0.7559) 0.2860 (0.6126) −4.5662 (0.000) −4.8781 (0.0000)

ln (political stability and
absence of violence)

−1.1316 (0.1289) −2.4267 (0.0076) −5.3786 (0.000) −5.2554 (0.0000)

ln (rule of law) −0.9858 (0.1621) −0.9733 (0.1652) −5.1409 (0.000) −5.4272 (0.0000)
ln (government
effectiveness)

−0.8642 (0.1937) 0.7457 (0.7721) −5.5269 (0.000) −5.8927 (0.0000)

ln (regulatory quality) 0.8219 (0.7944) 0.5506 (0.7090) −4.0766 (0.000) −4.0727 (0.0000)

Source: own calculations in Stata 15.
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The estimations based on PMG in Table 6 confirm the bell
shape relationship between pollution and economic growth only
in the short-term. In the long run, when the Google Trends
index control of corruption and regulatory quality are
considered in the models, the economic growth-pollution
nexus becomes U-shaped. There is strong evidence of the
contribution of REC to pollution reduction only in the short

term. Only government effectiveness has both long- and short-
term influence on environmental degradation. The impact of
other dimensions of governance quality was observed only in
the long-term in relation to control of corruption, rule of law,
and regulatory quality. Voice and accountability, political
stability, and the absence of violence present a significant
influence on GHG emissions based on PMG estimators only

TABLE 4 | The results of cointegration tests (p-values in brackets).

Test Statistics

Additional
regressor

ln (Google
Trends index)

ln (control of
corruption)

ln (voice and
accountability)

ln (political stability
and absence of

violence)

ln (rule of law) ln (government
effectiveness)

ln (regulatory
quality)

Kao test

Modified
Dickey

−0.1640 (0.4349) −1.7646 (0.0388) −1.1843 (0.1181) −0.7889 (0.2151) −1.5691 (0.0583) −1.1165 (0.1321) −1.1870 (0.1176)

Dickey −1.6914 (0.0454) −2.9700 (0.0015) −2.4051 (0.0081) −2.1184 (0.0171) −3.1279 (0.0009) −2.3049 (0.0106) −2.6310 (0.0043)
Augmented

Dickey
−0.9771 (0.1643) −2.0515 (0.0201) −1.4413 (0.0748) −1.0696 (0.1424) −1.0723 (0.1418) −1.1380 (0.1276) −1.4855 (0.0687)

Unadjusted
modified
Dickey

−2.5635 (0.0052) −3.0494 (0.0011) −2.5700 (0.0051) −2.5079 (0.0061) −3.3819 (0.0004) −2.8831 (0.0020) −2.6724 (0.0038)

Unadjusted
Dickey

−3.1459 (0.0008) −3.5323 (0.0002) −3.0892 (0.0010) −3.0381 (0.0012) −3.9505 (0.0000) −3.1881 (0.0007) −3.3604 (0.0004)

Pedroni test

Modified
Phillips

4.0213 (0.0000) 3.5241 (0.0002) 4.0047 (0.0000) 4.1295 (0.0000) 4.1205 (0.0000) 3.9397 (0.0000) 3.5057 (0.0002)

Phillips −0.0435 (0.4826) −2.6424 (0.0041) −1.5180 (0.0645) −10.4856 (0.0000) −0.7518 (0.2261) −1.3614 (0.0867) −1.9787 (0.0239)
Augmented

Dickey
−0.2378 (0.4060) −2.8730 (0.0020) −1.7692 (0.0384) −3.0878 (0.0010) 1.4782 (0.0697) −1.7086 (0.0438) −2.0848 (0.0185)

Westerlund
test

Variance
ratio

8.7303 (0.0000) 8.2114 (0.0000) 5.3516 (0.0000) 4.9359 (0.0000) 8.7411 (0.0000) 1.3230 (0.0929) 11.3954 (0.0000)

Source: own calculations in Stata 15.

TABLE 5 | Panel DOLS models to explain GHG emissions in the 10 CEE countries (2006–2019).

Variable Coefficients

M1 M2 M3 M4 M5 M6 M7

ln (GDP) 79.851a 102.830a 99.919a 87.671a 97.924a 108.792a 105.516a

ln2 (GDP) −4.052a −5.167a −5.071a −4.441a −4.978a −5.469a −5.374a

ln (REC) −3.207a −2.404a −2.326a −3.030a −2.792a −2.947a −2.245a

ln (FDI) −0.069a −0.053a −0.013 −0.099a −0.024 −0.057a −0.029
ln (index of economic freedom) 6.090a 5.907a 6.750a 5.899a 5.884a 6.156a 6.193a

ln (domestic credit to private sector) −1.406a −1.882a −1.716a −1.914a −1.454a −1.441a −1.719a

ln (Google Trends index) 0.429a - - - - - -
ln (control of corruption) - −0.349a - - - - -
ln (voice and accountability) - 0.770a - - - -
ln (political stability and absence of violence) - - - −0.109a - - -
ln (rule of law) - - - - −0.151a - -
ln (government effectiveness) - - - - - −0.067a -
ln (regulatory quality) - - - - - - 1.335a

Source: own calculations in Stata 15.
aMeans significant coefficient at 5% level of significance.
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in the short term. As in the previous model, less corruption,
government effectiveness, stronger policies, and better political
stability are key dimensions of government quality in achieving
the goal of a cleaner environment. More freedoms for citizens
and support for companies does not encourage concern
for environmental protection. Government effectiveness is
the most important factor since its improvement could

determine immediate and long-run effects in terms of
pollution reduction.

The robustness check based on adding labor productivity to
the models in Table 7 suggest the positive impact of labor
productivity on GHG emissions in the 10 CEE countries in
the period 2006–2019. When this variable is introduced in the
models, some governance dimensions become irrelevant in

TABLE 6 | PMG estimators to explain GHG emissions in the 10 CEE countries (2006–2019).

Variable Coefficients

Long-run relationship ln (GDP) −111.086a −20.762a 449.774a 5.442 309.124a 47.239a −16.281
ln2 (GDP) 5.459a 1.038a −20.775a 0.065 −14.355a −2.259a 0.852
ln (REC) 0.617a 0.050 −1.159 −2.886a −0.229 −0.155a −0.355a

ln (index of economic freedom) −3.157a −1.466a 16.944 3.907a - - -
ln (labour productivity) - - - - - - -
ln (Google Trends index) 0.046a - - - - - -
ln (control of corruption) - −0.293a - - - - -
ln (voice and accountability) - 2.467 - - - -
ln (political stability and absence of violence) - - - −0.204 - - -
ln (rule of law) - - - - −1.948a - -
ln (government effectiveness) - - - - - −0.252a- -
ln (regulatory quality) - - - - - - 1.370a

Error correction term −0.279a −0.412a −0.003 −0.037 −0.022 −0.420a −0.271b

Short-run relationship ln (GDP) 32.440 45.679 44.934 71.575 56.231 28.366 65.015
ln2 (GDP) −1.374 −2.156 −1.977 −3.382 −2.670 −1.356 −3.117
ln (REC) −0.360 −0.273a −0.354a −0.409a −0.345a −0.348 −0.325a

ln (index of economic freedom) 1.703a 1.017 0.787a 1.131 - - -
ln (labour productivity) - - - - - - -
ln (Google Trends index) 0.023 - - - - - -
ln (control of corruption) - 0.012 - - - - -
ln (voice and accountability) - - 0.109a - - - -
ln (political stability and absence of violence) - - - −0.041a - - -
ln (rule of law) - - - - 0.094 - -
ln (government effectiveness) - - - - - 0.298a -
ln (regulatory quality) - - - - - - 0.254
Constant 163.963a 49.763a −7.973 −2.321 −37.094 −99.028a 23.880

Errors I(0) I(0) I(0) I(0) I(0) I(0) I(0)

Source: own calculations in Stata 15.
aMeans significant coefficient at 5% level of significance and.
bMeans significant at 10% level of significance.

TABLE 7 | Robustness check (additional variable: labor productivity) Panel DOLS models to explain GHG emissions in the 10 CEE countries (2006–2019).

Variable Coefficients

M1 M2 M3 M4 M5 M6 M7

ln (GDP) 89.613a 90.756a 97.415a 102.536a 97.101a 102.809a 106.668a

ln2 (GDP) −4.712a −4.777a −5.119a −5.342a −5.083a −5.334a −5.586a

ln (REC) −0.610a 1.227a −0.027 −0.786a −0.477a −0.725a 0.102
ln (FDI) 0.012 −0.012 −0.020 −0.062a −0.004 −0.047a −0.035
ln (index of economic freedom) −6.093a −9.021a −6.079a −5.001a −6.510a −4.024a −6.230a

ln (domestic credit to private sector) 0.894a 0.845a 0.618 0.385a 0.712a 0.392a 0.925a

ln (labour productivity) 9.213a 11.324a 9.561a 8.609a 9.282a 7.926a 9.847a

ln (Google Trends index) 0.334a - - - - - -
ln (control of corruption) - −0.620a - - - - -
ln (voice and accountability) - 0.434 - - - -
ln (political stability and absence of violence) - - - −0.033 - - -
ln (rule of law) - - - - −0.07a - -
ln (government effectiveness) - - - - - 0.04a -
ln (regulatory quality) - - - - - - 0.510a

Source: own calculations in Stata 15.
aMeans significant coefficient at 5% level of significance.
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explaining the pollution in the analyzed countries, including
political stability, absence of violence, and voice and
accountability.

When labor productivity is introduced in the models, the
GDP-GHG emissions nexus becomes unstable, as shown in
Table 8. In most cases, labor productivity enhances pollution
in the long run. When labor productivity is added to the model,
rule of law, control of corruption, and government effectiveness
reduce pollution. Regulatory quality continues to enhance
pollution in the long term. Government effectiveness influences
pollution in the long- and short-term and contributes to its
reduction.

When labor productivity is added to the model, the impact of
rule of law on GHG emissions becomes significant and negative
in the short-term, not only in the long-term. More productive
people, who trust in the rules of society tend to have more
ecological behaviors. The regulatory quality in the short run
enhances pollution when labor productivity is considered a
control variable. This result might be explained by the
extension of economic activities with a more productive labor
force that negatively affects the quality of the environment. The
control of corruption might reduce the GHG emissions only in
the long run. Google searches for corruption have significant
effects on pollution in the long term.

All in all, this study confirms the role of quality of governance
in explaining pollution in ten CEE countries in the period
between 2006 and 2019. Moreover, more searches on Google
for corruption indicate that a weaker quality of governance
enhances the level of pollution. The results vary with the

method, but few conclusions are supported by both
methodological approaches:

• There is a bell-shaped relationship between economic
growth and pollution in the short run, but the
connection might become unstable in the long run.

• REC ensures environmental protection in the short-term,
but more efforts should be made to ensure a stable long-
term relationship.

• Economic freedom enhances pollution in the short-term,
but there are premises to ensure a reduction in GHG
emissions in the long-run.

• Labor productivity contributes to an increase in GHG
emissions in the short term.

• There is a stable and positive relationship between Google
searches for corruption and pollution.

• Control of corruption, rule of law, and government
effectiveness have a significant long-term impact on
GHG emissions by reducing pollution.

It is essential to analyze the connection between GHG emissions
and quality of governance in terms of causality. In this case,
Granger causality is analyzed to identify a possible predictive
power of governance indicators in explaining and forecasting
pollution. Dumitrescu-Hurlin test for causality in the panel is
used on stationary data (all the series in the first difference) and
balanced panels. The results are presented in Table 9.

Except for changes in voice and accountability, all the other
variables were causes of pollution. These results confirm the

TABLE 8 | Robustness check (additional variable: labor productivity) PMG estimators to explain GHG emissions in the 10 CEE countries (2006–2019).

Variable Coefficients

Long-run relationship ln (GDP) −48.673a 45.009a 87.422a 35.462a 24.150a

ln2 (GDP) 2.314a −2.281a −4.201a −1.790a −1.035a

ln (REC) −0.127a −0.678a −0.238a −0.616a 0.074
ln (index of economic freedom) −2.131a - - - -
ln (labour productivity) 1.707a 2.148a −0.789a 1.733a −1.547a

ln (Google Trends index) 0.018a - - - -
ln (control of corruption) - −0.042a - - -
ln (rule of law) - - −0.259a - -
ln (government effectiveness) - - - −0.058a -
ln (regulatory quality) - - - −1.101a

Error correction term −0.352b −0.359a −0.357a −0.298 −0.255a

Short-run relationship ln (GDP) −2.450 −49.136 6.145a 43.323 107.581b

ln2 (GDP) 0.290 2.419 −0.349a −2.096 −5.233b

ln (REC) −0.507a −0.381a −0.672a −0.503a −0.482a

ln(index of economic freedom) 1.799a - - - -
ln (labour productivity) −0.117 −0.356 0.481a −0.265 0.562
ln (Google Trends index) 0.01 - - - -
ln (control of corruption) - −0.127 - - -
ln (rule of law) - - −0.247a - -
ln (government effectiveness) - −0.165a -
ln (regulatory quality) - - - - 0.291b

Constant 90.567b −83.572 −11.298 −54.194 −28.856a

Errors I(0) I(0) I(0) I(0) I(0)

Source: own calculations in Stata 15.
aMeans significant coefficient at 5% level of significance and.
bMeans significant at 10% level of significance.
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predictive power of the quality of governance in explaining GHG
emissions. Google Trends indexes that reflect people’s concerns
about corruption showed that the perception of corruption in
society influences the behavior of individuals on environmental
protection.

DISCUSSION

Akram et al. (2020) have suggested that policymakers should take
into account the asymmetric behavior of renewable energy,
energy efficiency, and economic growth when various policies
are considered in terms of energy, environmental protection, and
economic growth.

Renewable energy consumption can reduce GHG emissions
in the analyzed CEE countries, but in the long run, the role of this
type of energy in reducing pollution might diminish its
importance. This result supports the development of policies
that enhance the use of renewable energy in line with the
European Green Deal targets.

The use of REC in promoting sustainability through
reductions in pollution was proven in this study, as supported
by other studies. For example, Shahnazi and Shabani (2021)
showed that renewable energy consumption reduced the level
of pollution in EU countries in the period 2000–2017 reducing
environmental degradation. Environmental sustainability
improved in ASEAN +3 countries due to renewable energy
consumption in the period 1998–2018 (Assi et al., 2021). A
particular type of renewable energy, for example, wind energy,
diminished the GHG emissions in the G7 countries between 1991
and 2004 (Destek and Aslan, 2020).

Economic freedom is positively correlated with GHG
emissions in the short term in our sample which suggests that
the transition to a functional market economy was made at the
cost of environmental degradation. However, in the long run
economic freedom might ensure sustainable development if it is
associated with renewable energy consumption and energy
efficiency. This objective could be achieved if suitable
measures and policies are implemented in these CEE

countries, such as regulations against pollution-havens,
cooperation between countries to ensure European Green Deal
targets, externalities internalization, growth based on low-carbon.
Saint Akadiri et al. (2019) also observed the negative impact of
economic freedom on pollution only in the long run in BRICS
countries in the period 1995–2018. For eleven CEE countries,
Lazăr et al. (2019) also showed that economic freedom reduced
pollution in the long term, but Joshi and Beck (2018) included the
influence of political freedom while assessing the impact of
economic freedom on CO2 emissions. The authors showed
that for partially free non-OECD countries in transition the
effect of economic freedom is not statistically significant. For
all the EU countries, Shahnazi and Shabani (2021) found a
U-shape relationship between CO2 and economic freedom
using a spatial dynamic panel data model for the period
2000–2017.

Labor productivity impact on pollution was mostly analyzed
for developed countries, suggesting a similar result in terms of the
contribution of productivity to environmental degradation. The
positive effect of labor productivity on pollution was previously
supported byMazzanti and Zoboli (2009) for Italian sectors in the
period 1991–2001. For Italian agriculture, the impact of labor
productivity on GHG emissions is significant under the
sustainability hypothesis in the period 1980–2008 (Coderoni
and Esposti, 2014). Cui et al. (2017) showed that higher labor
productivity in Scotland enhances export and inter-regional
migration with direct effects on environmental degradation.
Compared to developed countries, in the CEE states, the effect
of labor productivity on pollution is explained by the low
technological progress in industry. The study by Simionescu
et al. (2021) for all the EU countries supported the hypothesis
that labor productivity should be reduced to achieve sustainable
development in the long term.

Google Trends could be successfully used to capture
political instability that serves in nowcasting the GHG
emissions in the ten CEE countries in the sample. This
approach has the advantage of providing real-time data
compared to macroeconomic indicators that are released
late. Compared to Worldwide Governance Indicators, the

TABLE 9 | Dumitrescu and Hurlin Granger non-causality test results.

Null hypothesis Computed
statistic

Conclusion

Changes in regulatory quality do not Granger cause changes in GHG
emissions

2.1549
(p-value � 0.0312)

Changes in regulatory quality are cause for changes in GHG emissions

Changes in voice and accountability do nt Granger cause changes in
GHG emissions

1.4930
(p-value � 0.1354)

Changes in voice and accountability do nt Granger cause changes in GHG
emissions

Changes in political stability do not Granger cause changes in GHG
emissions

4.7725
(p-value � 0.0000)

Changes in political stability do Granger cause changes in GHG emissions

Changes in rule of law do not Granger cause changes in GHG emissions 6.8283
(p-value � 0.0000)

Changes in rule of law do Granger cause changes in GHG emissions

Changes in government effectiveness do not Granger cause changes in
GHG emissions

1.9467
(p-value � 0.0516)

Changes in government effectiveness do Granger cause changes in GHG at
10% level of significance

Changes in control of corruption do not Granger cause changes in GHG
emissions

5.223
(p-value � 0.0000)

Changes in control of corruption do Granger cause changes in GHG
emissions

Changes in Google Trends index for corruption do not Granger cause
changes in GHG emissions

6.778
(p-value � 0.0000)

Changes in Google Trends index for corruption do Granger cause changes
in GHG emissions

Source: own calculations in Stata 15.
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Google Trends index establishes a stable relationship with the
level of pollution. From this point of view, the use of
microdata based on Google Trends is recommended as a
better indicator for the quality of governance that
influences GHG emissions. These findings are novel in a
literature review analyzing EKC. This study is the first to
use ses data based on Google Trends in the model for EKC.
This type of microdata was successfully used to predict
macroeconomic indicators like unemployment rate
(Simionescu, 2020), private consumption (Vosen and
Schmidt, 2011), tourism arrivals (Dergiades et al., 2018),
and bitcoins (Arratia and López-Barrantes, 2021).

The results indicate that less corruption and a good
legislative framework are important for reducing GHG
emissions in the short and long term in the CEE countries
analyzed. This study showed that less control of corruption
enhances GHG emissions. This result is in line with previous
studies. For example, less control of corruption enhanced
pollution in various regions of 16 OECD countries in the
period 1995–2016 (Balsalobre-Lorente et al., 2019), and
BRICS countries in the period 1990–2017 (Sinha et al.,
2019). For APEC countries, Zhang et al. (2016) showed
that corruption positively influences CO2 emissions
through its effect on economic growth, while in countries
with a low level of pollution, corruption improves
environmental quality. A similar result was observed by
Cole (2007) for developed countries in the period
1987–2000 where corruption reduces environmental issues,
while in developing countries, pollution is enhanced by
corruption. In our study, the control of corruption contributes
to less pollution. Environmental regulations can reduce pollution
in the short and long term, as previous studies showed for energy
regulations (Ahmad et al., 2020). Since air pollution will not stop
when economic growth increases (Aşıcı and acar, 2018), policy
measures should be implemented to ensure a strong legislative
framework in the field (Ahmad et al., 2020; Aşıcı and Acar, 2018;
Fitzgerald et al., 2018). Environmental regulations determine a
cleaner transformation in the economic system based on better
utilization of natural resources. Energy regulation reduces GHG
emissions in 28 OECD countries due to R&D in energy efficiency
(Alvarez-Herranz and Balsalobre-Lorente, 2015). For 17 OECD
countries from 1990 to 2012, Lorente and Álvarez-Herranz (2016)
showed that energy regulation initiatives are necessary to reduce
long-run pollution.

In our study, rule of law had the capacity to reduce GHG
emissions for the analyzed CEE countries. This finding is in line
with the result of Lau et al. (2018), which proved the role of the
rule of law in reducing pollution for both developed and
developing countries.

The role of control of corruption, rule of law, and
government effectiveness in the fight against pollution in the
long term was confirmed by Gani and Scrimgeour (2014) for
water pollution across all industrial activities in the OECD
countries. Moreover, Dadgara and Nazari (2017) showed the
significant impact of government effectiveness, control of
corruption, and rule of law on pollution in South West Asian
Countries in the period 2002–2015.

CONCLUSION

Further to easily accessible internet data that are economical and
digitally well organized, microdata based on Google Trends
enables the observation of behavioral trends in countries with
high internet penetration rates. The goal of the European Green
Deal is to achieve a sustainable economy by eliminating GHG
emissions by 2050 in the context of digital transformation. These
two pillars of the EU framework, green economy, and digital
transformation could be achieved by using the benefits of
digitalization in designing effective environmental policies.
One example could be the motorization of quality of
governance using Google Trends under the hypothesis that
corruption influences environmental quality.

As well as the traditional approach of assessing the quality of
governance using worldwide indicators, this paper introduces Google
Trends as a tool to collect data that reflect the quality of institutions.
The results of this study based on EKC show the superiority of this
tool in explaining and nowcasting GHG emissions. In a more
digitalized economy due to EU policies and to the COVID-19
pandemic, GHG emissions forecasting is a necessity for evaluating
the degree of filling the target for 2050. The use of official statistics
provides late results and is less reliable compared to the Google
Trends approach. Therefore, this research recommends the use of this
tool in the green and digital economy to observe progress in achieving
the goal for 2050 and in the elaboration of the most suitable
environmental policies to support this goal.

The main limitation of this study is related to its dependence
on results gathered by the internet penetration rate, but this issue
has been alleviated in the context of the COVID-19 pandemic and
EU investment to support the digital economies. Our Google
Trends index refers only to corruption as a keyword, but in future
studies, more keywords related to corruption will be considered
since this issue is relevant for the ten CEE countries in the EU.

Another limit of this research is related to the fact that the
conclusions are drawn for the entire sample of countries, but
differences between countries might exist. Therefore, in future
studies, a cross-country analysis could be made to check the
impact of governance and economic indicators on pollution in
each country of the sample. The short period for data availability
did not allow us to consider a separate analysis in this paper.
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This research offers a new perceptive of the dynamic connection between CO2 and
globalization, technological innovation (TI), economic growth, and renewable energy (REN)
consumption in Spain. The current research applied the wavelet tools to assess these
interconnection utilizing data stretching from 1980 to 2018. The outcomes of these
analyses disclose that the association among the series evolves over frequency and
time. The current analysis uncovers notable wavelet coherence and strong lead and lag
connections in the frequency domain, whereas the time domain indicates inconsistent
correlations among the variables of interest. The outcomes of the wavelet analysis from the
economic perspective affirm that in the short and medium term, globalization, economic
growth, and TI contribute to environmental degradation; however, in the long term,
globalization, economic growth, and TI do not contribute to the degradation of the
environment. Moreover, at different frequencies, REN consumption helps mitigate
environmental degradation in Spain. Furthermore, the spectral causality test unveiled
that in the long term, REN utilization, globalization, TI, and economic growth can predict
CO2 emissions in Spain.

Keywords: CO2 emissions, technological innovation, economic growth, wavelet tools, renewable energy consumption

INTRODUCTION

Energy is critical for economic activity and growth, but ecological impacts associated with fossil fuels
(gas, coal, and oil) and the likelihood of their extinction has prompted a quest for alternative sources
of energy (Nazir et al., 2018; Adebayo and Kirikkaleli, 2021; Rafique et al., 2022). Furthermore, the
high cost of fossil fuels is a significant burden, particularly for energy importing nations. Climate
change has presented new difficulties across the globe. Owing to climate change and global warming,
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agricultural areas, several species of plants and animals, and water
resources are at danger of disappearing (Ramzan et al., 2021;
Wang et al., 2021). Following the Kyoto Protocol in 1997 and the
Paris Agreement in 2015, several nations have begun to take
significant environmental action. One of these initiatives is to use
renewable energy (REN) to replace fossil fuels as much as
possible. Technological innovation (TI) plays a critical role in
reducing emissions while also assisting in the conservation of
energy (Lin et al., 2021). TI is essential in lowering emissions
while still aiding in the energy saving process (Ling et al., 2021).
Additionally, TI is critical for the efficient use of both REN and
conventional sources. TI can also help with the creation of new
REN sources. TI further enhances REN capabilities, raising the
overall amount of REN available to meet future energy demands.
Because of the evident ever-increasing need for energy, it is
acknowledged that REN will be the most important kind of
energy in the future as well as an environmentally beneficial
power source (Yuping et al., 2021). We identified a plethora of
studies on the impact of REN on the deterioration of the
environment. Previous studies suggest raising the amount of REN
in the entire energy mix to reduce emissions (Shahzad et al., 2020;
Shahzad et al., 2020b; Awosusi et al., 2021; He et al., 2021).

The significance of TI in reducing CO2 emissions is clearly
demonstrated in the existing studies, although it is not given
adequate attention. There are just a few studies that look at the
direct influence of TI on CO2 emissions. For instance, Kihombo
et al. (2021) reported that increasing TI mitigates CO2 emissions
in select developing nations. Similarly, Kirikkaleli and Adebayo
(2020) established negative connection between TI and CO2

emissions for the global economy. Likewise, Ullah et al. (2021)
found that TI aids in improving environmental quality in OECD
nations. Nonetheless, some studies (Lin and Zhu, 2019; Zhao
et al., 2021) found positive TI-CO2 connection whereas some
studies (Garrone and Grilli, 2010; Dauda et al., 2021) established
an insignificant T1-CO2 connection. Despite the fact that the
previous research revealed conflicting proof of the role of TI in
CO2 emissions, its significance for CO2 emissions cannot be
overlooked. We cannot dismiss the probability that TI
performs an essential role in REN source growth globally.
Studies have focused heavily on the interconnections between
globalization, energy resources, and their usage. The theoretical
basis for this link is straightforward: as countries become more
globalized, so does their demand for energy. It is commonly
accepted that as globalization develops, trade barriers disappear,
leading to an upsurge in a country’s output and level of income.

An increase in energy usage is associated with an upsurge in
wealth and output. The effect of globalization on the environment
has been examined. Nonetheless, considerable literature on this
topic yields conflicting results. For instance, the studies by
Haseeb et al. (2018) and Pata (2021) on Brazil and Chile
established that globalization mitigates degradation of the
environment. The rise in output and income caused by
globalization is eventually reinforced by spillovers of
technology in the exporting nations; thus, it is very likely that
globalization can reduce the usage of energy and CO2 emissions
after a specific time period. We can examine the service sectors of
advanced countries, such as the EU and the United States, where

employment is being moved to emerging nations, given that the
utilization of energy in these sectors is lower than in the industrial
sector. As a result, globalization has a positive ecological
consequence in exporting nations. On the contrary, Kirikkaleli
et al. (2021) in Turkey established a positive CO2-GLO
connection. According to these reasons, it is a well-known
reality that the ecological consequences of globalization differ
by nation or nations and areas. Globalization does not affect all
nations in the same way or with the same severity. In the
globalization process, there are many leaders and laggards. As
a result, we can observe the most and least globalized nations on
the global map. The same concept can be applied to energy and
globalization connection; nonetheless, the linkage differs in the
short and long terms correspondingly.

Why Spain? Spain is a developed nation with GDP and GDP
per capita amounting to US$1.393 trillion US$29,600.38,
respectively (World Bank, 2020). It is Europe’s sixth largest
energy consumer, after Germany, France, the
United Kingdom, Turkey, and Italy, and has almost no
domestic production of liquid fuel or natural gas. In recent
years, Spain has considerably reduced CO2 emissions,
dropping from a peak of around 379 million metric tons of
CO2 in 2014 to approximately 278.5 million metric tons in 2019.
As the globe witnesses the Arctic ice sheet melt and the weather
gets more volatile, there is no denying that global warming is
undeniably occurring. As a result, several nations have highly
ambitious emission-cutting strategies in place for the
forthcoming years. Spain has been notably effective in
lowering CO2 emissions caused by energy generation. Despite
the fact that the energy sector continues to be responsible for the
majority of GHG emissions, the nation has managed to reduce
them to around 244million tons of CO2 equivalent in 2016, down
from a record high of over 344 million tons in 2005. Furthermore,
emissions from fuel combustion in industry and construction
decreased by an astounding 30 million ton reduction, falling to
around 41 million tons in 2016. Agriculture contributes to GHG
emissions as well, and while not as significant as the
manufacturing and construction industries, the sector
decreased about 4 million tons of CO2 equivalents with 34.4
million tons in 2016. Furthermore, Figure 1 depicts the total
energy supply (TES) by sources in Spain which is measured in
ktoe (IEA, 2021).

The abovementioned factors make Spain an interesting case
study. Thus, the current study objectives are highlighted as
follows: First, we assess the connection between CO2 emissions
and globalization, TI, REN, and GDP at different frequencies. The
second objective is to ascertain the causal effect of REN, GLO, TI,
and GDP on CO2 emissions at dissimilar frequencies. The current
study adds to the previous literature in a variety of ways: 1) based
on previous studies; we can conclude that this is the first research
of its kind in Spain, which focuses on the association between
CO2 and REN, GLO, TI, and GDP at different time periods and
frequencies. 2) The current research applied the wavelet tools to
capture the connection between CO2 and REN, GLO, TI, and
GDP. The main benefit of this approach is that it distinguishes
between short and long term over the sample period.
Furthermore, this technique establishes a correlation and lead/
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lag association between the series. 3)We used spectral causality to
capture the causal interrelation between CO2 emissions and the
independent variables at various frequencies. The benefit of this
method is that it can detect causal interrelation between the series
at different frequencies.

The remaining sections of this research are compiled as
follows: a synopsis of previous studies is presented in
Literature Review. Theoretical Framework presents the data
and methods. Data and Methodology illustrates the findings
and discussion, and the conclusion is presented in Conclusion
and Policy Direction.

LITERATURE REVIEW

This portion of the current research tends to discuss previous
studies conducted on the association between carbon emissions
(CO2) and TI, economic growth (GDP), REN usage, and
globalization in Spain and the rest of the world. The objective
of every nation is to achieve economic expansion; however, this
has always come at the expense of environmental degradation.
Thus, a plethora of studies has been conducted to assess the GDP-
CO2 association. For example, Shan et al. (2021) and Su et al.
(2021) disclose that an upsurge in GDP triggers CO2 emissions.
Likewise, the study by Tufail et al. (2021) on highly decentralized
economies uncovered a positive CO2-GDP connection. In a bid to
investigate the EKC hypothesis in Mexico, Adebayo (2020)
employed the ARDL and wavelet tools. The empirical
outcomes from this study disclosed that GDP impact CO2

emissions negatively, and the EKC hypothesis is supported in
Mexico. Similarly, the study by Kihombo et al. (2021) validates
the EKC hypothesis. Furthermore, the study by Awosusi et al.
(2021) on South Korea revealed positive coherency between GDP

and CO2 emissions in the short, medium, and long term using the
wavelet coherence. Similarly, the study by Akinsola et al. (2021)
on the emission–growth nexus in Indonesia using wavelet tools
reveals that an upsurge in GDP triggers CO2 emissions. The
positive relationship between GDP and economic growth is also
validated by the studies of Sarwar and Alsaggaf (2021) on Saudi
Arabia, Farooq et al. (2019) on China, Sarwar and Alsaggaf (2021)
on 179 countries, Sarwar et al. (2019) on Chinese Provinces, Rauf
et al. (2018) on belt and road initiative countries, Shahzad et al.
(2020) on developed nations, Sarwar et al. (2019) on 161
countries, and Waheed et al. (2021) on six GCC economies.

Also, several studies have been conducted regarding the
connection between TI and CO2 emissions. For instance, using
FMOLS and frequency domain causality (FDC) approaches,
Kirikkaleli and Adebayo (2020) assessed the CO2-TI
connection with the global context utilizing quarterly data
from 1980 to 2017. Their empirical outcomes disclosed a CO2-
TI negative association. Also, the FDC outcomes disclosed
unidirectional causal linkage from TI to CO2 emissions at
different frequencies. In Brazil, Udemba et al. (2021) looked at
the CO2-TI association utilizing the NARDL from 1990 to 2018.
The outcomes of the NARDL disclosed that positive shock in TI
mitigates CO2 emissions, whereas negative shock in TI exerts an
insignificant influence on CO2 emissions. Furthermore, the
outcome of the asymmetric causality disclosed that increasing
and decreasing TI can predict CO2 emissions. Likewise, Kihombo
et al. (2021) assessed the CO2-TI connection in emerging markets
within the STIRPAT framework from 1990 to 2017, and their
findings unveiled a negative TI connection. Similarly, the study by
Ahmad et al. (2021) on OECD nations disclosed a negative CO2-
TI interconnection. On the contrary, the study by Adebayo and
Kirikkaleli (2021) on Japan utilizing wavelet tools established a
positive CO2-TI association, suggesting that an upsurge in TI

FIGURE 1 | Total energy supply (TES) by source, Spain 1990–2019.
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decreases CO2 emissions. Likewise, Santra (2017) investigated the
CO2-TI association in BRICS economies utilizing dataset
stretching from 2005 to 2012. The investigator applied the
panel ARDL, and the study unveiled positive connection
between TI and CO2 emissions. Similarly, the study by Shaari
et al. (2020) also reported that TI contributes to CO2 emissions.
Furthermore, Chen and Lee (2020) examined the influence of TI
in reducing CO2 emissions for a set of 96 nations. The research
utilized spatial econometric frameworks by employing data from
1996 to 2018. The outcome revealed a significant interconnection
between TI and CO2 emissions in the overall sample, but when
they separated the sample based on the levels of development, the
outcomes gathered were found to be intriguing. In comparison to
the other two categories of nations, the role of TI in mitigating
CO2 emissions is critical for high-income nations.

Due to its environmentally favorable qualities as compared to
conventional energy sources, REN sources are getting a lot of
support in the recent discussion on environmental sustainability.
For instance, the study by Kirikkaleli and Adebayo (2021) on India
using the FMOLS and DOLS discovered a negative CO2-REN
interconnection. Similarly, Altinoz and Dogan (2021) explored
the connection between REN and CO2 emissions in 82 nations
applying the ARDL approach using data from 1990 to 2014. Their
outcome revealed a negative CO2-REN interconnection in the
selected nations. The study by Mohsin et al. (2021) on the CO2-
REN connection in 25 developing Asian countries validated CO2-
REN association, which implies that REN significantly decreases the
degradation of the environment. Likewise, Pata (2021) looked at the
CO2-GDP-REN interconnection in BRICS and developing
countries, utilizing GMM and data stretching between 1990 and
2014. The authors applied the ARDL, and their outcome disclosed a
negative CO2-REN association whereas GDP deteriorates the quality
of the environment. For the period 1990 to 2014, Sasana and
Aminata (2019) assessed the impacts of energy-based economic
development on CO2 emissions in Indonesia. REN mitigates the
degradation of the environment. Another interesting prospect is
that, in the case of Indonesia, economic globalization has no effect on
CO2 emissions. In addition, there was no support of the EKC theory
in Indonesia (Zandi and Haseeb, 2019), establishing the role of REN
in mitigating CO2 emissions in the selected African nations from
1995 to 2017. The research applied panel techniques, and their
outcomes disclosed that green energy impacts environmental
degradation negatively, and GDP impacts CO2 emissions positively.

Scholars all across the globe are constantly interested in
learning about the consequences of globalization on
environmental sustainability. In this regard, the current
literature yielded mixed results. For instance, Zaidi et al.
(2019) explored the CO2-GLO connection in APEC nations
utilizing data stretching from 1960 to 2016. The investigators
applied CUP and panel causality approaches, and their outcome
disclosed a negative CO2-GLO association. Similarly, the study by
Haseeb et al. (2018) on BRICS nations was conducted from 1994
to 2014, and their findings show that GLO helps in decreasing the
degradation of the environment. The study by He et al. (2021) on
Mexico on the CO2-GLO linkage between 1980 and 2016
unveiled a negative CO2-GLO connection. Contrarily, the
study by Muhammad and Khan (2021) on 155 emerging and

advanced nations found a negative interconnection between GLO
and CO2 emissions. Similarly, Oluwajana et al. (2021) explored
the CO2-GLO connection in South Africa, utilizing data
stretching from 1980 to 2018. The research applied ARDL and
frequency domain causality approaches. The ARDL results
disclosed a negative CO2-GLO association whereas FDC
unveiled unidirectional causal linkage from GLO to CO2.

In summary, the majority of the existing studies have focused
on the determinants of carbon emissions using time-domain
techniques. Therefore, the present study contributes to the
existing studies by assessing the influence of REN use,
economic growth, and TI on carbon emissions using
time–frequency and frequency-domain approaches. The
current research applied the wavelet tools to capture the
connection between CO2 emissions and the independent
variables. The main benefit of this approach is that it
distinguishes between short and long term over the sample
period. Furthermore, this technique establishes correlation and
lead/lag association between variables. 3) We applied spectral
causality test to detect the causal interrelation at various
frequencies. The benefit of this method is that it can detect
causal interrelation between the series at dissimilar
frequencies. Exploring the combination of these methodologies
helps to tap into the novelty of the approaches, thereby informing
robust estimates that support proactive policy directions.

THEORETICAL FRAMEWORK

Over the past four decades, the world economy has seen enormous
economic expansion, including increased energy utilization.
Regrettably, strong economic development and rising energy
demand have had environmental consequences. Kraft and Kraft
(1978) were the first to demonstrate a link between the utilization of
energy and economic development. According to Ozturk and
Acaravci (2016), it is impossible to attain sustainable growth if
concerns regarding the destruction of the environment such as
climate change and global warming continue to worsen.
Environmental economists including Panayotou (1997) and
Grossman and Krueger (1991) used this approach to investigate
the relationship between environmental deterioration and economic
expansion. According to them, economic growth occurs in three
separate phases: scale, structural, and composite effects. The
ecosystems will suffer in the early stages of growth until a
specific threshold (the turning point) is achieved; and growth will
increase the degradation of the environment during this period. The
initial phase is recognized as the scale effect phase, whereas the
turning point and the time after the turning point are recognized as
the composite and structural effect stages, respectively. The scale
effect phase is linked with emerging economies where non-
renewable sources of energy support economic performance and
production activities. The composite and structural effect stages, on
the other hand, are associated with developed nations, such as Spain,
where technical innovation and services dominate economic
prosperity.

Moreover, the theoretical basis for the linkage between CO2

emissions and globalization is straightforward: as countries
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become more globalized, so does their need for energy. It is
commonly assumed that as globalization advances, trade barriers
would decrease, leading to an upsurge in a nation’s output and
revenue. An upsurge in the utilization of energy is associated with
an upsurge in production and income. As it is generally believed
that increasing globalization is associated with higher levels of
economic growth, it is also commonly assumed that globalization
aids to mitigate environmental degradation; otherwise, it would
cause environmental degradation if not being eco-friendly.
Finally, TI plays an essential part in lowering emissions while
also aiding in energy conservation. Additionally, TI is critical to
the efficient use of both REN and traditional sources. TI can also
help with the creation of new REN sources. TI also improves REN
capabilities, increasing the likelihood supply of REN to meet
future energy demand. Because of the ever-increasing demand for
energy, it is widely assumed that REN will be the most significant
kind of energy in the future, and it is also an environmentally
friendly energy source.

The research theoretical model is formulated based on the
above discussions as follows:

CO2t � f(GDPt,GLOt,RENt,TIt) (1)

Here, GDP, REN, CO2, GLO, and TI stand for economic growth,
utilization of REN, CO2 emissions, globalization, and TI,
respectively. The period of study is depicted by t.

DATA AND METHODOLOGY

Data
The current article explores the effect of GDP-, GLO-, TI-, and
REN-CO2 in Spain. The research utilizes quarterly data stretching
from 1980 to 2019. The time duration is limited by the availability
of data. Table 1 presents the variable’s of interest description and
source of data. Moreover, all variables are transformed into their
natural log to guarantee normal distribution in the data and to
resolve the issue of heteroscedasticity. In addition, the analysis
flow is disclosed in Figure 2.

Methodology
In this empirical analysis, numerous econometric methods
centered on time-series were utilized. First, the series
stationarity features were tested by employing ZA introduced
by Zivot and Andrews (2002). Furthermore, the research applied
the BDS test initiated by Broock et al. (1996) to verify the
nonlinearity features of the series of investigations.

Wavelet Coherence
Wavelet coherence is employed to detect the time–frequency
dependence of TI, globalization, and economic growth on CO2

emissions. Time–frequency dependence puts into account the
changes overtime, and how the relationship varies from one
frequency to another becomes essential and strategic in the
formulation of policies (Mutascu, 2018; Adebayo, 2020). The
Morlet wavelet function was employed since it brings balance
between phase and amplitude. The Morlet wavelet function is
defined as follows:

w(n) � π−1
4 e−iwne−

1
2n

2
(2)

Note: non-dimensional frequency was used by w; and i denotes���−1√
p (n). Using the time and space, with n � 0,1, 2, 3 . . . . . .N-1,

the time series continuous wavelet transformation (CWT) is
defined as follows:

wk, f (n) � 1��
h

√ w(
n − k
f

), k, f ∈ R, f ≠ 0 (3)

TABLE 1 | Variable unit and source.

Indicators Description Units Source

CO2 CO2 emissions Metric tons per capita BP
GDP Economic growth GDP per capita WDI
REN Renewable energy consumption Renewable energy consumption per capita (kWh) BP
TI Technological innovation Patent applications (resident + non-resident) WDI
GLO Globalization Index based on FDI, trade, and portfolio investment Gygli et al. (2019)

FIGURE 2 | Flow of analysis.
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where k and f symbolize time and frequency, respectively.
CWT helps the cross wavelet analysis to interrelate between
the two variables. The CWT equation is written below as
follows:

wp(k, f ) � ∫
∞

−∞
p(n) 1�

f
√ w(

�n − k
f

)dn. (4)

The local variance was revealed using the wavelet power
spectrum (WPS). The equation defining the WPS is as follows:

WPSp(k, f ) �
∣∣∣∣Wp(k, f )

∣∣∣∣2 (5)

To examine the co-movement between two time series, the
wavelet coherence approach (WTC) was used, which is
defined in the equation given below:

R2(k, f ) �
∣∣∣∣∣S(f −1Wpj(k, f ))

∣∣∣∣∣
2

S(f −1
∣∣∣∣Wp(k, f )

∣∣∣∣2)S(f −1
∣∣∣∣Wj(k, f )

∣∣∣∣2)
(6)

Here, the smoothing operator to both time and scale with 0 ≤
R2 (k,f) ≤ 1 is denoted as S. The WTC can also detect the phase
difference ϕpq of the two time series, and it defined in this
form:

ϕpq(k, f ) � tan−1⎛⎝L{S(f −1Wpj(k, f ))}
O{S(f −1Wpj(k, f ))}

⎞⎠, (7)

where L denotes an imaginary operator whereas O stands for a
real-part operator.

Partial Wavelet Coherence
PWC is a technique that is comparable to PC. The wavelet
transfiguration approach is utilized to analyze PWC. The
method catches WC for x1 and x2 series after canceling the
x3 effect. The PWC is illustrated by the equations as
follows:

R(x1, x2) � S[W(x1, x2)]������������������
S[W(x1)], S[W(x2)]

√ ; (8)

R2(x1, x2) � R(x1, x2).R(x1, x2); (9)

R(x1, x3) � S[W(x1,x2)]������������������
S[W(x1)], S[W(x3)]

√ ; (10)

R2(x1, x3) � R(x1, x3).R(x1, x3); (11)

R(x2, x3) � S[W(x2,x2)]������������������
S[W(x2)], S[W(x3)]

√ ; (12)

R2(x2, x3) � R(x2, x3).R(x2, x3); (13)

The PWC is predicated on linear connection (by eradicating x3
impact). The PC is depicted as follows:

RP2(x1, x2, x3) �
∣∣∣∣R(x1, x2) − R(x1, x2).R(x1, x2)p

∣∣∣∣
[1 − R(x1−x3)]2[1 − (x3 − x2)]2 (14)

As stated by Sharif et al. (2019), when the effect of x3 is removed,
a low PWC implies that series x2 has minimal influence on x1.

Multiple Wavelet Coherence
The MWC technique is adequate for assessing the coherency of
many variables with other control parameters (Adebayo and
Kirikkaleli, 2021). The equation below depicts MWC as follows:

RM2(x1, x2, x3) � R2(x1, x2) + R2(x1, x3) − 2Re[R(x1, x3)pR(x3, x2)p]
1 − R2(x3, x2)

(15)

Frequency Domain Causality
The current research also intends to capture the causal effects of
TI, economic growth, REN use, and globalization on CO2

emissions at different frequencies. Thus, the frequency-domain
causality test by Breitung and Candelon (2006) is utilized in this
study. “The key distinction between the time-domainmethod and
the frequency-domain method is such that the “time-domain”
method informs us where a particular change arises inside a time
series, whereas the “frequency-domain” method evaluates the
extent of a specific variation in time-series” (Awosusi et al., 2021;
Kirikkaleli and Adebayo, 2020). The frequency-domain causality
test enables the removal of seasonal fluctuations in the small
sample data. Additionally, non-linearity and causality phases may
be identified by the frequency-domain test, whereas the test often
facilitates the detection of causality between variables at low,
medium and long frequencies. Furthermore, the Breitung and
Candelon (2006) frequency-domain causality test enables us to
differentiate long-term causalities from short-term causalities
between time-series. The frequency-domain causality test is
illustrated as follows. The basis of the test is a recreated VAR
between x and y, represented as follows:

xt � θ1xt−1 + . . . + θ1xt−1 + β1yt−1 + . . . + βlyt−1 + εt (16)

The Akaike information criterion (AIC) is utilized in lag l
selection. Centered on (Geweke, 1982) null hypothesis (M)
that My→ x(ω) � 0, where the frequency ωε(0, π), and adjusted
null hypothesis (H) is formulated as follows:

H0 : R(ω)β � 0 (17)

The vector linked to y coefficients is denoted by β

R(ω) � cos(ω) cos(2ω) . . . cos(lω)
sin(ω) sin(2ω) . . . sin(lw) (18)

TABLE 2 | Descriptive statistics.

CO2 GDP GLO REN TI

Mean 0.796265 4.403924 1.868733 0.456798 3.376555
Median 0.781438 4.433613 1.888811 0.407523 3.356217
Maximum 0.923965 4.518267 1.932782 0.797972 3.560146
Minimum 0.687074 4.239249 1.771246 0.140469 3.175512
Std. Dev 0.069109 0.093335 0.056253 0.198194 0.110602
Skewness 0.355507 −0.522701 −0.547909 0.388759 −0.033098
Kurtosis 2.020683 1.855983 1.726747 1.920159 1.959184
Jarque-Bera 2.379980 3.902664 4.585736 2.877208 1.767478
Probability 0.304224 0.142085 0.100976 0.237259 0.413235
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The null hypothesis pinpoint that at all frequencies, X does not
cause Y. Moreover, Breitung and Candelon (2006) propose 5 and
10% significance levels for all frequencies in the interval (0,π).
Frequency ω is linked to period t as t � 2π/ω.

FINDINGS AND DISCUSSION

We assess the effect of TI, economic growth (GDP), REN usage,
and globalization (GLO) on carbon emissions (CO2) in Spain
utilizing the quarterly dataset from 1980 to 2018. Before further
analyses are conducted, it is crucial to understand variables brief
information. Table 2 presents the research descriptive statistics.
GDP has the highest mean which ranges from 4.2391 to 4.518267.
This is followed by TI with a mean value of 3.376555 ranging
from 3.175512 to 3.560146, GLO with a mean value of 1.868733
which ranges from 1.771246 to 1.932782, CO2 with a mean value
of 0.796265 which ranges from 0.687074 to 0.923965, and REN
with a mean value of 0.456798 which ranges from 0.140469 to
0.797972. The value of standard deviation disclosed that CO2 has
consistent score which is followed by GLO, GDP TI, and REN
respectively. The value of the skewness for the variables of interest
uncovered that GDP, GLO, and TI are skewed negatively whereas
CO2 and REN are skewed positively. In addition, the kurtosis
value disclosed that all series are platykurtic in nature. We also
utilized the RADAR chat to present the variable’s brief
description which is illustrated in Figure 3. Furthermore, the
current research applied the BDS test suggested by Brock et al.

(1996) to catch the nonlinearity features of the variables of
concern. The outcomes of the BDS test are presented in
Table 3 which disclosed that all the variables are nonlinear.
Based on this understanding, utilizing the linear techniques
(e.g., FMOLS, ARDL, VECM, DOLS, and CCR) may produce
outcomes that are misleading. Table 4 also depicts the ZA unit
root outcomes which illustrates that series are I(1).

The five-variables graph show that the pattern and movement
are irregular, with surprising peaks and dips over time. As a result,
it is difficult for the human eye to detect any discernible periodic
patterns or cycles. As a result, the wavelet transform was
employed in the research to investigate previously
undiscovered patterns in these indicators. The wavelet
transform’s core multiresolution analysis allows concealed
influences to be isolated and localized. The figures show the
Morlet wavelet transform for each variable separately. Figures
4A–E depict the MRA of order j � 6 for GLO, CO2, GDP, TI, and
REN performed applying the maximum overlap discrete wavelet
transform (MODWT). The orthogonal elements (D1, D2, , D6),
which indicate distinct frequency parts of the initial variables, and
also S6, which illustrates a smooth part, are displayed in the
figures. The study evidences shown in Figures 4A–E show that
each of the series display high frequencies in the short run before
becoming stable in the long run. MODWT and DWT are used to
decompose the time-series energy across scales. The motions are
described using four periods, namely, D1 and D2-short term, D3
and D4-medium term, D5 and D6-long term, and S6-very
long term.

FIGURE 3 | RADAR chart.

TABLE 3 | BDS test.

CO2 GDP REN GLO TI

M2 19.2091* 23.3176* 20.6860* 14.6472* 17.5940*
M3 19.3176* 24.2567* 21.6019* 16.0156* 19.9346*
M4 19.1785* 26.1772* 22.7767* 16.5159* 21.9580*
M5 19.3576* 28.8993* 24.5607* 17.0981* 24.5068*
M6 19.7247* 32.9134* 27.1143* 17.3026* 27.1247*

*, **, and *** stands for p < 1%, p < 5%, and p < 10%.

TABLE 4 | ZA outcomes.

Variables I(0) Break-Date I(1) Break-Date

CO2 −3.5348 2007Q2 −5.3492** 2007Q2
GDP −3.5242 2010Q2 −4.9000*** 2007Q2
REN −4.2337 1988Q2 −6.7721* 1992Q3
TI −2.000 2013Q1 −5.8130** 2012Q4
GLO −3.9450 1988Q4 −6.7982* 1988Q2

*, **, and *** stands for p < 1%, p < 5%, and p < 10%.
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According to the discoveries shown in Figures 4A–E, the
overwhelming of the changes in all series occurred in the short
term, accompanied by the medium term. Nevertheless, when we
move into the long term, the variance in CO2, REN, GDP, TI, and
GLO becomes more constant.

After, the wavelet transform of the variables is established, the
present research explores the wavelet correlation (WC) between
CO2 and REN, GDP, TI, and REN at different scales which is
depicted in Figures 5A–D, respectively. The Monte Carlo
method is utilized to perform WC. The graphs show the
correlation between CO2 and REN, GDP, TI, and GLO at
various levels. If the value of correlation between two variables
is close to 0, it illustrates no dependency between the series.
However, if the correlation coefficient is close to 1, it depicts
dependency between series. In addition, a negative correlation
denotes that two series move in different paths whereas a positive
correlation means movement in the same direction. Thus, we
applied WC to eliminate the fundamental concealed information

in the data associated with time-domain correlation technique.
The outcomes from WC disclosed the following: 1) in the short
and long run, there is positive correlation between CO2 and GDP;
though the coefficient is higher in the long term; 2) in the short
and medium term, there is positive and weak connection between
GLO and CO2; however, in the long term, their strength of the
correlation is stronger; 3) the correlation between CO2 and REN
is negative and significant in the short, medium, and long term; 4)
in all scales, the correlation between TI and CO2 is weak and
positive.

The present research applied wavelet coherence (WTC) to
catch the series co-movement and lead/lag association at different
frequencies and period between series. This approach is crafted
from mathematics and is utilized to acquire previously unnoticed
information. As a result, the study looks at the association
between the series at different frequencies. The white cone
where discourse takes place in WTC is known as the cone of
impact (COI). The black boundary depicts a significance level

FIGURE 4 | (A) REN wavelet transfiguration. (B) CO2 wavelet transfiguration. (C) GDP wavelet transfiguration. (D) GLO wavelet transfiguration. (E) TI wavelet
transfiguration.
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predicated on simulations. The short, medium, and long periods
are illustrated by 0–4, 4–8, and 8–32, respectively, in Figures
6A–D. Furthermore, the figure’s horizontal and vertical axes
represent time and frequency, respectively. The colors blue

and yellow represent low and high interdependence between
the series, respectively. The leftward and rightward arrows
represent out-of-phase and in-phase connections, respectively.
Moreover, the rightward-down (leftward-up) signifies that the

FIGURE 4 | (A) REN wavelet transfiguration. (B) CO2 wavelet transfiguration. (C) GDP wavelet transfiguration. (D) GLO wavelet transfiguration. (E) TI wavelet
transfiguration.
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FIGURE 5 | (A) WC CO2-GDP. (B) WC CO2-GLO. (C) WC CO2-REN. (D) WC CO2-TI.

FIGURE 6 | (A) WTC between CO2 and GDP. (B) WTC between CO2 and REN. (C) WTC between CO2 and TI. (D) WTC between CO2 and GLO.
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FIGURE 7 | (A) PWCCO2-GDP-GLO. (B) PWCCO2-GDP-REN. (C) PWCCO2-GDP-TI. (D) PWCCO2-GLO-GDP. (E) PWCCO2-GLO-REN. (F) PWCCO2-GLO-
TI. (G) PWC CO2-REN-GDP. (H) PWC CO2-REN-GLO. (I) PWC CO2-TI-GLO. (J) PWC CO2-REN-TI. (K) PWC CO2-TI-GDP. (L) PWC CO2-TI-REN.

FIGURE 7 | (continued)
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first series leads (cause) the second series, whereas the rightward-
up (leftward-down) signifies that the second series leads (cause)
the first series. The outcomes of WTC are illustrated as follows.

Figure 6A depicts WTC between GPD and CO2 emissions in
Spain from 1980 Q1 and 2018 Q1. WCT identifies regions in
which there is coherence between GDP and CO2 in the time and
frequency domains. The results of Figure 6A show impressive
outcomes. The outcomes of WTC for CO2-GDP displays that at
period of scale 0–4, the coherence between CO2 and GDP is
positive (in-phase) from 1980 Q1–1982 Q1 with the arrows
pointing rightward-up, suggesting that GDP leads CO2 (GDP
has a positive causal influence on CO2). Also, at high frequency at
a period of scale 0–8, from 1995 to 1998, the bulk of the arrows are
facing right which implies positive coherence between GDP and
CO2 with GDP leading (GDP has a positive causal influence on
CO2. Furthermore, between 2009 and 2010, the CO2 and GDP are
in-phase (positive connection) as disclosed by the rightward
arrows. The possible explanation for the weak in-phase
connection between CO2 and GDP is that economic expansion
contributes to the degradation of the environment in Spain;
however, the co-movement between GDP and CO2is not
significant. This outcome further supports the EKC hypothesis
where in developed nations, such as Spain, services and TI
dominates the economic expansion. Another notable outcome
from our empirical analysis is that there is no coherency between
CO2 and GDP at low frequencies, implying that in the long term;
increase in economic growth does not trigger CO2 This outcome

complies with the studies by Shan et al. (2021), Orhan et al.
(2021), and Zhang et al. (2021).

Figure 6B presents WTC between CO2 and REN from 1980 Q1
and 2018 Q1. At period of scale 0–32, from 1990 Q1 to 2018 Q1, all
the arrows point leftward which illustrates that the series are out-of-
phase (negative coherence) with REN leading (REN has a negative
causal influence on CO2). This further implies that an upsurge in
REN is accompanied by a decrease in CO2 in Spain. Another
notable outcome from our empirical analysis is that there is strong
coherency between CO2 and REN at low frequencies, implying that
in the long term; increase in REN consumption in Spain mitigates
the degradation of the environment. This is hardly unexpected,
given that renewables provided 44%of total energy in Spain in 2020,
making it the cleanest year on record in the country’s history since
2007. Inexhaustible and natural resources including Sun, water, and
wind produced a total of 110,450 GWh, an upsurge of 12.8 percent
over the previous year’s figures. This is the highest percentage of
renewables in Spain’s energy mix since records began in 2007. Coal-
fired power plants, on the flipside, decreased production by 60%
compared to 2019 and 2% in the total generation which is a record
low. This outcome is consistent with the studies by Pata (2021),
Shahzad et al. (2020), and Soylu et al. (2021).

Figure 6C presents WTC between CO2 and TI from 1980 Q1
and 2018 Q1. At period of scale 0–8, 1983–1995, the arrows are
rightward which demonstrates an in-phase (positive)
association between CO2 and TI with TI leading CO2 (TI
Granger cause CO2 positively). However, between 1995 and

FIGURE 7 | (continued)
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2000, at high and medium frequencies, CO2 and TI are out-of-
phase (negative connection) with the leftward down arrow
suggesting that TI leads CO2 (TI Granger cause CO2

negatively). Furthermore, at scale 0–8, between 2002 and
2008, the arrows are rightward suggesting positive
coherency between CO2 and TI with TI leading (TI Granger
cause CO2 positively). The main explanation from this findings
disclosed that in the short and medium term, from 1983 to
1995 and from 2002 to 2008, TI in Spain is not eco-friendly.
This result complies with the works of Zhao et al. (2021) and
Coelho et al. (2021). However, in the short and medium term
from the period 1995 to 2000, there is negative coherence
between TI and CO2. This illustrates that during this period TI

in Spain is eco-friendly. This outcome concurs with the works
of Ikram et al. (2021) and Kihombo et al. (2021b), Lin and Zhu
(2019) established a negative CO2-TI association.

Figure 6D portrays WTC between CO2 and GLO in Spain
between 1980 and 2018. At period of scale 0–8 quarters, from 1988
to 1990 and 2009–2012, majority of the arrows point right,
suggesting positive coherence between GLO and CO2 with
majority of the arrows pointing rightward-down (CO2 Granger
cause GLO). The most likely explanation for this connection is that
via increased trade, globalization also improves total factor
productivity. It boosts economic activity by attracting the FDI
and facilitating the transfer of superior technology between
developed and developing countries. This process triggers

FIGURE 8 | (A) MWC CO2-GDP-GLO. (B) CO2-GDP-TI. (C) CO2-GDP-TI. (D) CO2-GLO-REN. (E) CO2-GLO-TI. (F) CO2-REN-TI.
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economic growth, financial markets, and commerce as well as the
utilization of energy. However, the process of globalization triggers
emissions of CO2 as a result of generation and utilization of energy
for the production of activities in developing and advanced nations.
Another notable outcome from our empirical analysis is that there is
no coherency between CO2 and GLO at low frequencies, implying
that in the long term; increase in globalization does not trigger CO2

emissions This outcome corroborates the studies by Kirikkaleli et al.
(2021) and Adebayo and Kirikkaleli (2021) who established a
positive CO2-GLO connection.

As a robustness check for WTC, the research applied PWC to
identify the effect of the second variable (x2) on the first variable
(x1) after removing the third serie’s (x3) effect. Figure 7A presents
PWC between CO2 and GDP after GLO effect is annulled. In the
period of scale 0–8 quarters, from 1981 to 1983 and from 1993 to
1995, GLO has significant effect on CO2 with the GLO effect being
cancelled. Figure 7B displays PWC between GDP and CO2 after
REN impact has been eliminated. At period of scale 0–4 quarters,
between 1994 and 1995, the impact of GDP on CO2 is significant
with the REN effect being eliminated. Figure 7C shows PWC
between CO2 and GDP with TI impact being eradicated.
Moreover, from 1987 to 1990, 2005 to 2005, and 2006 to 2010,
at higher frequency and period of scale 0–8 quarters, the coherency
between CO2 and GDP is strong after the influence of TI is
removed. The impact of GLO on CO2 after annulling the effect

of GDP is presented in Figure 7D, and the outcome displays no
significant coherence between CO2 and GLO after eliminating the
GDP effect. Also, the impact of GLO on CO2 after annulling the
effect of REN is presented in Figure 7E. In the short and medium
frequencies, GLO’s impact on CO2 is strong between 2005 and 2010
with the REN influence being neglected. Figure 7F presents the
GLO effect on CO2 after TI impact is eradicated. At short and
medium term, from 1997 to 1990 and 2005 to 2010, there is strong
coherency between GLO and CO2 after TI impact is cancelled. The
impact of REN on CO2 after annulling the effect of GDP is
portrayed in Figure 7G. At different frequencies, between 1990
and 2017, the effect of REN on CO2 is significant with GDP impact
dismissed.

Figure 7H depicts PWC between CO2 and REN with the GLO
impact removed. At different frequencies (short, medium, and long
term), between 1990 and 2017, the effect of RENonCO2 is significant
with GLO impact dismissed. Figure 7I depicts PWC between REN
andCO2with TI influence annulled. At different frequencies between
1995 and 2017, the effect of RENonCO2 is significant with TI impact
dismissed. Also, the impact of TI on CO2 after annulling the effect of
GLO is presented in Figure 7Jwith significant coherence observed in
the middle and high frequencies from 1985–1987, 1996–1999, and
2003–2006. The impact of TI on CO2 after annulling the effect of
GDP is presented in Figure 7K. There is a strong coherency between
CO2 and TI after the impact of GDP is eradicated in the high and

FIGURE 9 | (A) Spectral causality fromGDP toCO2. (B)Spectral causality fromREN toCO2. (C)Spectral causality fromTI toCO2. (D)Spectral causality fromGLO toCO2.
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medium frequencies from 1985–1987 and 1996–1999. The effect of
TI onCO2 after annulling the effect of REN is presented in Figure 7L.
There is a strong coherency between CO2 and TI after the REN effect
is removed at various frequencies from 1981 to 1990. Also, at the
short term, from 1994 to 1995 and from 2001 to 2002, there is
significant co-movement between CO2 and TI with the influence of
REN removed.

The current research also assesses the influence of the second
variable (x1) and third variable (x3) on the first variable (x1) by
applying multiple wavelet coherence (MWC). Figures 8A–F
present MWC for Spain for the period from 1980 to 2018.
Figure 8A presents MWC depicting the effect of GDP on CO2

without eradicating GLO impact. At high frequency, from 1988
to 2012, GDP has strong influence on CO2 by taking into
account the impact of GLO. Figure 8B signifies MWC
depicting the effect of GDP on CO2, considering GLO
impact. At different frequencies, from 1988 to 2018, GDP
has strong influence on CO2 when GLO is considered.
Figure 8C illustrates MWC depicting the effect of GDP on
CO2 considering TI influence. At different frequencies from
1983 to 1990, 1993 to 1999, and 2000 to 2010, there is strong
coherency between GDP and CO2 with TI impact considered.
Figure 8D depicts MWC illustrating the effect of GLO on CO2

considering REN impact. At various frequencies, the GLO effect
on CO2 considering REN influence is strong from 1990 to 2018.
MWC between CO2 and GLO considering TI influence is
depicted in Figure 8E. At high and medium frequencies, the
influence of GLO on CO2 is significant, considering the effect of
TI from 1982 to 2011. MWC between CO2 and REN considering
TI influence is depicted in Figure 8F. At different frequencies,
the influence of REN on CO2 is significant considering the effect
of TI from 1982 to 2018.

The present study also applied the causality test suggested by
Breitung and Candelon (2006) to capture the causal connection
between economic growth and CO2, technological innovation,
globalization, and renewable energy consumption in Spain
between 1980 and 2018. The outcomes of this test are shown in
Figures 9A–D. The causal interrelation between GDP and the
regressors at various frequencies (0–1, 1–2, and 2–3) discloses
long-, medium-, and short-term connections. The permanent
causality is defined as a frequency from 0 to 1, whereas
temporary causality is defined as a frequency from 2 to 3. In
Figures 9A–D, the upper line (red) represents a significance level
of 5%, and the bottom line (blue) represents a 10% level of
significance. The statistical tests between the (0, π) intervals at
different frequencies are depicted by the (green) curve.

Figure 9A depicts the presence of causality from CO2 to GDP
in the long term. Thus, the Ho of “no causality” from CO2 to GDP
for frequencies 0.01–3.00 is rejected at a level of significance of
10%. Figure 9B depicts the presence of causality from REN to
CO2. Thus, the Ho of “no causality” from REN to CO2 for
frequencies 0.01–3.00 is rejected at a level of significance of
5% and 10%, respectively. This implies that the REN use can
predict CO2 in Spain at all frequencies. This is not surprising,
given the fact the REN constitutes a chunk of energy mix of Spain.
Figure 9C shows the presence of causality from TI to CO2 in the
long term. Therefore, the Ho of no causality from to TI to CO2 is

rejected at a 5% level of significance. Finally Figure 9D shows
presence of causality from GLO to CO2 in the long term.
Therefore, the Ho of “no causality” from GLO to CO2 is
rejected at 10% level of significance.

CONCLUSION AND POLICY DIRECTION

The present research assesses the influence of REN consumption
and TI on carbon emissions (CO2) in Spain employing the
quarterly dataset covering between 1980 and 2018. The study
applied a series of wavelet tools to investigate these associations.
The main contribution of the research to the existing studies is the
application of wavelet transform approach to assess the temporal
and frequential activity of the discussed variables impacting
Spain’s environmental condition, as well as their
interconnection and evolution over time. Economic growth,
globalization, TI, and REN consumption trends disclosed
unexpected trends. The trend had localized cyclic peaks and
dips. The outcomes of the wavelet transform disclosed
overwhelming of the changes in all series that occurred in the
short term, accompanied by the medium term. Nevertheless, when
we move into the long term, the variance in CO2 emissions,
economic growth, globalization, TI, and REN consumption
becomes more constant. The wavelet coherence test outcomes
disclosed positive co-movement between CO2 and economic
growth, TI, and globalization at low and medium frequencies.
This suggests that in the long term, there is no substantial
connection between CO2 and economic growth, TI, and
globalization. Furthermore, at all frequencies, there is a negative
connection between REN consumption and CO2 at all frequencies.
The outcomes of wavelet correlation also validate these findings.
Regarding PWC, the results revealed that eliminating the third
serie’s effect had no strong effect on the interconnectivity between
the two series except when REN use is the second variable. MWC
findings indicate that the third series has a substantial impact on
the connection between the first and second series, especially in the
high and medium frequencies. Last, we utilized the FDC test, and
the outcomes unveiled causal linkage from economic growth, TI,
REN and globalization to CO2 in the long term.

The following suggestions are proposed based on the findings.
Our empirical research also shows that the consumption of REN is
an essential approach to minimize CO2 emissions. It is generally
known that REN is less carbon-intensive than conventional energy
sources such as fossil fuels. Furthermore, REN sources are cost-
effective. It has become a crucial step for the government to increase
the total percentage of REN in Spain’s energy mix in order to fulfill
the country’s excessive energy consumption. It is critical to
understand the innovative and new energy sources in order to
enhance environmental sustainability. The government should
prioritize the development of new REN projects. It is critical to
address the major points of rising CO2 for policy consideration. The
following are proposed: 1) shifting to a low-carbon economy based
on REN consumption, 2) improving the efficiency and energy
conservation of the existing fossil fuel energy production; and 3)
using carbon capture storage technology tominimize CO2 emissions
in order to transition frompresent fossil fuel reliance to a low-carbon
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future. Furthermore, the positive connection between CO2 and
globalization implies that globalization is a major contributor to
the increase in CO2 emission. Furthermore, special emphasis should
be given to raising public environmental consciousness while
enhancing social welfare via globalization in order to remove the
negative effects of globalization on reducing emissions. Otherwise,
the Spanish economy will be subjected to environmental
repercussions of globalization. As a result, policymakers must
thoroughly examine the social, environmental, and economic
domains to determine which of the three is most directly
connected to an upsurge in emissions.

Although the present research assesses the interconnection
between CO2 emissions and the regressors utilizing novel
techniques, there are still several limitations to this study that can
be addressed in future investigations. Since the wavelet transform is a
bivariate method, future researchers can re-assess these connections
utilizing multivariate techniques. In addition, further studies can be
conducted by incorporating other economic indicators, such as
financial development and foreign direct investment.
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Sustainable development and reducing environmental pressure are major issues that
concern developed as well as developing countries. Although researchers widely use
carbon dioxide emissions and ecological footprint within the scope of environmental
degradation, a more comprehensive ecological indicator is needed to assess
environmental sustainability. In this context, the load capacity factor enables a
comprehensive environmental sustainability assessment through the simultaneous
analysis of biocapacity and ecological footprint. However, there are few studies
analyzing the determinants of load capacity factor and this study aims to fill this gap
for Indonesia. Using the recently developed Fourier quantile causality test, this study
investigates the impact of income, export diversification, non-renewable and renewable
energy consumption on the load capacity factor for Indonesia during 1965Q1–2014Q4.
The results show unidirectional causality from non-renewable energy consumption to the
load capacity factor at all quantiles, while income, export diversification, and renewable
energy are the causes of environmental quality at middle and higher quantiles (within 0.5,
0.7, and 0.9). Most importantly, renewable energy and export diversification increase the
load capacity factor and thus support environmental quality. In contrast, an increase in
income and consumption of non-renewable energy reduces the load capacity factor.
These results highlight the importance of renewable energy and export diversification for
the sustainable development of Indonesia.

Keywords: export diversification, renewable energy consumption, load capacity factor, Fourier approximation,
quantile causality test

INTRODUCTION

One of the most serious issues confronting the entire planet is the continuing and increasing
degradation of the environment and climate. The United Nations Framework Convention on
Climate Change represents a significant stride forward in global cooperation to combat climate
change. The COP21 agreement in Paris was a critical step in improving global awareness and
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diplomacy on climate-related concerns. The COP21 was crucial
for the global community to realize that the continuous
expansion of economic activities has exacerbated climate
change by increasing carbon dioxide (CO2) levels in the
atmosphere, leading to an increase in global temperature (Su
et al., 2021). The rapid expansion of global production has also
expanded the ecological footprint (EF) by exploiting natural
resources and increasing energy utilization (Adebayo and
Kirikkaleli, 2021), causing global warming. Furthermore, as the
world’s populace grows, the need for energy adds to ecological
concerns (He et al., 2021).

Several potential causes of environmental degradation have
been found in the literature; economic expansion, fossil fuel use,
foreign direct investment, and trade openness have been
recognized as major contributors to CO2 emissions (Pata,
2018). Nevertheless, it was not until the late 21st century that
scholars began to recognize a possible connection between
environmental degradation and trade diversification (Rasli
et al., 2018; Mania, 2020; Liu et al., 2018). Several nations are
also trying to diversify their exports to increase their share of
global commerce and protect their exports against demand
shocks. Nonetheless, trade diversification is likely to increase
the likelihood of CO2 emissions in areas where nations are linked
for trade purposes, whichmeans that the potential involvement of
trade diversification in pollution cannot be overlooked. Whether
trade diversification is the cause of the rapid spread of emissions
or aid in mitigating CO2 emissions remains an open question.

Governments around the world have recognized renewable
energy consumption as a means to alleviate environmental
deterioration, in addition to putting a greater focus on the role
of trade diversification in reducing carbon emissions. As fossil
fuels have exacerbated global warming, the international
community is focusing on a sustainable development agenda
that calls for the adoption of greener, renewable energy sources
(Pata, 2021a). The use of renewable energy plays an important
role in abating greenhouse gasses (Yuping et al., 2021). By
lowering reliance on fossil fuels, renewable energy can help
reduce emissions and maintain energy security. Renewable
energy sources can lower energy costs, minimize climate and
environmental impacts, enhance human health and air quality,
and create jobs (Kirikkaleli and Adebayo, 2020). In addition,
energy import prices can be reduced by utilizing indigenous
renewable energy resources such as wind, solar, biomass,
geothermal, and hydropower (Sharif et al., 2019). For all these
reasons, nations are switching to renewable energy.

As for indicators of environmental degradation, there are a
variety of measures. Researchers have studied CO2 emissions and
related variables extensively, but CO2 emissions only provide
information on air pollution, which can cause water and soil
pollution to be overlooked. For this reason, researchers have
begun to investigate EF, a wide measure of ecological damage
than CO2 emissions (Yilanci and Pata, 2020). A prerequisite for
sustainability is that societies do not utilize natural resources
rapidly than the biosphere’s reproductive potential and do not
generate unnecessary waste Moran et al. (2008). However, the
supply side of ecological conditions is ignored in the EF analysis.
Siche et al. (2010) suggest using a load capacity factor to evaluate

the elasticity of the elements affecting environmental quality in
such a situation.

Within the scope of EF accounting, Siche et al. (2009)
measured the load capacity factor by dividing the biocapacity
by the EF and considering “1” as the limit of environmental
sustainability. The load capacity factor indicates whether a
society’s ecological system and current lifestyle are sustainable.
Suppose the load capacity factor is less than “1”. In that case, the
current environmental conditions are unsustainable, whereas a
load capacity factor greater than “1” indicates that available
resources are sufficient to meet human resource needs.

To the best of our knowledge, only two studies have
empirically tested the determinants of the load capacity factor.
First, Pata (2021b) used the augmented ARDL approach and
found that economic growth reduces the load capacity factor in
Japan and the United States, while health spending increases
environmental quality in both countries. The author also
emphasized that renewable energy improves the load capacity
factor in the United States. On the other hand, using the dynamic
ARDL method for China, Pata and Isik (2021) concluded that
income, energy intensity, and natural resource rent reduce
environmental quality while human capital helps to increase
the load capacity factor. Regarding the load capacity factor,
there seems to be a gap and research opportunity for other
countries and groups of countries.

This study aims to examine the impact of renewable energy,
non-renewable energy, income and export product diversification
on the load capacity factor in Indonesia. While many studies have
examined the environmental effects of export diversification in
developing countries such as China, Korea, and Turkey (see, e.g.,
Gozgor and Can, 2016; Liu et al., 2018; Li et al., 2021), Indonesia
has been neglected.

Figure 1 shows the ecological situation in Indonesia for the
analysis period 1965–2014 with load capacity factor, EF, and
biocapacity. It can be seen that biocapacity is decreasing rapidly.
Indonesia has had an ecological deficit and a load capacity factor
of less than “1” since 2000. In 50 years, the EF has increased by
28%, while the country’s biocapacity has decreased by 49%. An
analysis that only considers EF might suggest that environmental
pollution in Indonesia has increased by 29%, but this is not
entirely true about overall conditions. As can be seen from the
figure, the biocapacity to meet anthropogenic demand for natural
resources has decreased by over 49% over the same period.
Therefore, biocapacity should not be neglected in the
environmental sustainability analysis of Indonesia. In this
context, a more accurate approach is to consider both
biocapacity and EF simultaneously by examining the load
capacity factor as an environmental quality indicator.

The present study contributes to the ongoing literature in two
distinct ways: First, we utilized the load capacity factor as a metric
for environmental sustainability. This metric represents both
supply and demand-side features of environmental quality.
Second, we applied the Bootstrap Fourier Granger causality in
quantiles (BFGC-Q). Unlike the Fourier-Toda-Yamamoto
causality test, which does not provide information about the
nonlinear causalities and tail-causal relationship, the BFGC-Q
initiated by Cheng et al. (2021) provides a flexible and detailed
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way to evaluate causality relationships. Thus, the present research
fills the gap in prior studies by assessing the influence of
renewable energy and export diversification on the load
capacity factor in Indonesia.

The next section presents a summary of related studies
followed by data and methods in Data and Methodology.
Study findings and discussion are presented in Empirical
Results, and Conclusion concludes the research.

LITERATURE REVIEW

This section of the empirical analysis reviewed past studies on the
influence of export diversification, trade openness, fossil fuels,
renewable energy, and economic growth on environmental
degradation. For example, using Japan as a case study, Ikram
et al. (2021) assessed the determinants of EF using ARDL and
quantile ARDL approaches. The outcomes from their study
disclosed that energy utilization triggers pollution. Odugbesan
et al. (2021) studied Thailand utilizing a dataset from 1971 to
2017 and reported that both fossil fuels and GDP reduce
environmental quality. Similarly, Ahmad et al. (2020) explored
the GDP-emissions association in Chinese provinces using the
dynamic common correlated mean group method from 2000 to
2018 and concluded that economic progress trigger emissions
levels. In 21 Kyoto annexe countries, Nazir et al. (2018) explored
the interrelationship among trade, GDP, and environmental
degradation using system GMM and panel causality from
1990 to 2018. The outcomes of this research showed that an
upsurge in trade activities and GDP leads to an increase in
environmental degradation. The study of Adebayo et al. (2021)
for Indonesia also found that an upsurge in GDP triggers
environmental degradation. Similarly, Hashmi et al. (2020)
contemplated that trade openness positively influences the
environment in the short and long run by using the ARDL
model for Pakistan over 1971–2014.

Several studies have been conducted regarding the connection
between environmental degradation and renewable energy
utilization (REC). For example, the study by Fatima et al.
(2021) investigated the impact of REC on environmental
degradation using random and fixed effect regression models
and found that REC helps prevent environmental degradation.
Similarly, utilizing a dataset from 1990 to 2014, Akram et al.
(2020) assessed the REC-degradation interrelationship in BRICS
economies. The study utilized the panel ARDL approach, and the
outcomes revealed that an upsurge in REC enhances
environmental sustainability. The research by Sharma et al.
(2021) on the interrelationship between REC and CO2

emissions from 1990 to 2015 using CS-ARDL disclosed that
an upsurge in REC improves the quality of the environment
in eight developing Asian countries. In addition, Yuping et al.
(2021) performed a case study on Argentina to evaluate the effect
of REC on environmental sustainability using a dataset from 1980
to 2018. The ARDL method was used in the study, and the results
of the study showed that REC contributes to environmental
sustainability.

Similarly, the study of Pata (2021c) in the United States on the
REC-emissions association using the Bayer-Hanck cointegration
found a negative interrelationship between environmental
degradation and renewable energy utilization, which means
that an upsurge in REC abates EF and CO2 emissions. Rafique
et al. (2021) examined the heterogeneous relationship between
REC and ecological footprint in OECD economies between
1994–2016. They concluded that REC has a heterogeneous
impact on ecological footprint, and REC plays an important
role to mitigate pollution in OECD countries.

Furthermore, recent studies have been conducted on the
relationship between environmental degradation and export
diversification, but they have reached different conclusions.
For instance, Liu et al. (2019) utilized Driscoll and Kraay
approach and reported that export diversification accelerates
environmental degradation. Using a dataset from 1995 to

FIGURE 1 | Ecological situation in Indonesia. SOURCE: Global Footprint Network (2021).
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2013, Mania (2020) assessed the interconnection between
environmental degradation and export diversification using the
Generalized Method of Moment (GMM) in less advanced
countries and concluded that export diversification has a
positive impact on CO2 emissions. The research of Khan et al.
(2021) utilizing RCEP countries and datasets from 1987 to 2017
disclosed that export diversification boosts pollution. Similarly,
the research by Wang et al. (2020) on the connection between
export diversification and emissions in G-7 nations between 1990
and 2017 revealed that export diversification contributes to
environmental degradation.

In contrast, Shahzad et al. (2020) used GMM for 63 countries
from 1971 to 2014 and found that export diversification reduces
CO2 emissions. Wang et al. (2021) used FMOLS, DOLS and
Granger causality tests for ten leading complex countries from
1980 to 2014 and concluded that export diversification mitigates
environmental degradation. The study by Shahzad et al. (2021),
also utilizing a dataset from 1971 to 2014 for 63 countries and
applying the GMM, showed that an upsurge in export
diversification enhances environmental quality. Similarly,
Murshed and Dao (2020) contemplated that export quality
significantly reduces carbon emissions in South Asian economies
using a dataset from 1972 to 2014. The inconsistency in the
literature highlights the need to analyze the impact of export
diversification on various environmental indicators.

DATA AND METHODOLOGY

Data
The annual data covering the period 1965–2014 consists of five
variables. The data for the load capacity factor (LCF), export
product diversification (EXDIV), renewable energy consumption
(REC), fossil fuel consumption (FEC), and gross domestic
product (GDP) come from four different sources. The data of
LCF (index) are collected from Global Footprint Network (2021),
GDP (per capita, constant 2010) from the World Bank (2021),
EXDIV (index) calculated by Henn et al. (2020) from
International Monetary Fund (2021), and REC (per capita,
kWh) and EC (per capita, kWh) from Our World in Data
(2021). All these annual frequency data are transformed into
logarithmic values and converted to quarterly frequencies using

the quadratic match-sum method to avoid problems with small
observations. This method considers seasonality by reducing data
variations while transitioning from low frequency to high
frequency, and therefore it is preferred over other
interpolation methods (Sbia, 2014; Shahzad, 2017). Table 1
provides some descriptive statistics for quarterly data.

The Jarque-Bera test statistics and probability values show that
the five series are not normally distributed. For non-normally
distributed series, it is more appropriate to use median-based
quantile causality tests instead of mean-based standard Granger
causality tests (Balcilar et al., 2017; Balcilar et al., 2021). Based on
this, we analyze the determinants of the load capacity factor using
the Fourier causality test.

Fourier Quantile Causality Test
Granger (1969) proposed a causality test to determine the
predictive power of one variable for another. Over time, many
researchers have modified Granger’s causality test. Toda and
Yamamoto (1995) extended the causality test to eliminate
long-term information losses by using level data and adding
the maximum order of integration of the variables to the vector
autoregression model. However, this approach does not account for
structural breaks. To address this omission, Enders and Jones (2016)
modified the Granger causality test by using Gallant’s Fourier
approximation. Following Enders and Jones (2016), Nazlioglu
et al. (2016) applied the same procedure to the Toda-Yamamoto
causality test. In the first step of the Fourier Toda-Yamamoto
causality test, Nazlioglu et al. (2016) relaxed the assumption that
the intercept does not change over time, as in Eq. 1.

yt � α(t) + δ1yt−1 + . . . + δP+dmaxyt−(p+dmax) + zt (1)

where α(t) denotes the time dependent intercepts, δ1 represents
the coefficient matrices, ytcontains the endogenous variables
such as LCF, ECX, REC and FEC, p shows the optimal lag
lengths, dmax denotes the maximum order of integration of the
variables, and zt indicates the error terms. In the second stage,
α(t) is arranged with Fourier approximation to account for abrupt
and smooth structural breaks.

α(t) � α0 +∑
n

k�1
μ1k sin(

2πkt
T

) +∑
n

k�1
μ2k cos(

2πkt
T

) (2)

In Eq. 2, k shows the frequency at which k sum of squared
residuals is minimum, t is the time trend, T is the number of
observations, and μ1k and μ2k calculates the amplitude and
displacement of the frequency, respectively. Cumulative
frequencies are more reliable in studies with about 250
observations (Nazlioglu et al., 2019). In the final stage, Eq. 2 is
substituted into Eq. 1, and thus the Toda-Yamamoto causality
test is performed considering structural breaks.

yt � α0 +∑
n

k�1
μ1sin(

2πkt
T

) +∑
n

k�1
μ2 cos(

2πkt
T

) + δ1yt−1 + . . .

+ δp+dmaxyt−(p+dmax) + ut (3)

In Eq. 3, the significance of the trigonometric terms can be
tested using the conventional F-statistic following Becker et al.

TABLE 1 | Descriptive statistics.

lnLCF lnGDP lnEXDIV lnREC lnFEC

Mean 0.253 7.372 1.123 4.526 7.931
Median 0.292 7.417 1.127 4.726 8.051
Maximum 0.673 8.226 1.586 5.772 9.000
Minimum −0.332 6.478 0.678 3.053 6.559
Std. Dev 0.301 0.502 0.312 0.837 0.782
Skewness −0.062 −0.192 0.046 −0.297 −0.407
Kurtosis 1.589 1.903 1.383 1.693 1.829
Jarque-Bera 16.704a 11.263a 21.849a 17.174a 16.942a

Probability 0.000236 0.003582 0.000018 0.000186 0.000209
Observations 200 200 200 200 200

aShows the rejection of the null of normality at 1% significance level.
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(2006). If the parameters are not equal to zero (μ1 � μ2 � 0), it is
decided that the Fourier approximation should be included in the
analysis, otherwise the standard Toda-Yamamoto causality test
can be applied. Having established that the Fourier parameters
are not equal to zero, the null of non-causality can be tested as H0:
δ1 � . . . δp � 0.

The Fourier-Toda-Yamamoto causality test does not provide
information about the nonlinear causalities and the tail-causal
relationship. Considering this issue, Cheng et al. (2021) modified
the Fourier Toda-Yamamoto causality test by using a quantile
autoregression approach. With the approach, referred to as
“Bootstrap Fourier Granger causality in quantiles” (BFGC-Q),
Cheng et al. (2021) aimed to provide a flexible and detailed way to
evaluate causality relationships. To construct the BFGC-Q test,
the quantiles are added to Eq. 3 and the following equation is
estimated:

Qyt(τ|Z) � α0(τ) +∑
n

k�1
μ1(τ) sin(

2πkpt
T

) +∑
n

k�1
μ2(τ) cos(

2πkpt
T

)

+ δ1(τ)yt−1 + . . . + δpp+dmax(τ)yt−(pp+dmax) + vt

(4)

In Eq. 4, Z denotes a matrix with all covariates, k* and p* are
the optimal lags and frequencies, respectively. Estimating Eq. 4
with the quantile regression approach, Granger non-causality can
be tested at different quantiles “τ∈(0,1)” as follows:

H0: δ̂1(τ) � δ̂2(τ) . . . δ̂pp � 0, ∀ τ ∈ (0, 1)
(5)

Wald � [T((δ̂(τ))′)(Ω̂(τ))−1(δ̂(τ))]/τ(1 − τ) (6)

In Eq. 6, δ̂(τ) contains the vector of coefficients for the τth
quantile and Ω̂ represents a strong estimator of the variance-
covariance matrix for the δ̂(τ). If the Wald statistic is greater than
the critical values obtained by the bootstrap simulation, the null
hypothesis in Eq. 5 is rejected and causality is confirmed at the
relevant quantile.

EMPIRICAL RESULTS

In the first step of the analysis, we use traditional unit root tests to
determine the maximum order of integration of the variables and
report the results in Table 2.

The results of the ADF and PP -unit root tests show that all
series are stationary at the first difference [I(1)]. ZA unit root test
indicates that GDP is stationary at level [I(0)], while LCF, EXDIV,
REC and FEC contain a unit root. These findings suggest that the
maximum order of integrating the variables (dmax) is “1”.
Moreover, structural breaks intensified in 1997Q2–1998Q2 can
be attributed to the 1997 Asian crisis, which affected export
product diversification, economic growth and environmental
quality. On the one hand, the 1997 crisis significantly
impacted Indonesia’s income and debt levels and ended
30 years of uninterrupted economic growth (Enoch et al.,
2001). On the other hand, the 1997–1998 crisis caused
Indonesia’s banking system to be reluctant to lend and
Indonesia’s economic recovery process was slow due to the
credit crunch and high-interest rates (Trinugroho et al., 2014).
It is clear that such a crisis leads to economic and environmental
changes.

After determining the maximum integration degree of the
series to be “1” based on the results of the unit root tests, in the
second step of the analysis, we test the significance of the Fourier
terms using the F-test and show the results in Table 3.

We set the maximum lag length to six and the frequency to
four, following Cheng (2021). In Table 3, the F-statistic is greater
than the 1% bootstrapped critical value (7.115 > 7.103). This
finding implies that Fourier functions should be used in causality
analysis.

TABLE 2 | Results of unit root tests.

Tests Augmented Dickey-Fuller
(ADF) (Dickey and Fuller 1981)

Phillips-Perron (PP) (Phillips
and Perron, 1988)

Zivot-Andrews (ZA) (Zivot and Andrews, 1992)

Variables Test-stat. p-value Test-stat. p-value Test-stat. p-value Break date

lnLCF 1.152 (5) 0.997 1.215 (6) 0.998 −2.778 (4) 0.164 1989Q2
lnGDP −0.779 (5) 0.822 −0.406 (7) 0.904 −7.997 (5)* 0.000 1997Q2
lnEXDIV −0.476 (5) 0.891 −0.392 (9) 0.906 −3.572 (5) 0.126 1992Q2
lnREC −0.569 (5) 0.873 −0.750 (4) 0.830 −3.187 (5) 0.134 1985Q2
lnFEC −2.366 (6) 0.152 −1.301 (6) 0.628 −2.739 (6) 0.153 1976Q2
ΔlnLCF −4.457 (4)* 0.003 −5.689 (12)* 0.000 −5.334 (4)* 0.008 1997Q2
ΔlnGDP −4.680 (4)* 0.001 −6.311 (12)* 0.000 ― ― ―
ΔlnEXDIV −3.902 (4)* 0.002 −5.816 (10)* 0.000 −5.786 (4)* 0.000 1998Q2
ΔlnREC −5.491 (4)* 0.000 −7.494 (38)* 0.000 −6.105 (4)* 0.000 1982Q2
ΔlnFEC −2.968 (4)** 0.039 −7.011 (29)* 0.000 −10.294 (3)* 0.000 1974Q2

* and ** show the rejection of the null of unit root at 1 and 5% significance levels, respectively.

TABLE 3 | Results of F-test.

Country Frequency Lags F-statistic

Indonesia 0.8 6 7.115a

CV’S 1% � 7.103 5% � 6.725 10% � 6.441

aShows the necessity of the Fourier approximation at 1% level.
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In the final step of the analysis, we employ the BFGC-Q test to
examine the causal effects of export product diversification,
income, renewable energy and non-renewable energy on the
load capacity factor. Table 4 presents the results of the BFGC-
Q causality test.

The results show that there is unidirectional causality from
fossil fuel consumption to load capacity factor for all quantiles. In

contrast, export diversification is the cause of environmental
quality only at the 0.7 quantile. Similarly, a unidirectional
causality runs from income and renewable energy to the load
capacity factor at higher quantiles (0.5, 0.7, and 0.9). These
findings show that the relationship between fossil fuel
consumption and environmental quality is not sensitive to
quantiles; on the contrary, the causal effects of export
diversification, income, and renewable energy consumption on
the load capacity factor are highly sensitive.

Moreover, by examining the coefficients of the independent
variables, we find that income and fossil fuels reduce
environmental quality, while renewable energy and export
diversification increases the load capacity factor (see
Figure 2.).

Despite Indonesia’s large renewable energy potential, the
country’s energy sector is heavily dependent on fossil fuels
(Sugiawan and Managi, 2016). Indonesia’s high dependence on
oil and imports for more than 50% of its energy is a potential risk
to its energy supply (Rahman et al., 2021). Renewable energy is a
good alternative to avoid these risks and improve environmental
quality. Indonesia utilizes 60% of its bioenergy capacity and 78%
of its geothermal energy capacity. However, the utilization rates
in this country are 22% for solar energy and 1% for wind energy
(IRENA, 2020). Indonesia needs to increase its investment in
solar and wind energy and the utilization areas of this energy to
support the load capacity factor.

In Indonesia, export diversification can enable the use of
environmental technologies through the technique effect. In
addition, as noted by Shahzad et al. (2021), export
diversification can help reduce energy demand in Indonesia.
Therefore, Indonesia should continue to specialize and
diversify in exports to improve environmental quality.
Expanding the export basket of goods and services can
increase the load capacity factor by developing
environmentally friendly energy technologies in this country.
The Indonesian government can both reduce the country’s
dependence on exports of certain commodities and support
environmental quality by providing favorable loans and tax
breaks to exporters to diversify their export basket.

TABLE 4 | Results of Fourier quantile causality test.

H0: lnEXDIVKlnLCF

Quantile Wald stat. 10% CV 5% CV 1% CV

0.1 22.835 39.118 47.059 59.893
0.3 13.658 18.750 20.142 37.201
0.5 10.246 14.704 15.973 23.093
0.7 13.203** (+) 10.736 11.283 14.516
0.9 3.058 17.139 25.409 34.356

H0: lnGDPKlnLCF

0.1 18.470 84.599 98.820 127.84
0.3 38.037 52.600 56.383 82.664
0.5 44.042*** (−) 39.031 46.827 63.414
0.7 68.133* (−) 53.981 63.054 67.637
0.9 35.444 51.322 59.369 98.770

H0: lnRECKlnLCF

0.1 19.654 41.450 53.195 59.899
0.3 7.354 20.093 24.183 28.767
0.5 10.184 10.319 11.153 15.215
0.7 20.420* (+) 9.232 11.056 13.658
0.9 18.132** (+) 13.796 14.729 45.820

H0: lnFECKlnLCF

0.1 29.073*** (−) 23.814 29.325 39.135
0.3 24.329*** (−) 22.186 29.806 36.777
0.5 39.023* (−) 20.636 24.1133 29.696
0.7 37.471* (−) 25.502 30.106 36.476
0.9 47.434** (−) 38.751 43.023 83.434

*,**, and *** denote the rejection of the null of no-causality at 1, 5 and 10% significance
levels, respectively. CV shows the critical values. (+) and (−) illustrate positive and
negative effects, respectively. Bold values show the existence of causality.

FIGURE 2 | Quantile causality direction.
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CONCLUSION

Indonesia is the fourth most populous country in the world and
suffers from severe environmental issues due to its high
population density and rapid industrial growth. Many studies
have examined environmental degradation through mostly used
indicators; CO2 emissions, EF, and greenhouse gas emissions in
both developed and developing countries. However, a more
comprehensive ecological indicator is much needed to address
environmental issues and achieve the Sustainable Development
Goals. Therefore, this study uses a load capacity factor as a
different proxy of environmental degradation, which provides
a comprehensive environmental assessment tool by concurrently
analyzing biocapacity and EF. Furthermore, the load capacity
factor offers both supply and demand-side aspects of
environmental quality.

In this scenario, the current study explores the impact of
renewable energy, non-renewable energy, income and export
product diversification on the load capacity factor in the
Indonesian context during 1965Q1–2014Q4. We employ a
novel econometric method called Bootstrap Fourier Granger
causality in quantiles (BFGC-Q) to achieve the objectives of
the study. In contrast to the other traditional Granger and
Toda-Yamamoto causality tests, this method yields asymmetric
causalities and tail-causal associations between the variables
within the Fourier approximation. We employ equally spaced
grid of 5 quantiles (0.10, 0.30, 0.50, 0.70, and 0.90). The results
reveal unidirectional causality running from export
diversification, income and renewable energy consumption to
load capacity factors at middle and upper quantiles, while non-
renewable energy consumption causes load capacity factors at all
quantile distributions.

In a nutshell, renewable energy and export diversification are
important factors that increase load capacity and thus improve

environmental quality in Indonesia. On the other hand, income
and non-renewable energy consumption lower the load
capacity factor. These empirical findings contribute
significantly to the achievement of sustainable environmental
development in Indonesia. Besides, this study provides some
useful policy implications for policymakers. First, the
Indonesian government needs to invest more in renewable
energy sources (solar and wind energy) to offset the load
capacity deficit. Second, the government should expand its
export basket of goods and services to increase biocapacity
and make the environment cleaner and undamaged by
adopting clean environmental technologies. As Indonesia is
the country with the second-highest plastic waste pollution
globally, the government should pay more attention to the
introduction of recycling processes and technologies, which,
together with the improvement of biocapacity and the
expansion of the export basket, will contribute to effective
environmental protection.
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Sustainable development remains unattainable unless we move to reduce the negative
impact of economic factors on environmental quality. It is noteworthy to provide new
evidence on whether and how the empirical association between export diversification,
agricultural value-addition, renewable energy, and regulatory quality with greenhouse gas
(GHG) emissions evolved in Asian countries from 1996 to 2014. The study examines the
relationships between these variables using current panel data techniques. The
econometric procedure includes second-generation cointegration and unit root tests
together with a novel Method of Movements Quantile Regression (MMQR). This
approach offers an asymmetric relationship between the variables and is very robust to
outliers compared to traditional quantile regression. The empirical outcomes show that
export diversification, renewable energy, and regulatory quality are significantly and
negatively associated with GHG emissions. In contrast, agricultural value-added in Asia
has become a source of increased GHG emissions. Our findings are also robust with
alternate specifications, including fully modified, dynamic and fixed effect regressions. This
study will help policymakers for diversifying their export portfolio while ensuring a
sustainable environment in Asia.

Keywords: GHG emissions, export diversification, agriculture, renewable energy, regulatory quality, MMQR, Asia

INTRODUCTION

Gradually changing climate and ongoing environmental degradation are the most obvious challenges
facing the entire world today. Greenhouse gas (GHG) emissions are expected to reach 416 ppm by
the end of 2021, bestowing the highest level in history (MBE, 2021). This huge increase in GHG has a
negative impact on the sustainable future of humanity in terms of economy and health. Therefore,
both developed and developing nations prioritize environmental protection and energy security to
accomplish the 2030 Sustainable Development Goals (Merchant, 2016; Sharma R. et al., 2021).
Governments care about international trade by making economic gains after satisfying social and
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non-social interest groups. However, economies based on the
export of a specific and dirty commodity cause significant
environmental pollution. To curtail dependence on specific
exports and to achieve sustainable earnings, the World Bank
(2021) and International Monitoring Fund (IMF) encourage
countries to diversify their exports.

Not only have that, but this study also instigate export
diversification is inevitable for the economy for several
reasons. First, diversified exports refer to the process by
which the risk of international trade can be minimized
(Bertinelli et al., 2006). Second, it has a positive impact on
economic growth (Grossman and Helpman, 1991). Third, it
permits economies to have a stabilized balance of payments and
helps to prevent trade shocks (McIntyre et al., 2018). Due to a
sufficient number of resources, export diversification is
characterized as a phenomenon that is considered an
essential part of structural change and development (Ali,
2017; Goya, 2014) and seems to affect the environmental
quality (Jebli et al., 2016).

It is not unusual for there to be a reciprocal association
between agriculture and the environment. On the one hand, a
considerable amount of GHG emissions is produced by
agricultural production based on traditional and outdated
practices (Frank et al., 2017; Zurek et al., 2020; Pata, 2021a).
On the other hand, agriculture is highly dependent on
the environment for water, genetic material and land,
although it seems to lead to environmental degradation.
Intergovernmental Panel on Climate Change (IPCC)
disclosed that from 2007 to 2016, the use of land and
agriculture was responsible for almost 23% of GHG
emissions. In this sense, IPCC predicts ∼21–37% GHG
emissions by 2050 (Sharma R. et al., 2021). These
consequences draw new avenues to raise questions:

1) Whether and how is export diversification seen to promote a
sustainable environment?

2) Do agricultural value addition, renewable energy, and
regulatory quality influence environmental quality?

Asia is presumed a potential region to address the above
queries. First, in terms of the developing countries, Asia is a
hub of the fastest emerging nations, such as China, which is the
diversified and largest exporter in the world. Second, Asia is the
most populous region in the world and is home to more than half
of human beings (Asian Development Bank, 2017). Not only that,
meeting the agricultural (farming and food) needs of the people
remains a vulnerable challenge for this region. Third, Asia is the
most critical part of climate change. Over the last decade, this
region has been the largest emitter of GHG in the world (Le et al.,
2020). Lastly, 93 of the 100 most populous cities in the world are
located in Asia (IRENA, 2018). This region has remarkable
potential for switching to renewable energy sources (Zafar
et al., 2021). Therefore, it is crucial to objectively evaluate
Asian nations by discovering the impact of renewable energy
on GHG emissions to identify the potential for economic and
environmental gains. Figure 1 exhibits the GHG emissions of 32
Asian countries from 1996 to 2014, illustrating that emissions are
perpetually growing and have almost doubled in 2 decades.

Existing literature has scrutinized the links between export
diversification, agricultural value-addition, renewable energy, and
regulatory quality with carbon dioxide (CO2) emissions on a
piecemeal basis, which left several margins our research
addresses. To the best of our knowledge, this study contributes
to the current literature in several ways. First, this study observes
the influence of a unique combination of variables including
export diversification, agricultural value addition, renewable
energy and regulatory quality on GHG emissions in 32
emerging Asian economies. Second, this study employed a
novel panel data estimator, Method of Movements Quantile
Regression (MMQR), which Machado and Silva (2019)
recently proposed. This method deals well with the outliers
and provides estimations at location, scales and quantiles.

FIGURE 1 | Annual total GHG emissions.
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Third, this study provides robust findings with alternative
methods including fully modified, dynamic and fixed effect
(FMOLS, DOLS & FE) estimators. Finally, this study provides
non-linear associations among variables through quantile
distributions.

The rest of the sections of this study are arranged as follows;
Literature Review explains the review of the existing literature,
while Data methodology narrates the data and methodology.
Empirical Results interprets and enumerates the findings, while
Conlcusion concludes the study and reports policy implications.

LITERATURE REVIEW

Over the last 2 decades, there has been much discussion about the
possible determinants of environmental degradation. In this
regard, various researchers have thoroughly investigated the
potential reasons for the increase in GHG emissions employing
different model specifications. To consider the extent of the
linkages between export diversification, agriculture, renewable
energy consumption, regulatory quality and environmental
quality, we discuss the following recent literature.

The nexus between export diversification and environmental
quality has recently been explored in the literature. For instance,
Shahzad et al. (2020) scrutinized the impact of product
diversification and intensive margin on CO2 emissions for
panel data of 63 developing and developed economics from
1971 to 2014. The study results presented the negative
influence of diversification on the environment. Hu et al.
(2020) examined panel data of both 93 developing and 35
developed nations by employing augmented mean group
(AMG) and common correlated effect mean group (CCEMG)
techniques. They established a negative influence of product
diversification on CO2 emissions for developed nations while
positively contributing to developing countries. Li et al. (2021)
applied a novel statistical technique and found that export
diversification mitigates CO2 emissions from 1989 to 2019 in
China. In the case of BRICS countries, Sharma R. et al. (2021)
reported the favorable interconnection of export diversification
with air quality. Then, Wang et al. (2021) analyzed the role of
export product quality on CO2 emissions in the ten largest
economies by using DOLS and FMOLS. They found a
negative and significant association between export product
quality and the environment. Similarly, Fareed et al. (2021)
studied the influence of export diversification and renewable
energy on load capacity factor using a Fourier quantile
causality technique in Indonesian from 1965Q1 to 2014Q4.
They concluded that export diversification and renewable
energy consumption are significantly increased load capacity
factor and thus improved environmental quality in Indonesia.

The literature mainly talks about the negative relationship
between export diversification and environmental pollution.
On occasions, however, export diversification is positively linked
with the environment. For instance, Mania (2020) noted that
export diversification has a positive and significant influence on
the environment. Moreover, Wang et al. (2020) observed the
linkage of ecological innovation and export diversification with

the environment from 1900 to 2017 for G-7 countries. Their results
show that export diversification refers to the process by which the
intensity of CO2 emissions increases.

In the case of agriculture and the environment, it is necessary
to evaluate the connection of farming with the atmosphere from
both perspectives. For instance, agriculture based solely on non-
renewable energy, biomass burning and fertilizer use are
considered as significant contributors to the rising GHG
emissions (Qiao et al., 2019). Ismael et al. (2018) concluded
that agricultural activities are positively linked with CO2

emissions in Jordan. Appiah et al. (2018) examined the causal
connection between agriculture (livestock and crop production)
and carbon emissions by applying FMOLS and DOLS in BRICS
countries for panel data from 1973 to 2013. Their inclusive
outcomes suggest that agriculture appears to lead to
environmental degradation.

Similarly, Pata (2021a) used Fourier ARDL cointegration and
Fourier causality test for BRIC countries from 1971 to 2016 and
concluded that agriculture increases CO2 emissions in China.
Besides, Sharma G. D. et al. (2021) probed the agriculture value-
added and renewable energy consumption with GHG emissions
in countries of The Bay of Bengal Initiative for Multi-Sectoral
Technical and Economic Cooperation. They found a U-shaped
connection between agriculture and GHG emissions. Contrary to
general opinion, Aziz et al. (2020) reported that agriculture
reduces pollution in Pakistan.

The interconnection between renewable energy consumption
and greenhouse gas emissions can be discussed under the
following two segments. Firstly, there is a plethora of research
reporting a negative association between renewable energy and
GHG emissions. For example, Bilgili et al. (2016) utilized panel
FMOLS and DOLS estimators for 17 OECD countries from 1977
to 2010 and noted that renewable energy reduces CO2 emissions.
Fuinhas et al. (2017) studied the association of renewable energy
and carbon emissions by employing panel estimations for Latin
American countries. They suggested that renewable energy
sources are helpful in reducing CO2 emissions. The impact of
renewable and non-renewable energy on the environment was
investigated on panel data of 19 economies from 1990 to 2014 in
Africa. In addition, Akram et al. (2020) examined the influence of
energy efficiency and renewable energy consumption on CO2

emissions by using hidden panel cointegration and non-linear
ARDL approaches for BRICS countries from 1990 to 2014. They
suggested that positive shocks in energy efficiency and renewable
energy consumption significantly decrease carbon emissions in
the long run. Nathaniel and Iheonu (2019) concluded that
renewable energy is negatively while non-renewable energy is
positively associated with the environment. Similarly, Isik et al.
(2020) found that renewable energy has a negative impact on CO2

emissions in France. In addition, Pata (2021b) confirmed the
reducing role of renewable energy on CO2 emissions in the
United States. However, secondly, some studies have found no
association between renewable energy and CO2 emissions.
According to the study of Al-Mulali et al. (2015), renewable
energy has no significant effect on CO2 emissions in Vietnam.
Pata (2018) concluded that renewable and clean energy forms are
not adequately used to reduce CO2 emissions in Turkey. Using
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the augmented ARDL method, Pata and Caglar (2021)
emphasized that renewable energy does not help to minimize
environmental pollution in China.

A few studies have shed light on the impact of regulatory
quality on the environment. This study is motivated by Gungor
et al. (2021) in the direction that regulatory quality exerts a
negative and significant association with the environment in
South Africa. Similarly, Adedoyin et al. (2020) utilized
balanced panel data from 1990 to 2014 and reported that
regulatory quality plays a role in preventing environmental
erosion. In contrast, Ibrahim and Ajide (2021) examined
environmental quality using BRICS nations ranging from 1996
to 2018 and clarified that regulatory quality and financial
development escalate CO2 emissions.

In conclusion, the above discussion has shown that the
existing literature has not clarified and conclude the true
relationship between export diversification, agriculture,
renewable energy, regulatory quality and environmental
pollution in developed and emerging economies worldwide.

DATA AND METHODOLOGY

Data and Model
To accomplish the objective of the study, we investigated the
impact of export diversification, agricultural value-addition,
renewable energy consumption and regulatory quality on
GHG emissions using an annual balanced panel data of 32
Asian economies from 1996 to 2014. The list of selected Asian
countries can be found in Appendix A. The description, unit of
measurement and data sources are reported in Table 1.

The annual data of GHG emissions (kt of CO2 equivalent),
agriculture value-added (% of GDP) and renewable energy use (%
of total energy) is compiled from WDI. In contrast, data on
export diversification (overall exports changes) is collected from
the IMF. The annual data of regulatory quality (governance
dimension) is gathered from WGI. Based on the existing
literature, we analyze the following model.

lnGHGit � βO + β1 ln EDit + β2 lnAGRIit + β3 lnRECit

+ β4 lnRQit + εt. (1)

Panel Estimation Techniques
To make a comparison, we employ FMOLS, DOLS and FE
estimators. The FE technique is upgraded with Driscoll and

Kraay standard errors (Driscoll and Kraay, 1998), and is robust
to general forms of autocorrelation, cross-sectional dependence
and heterogeneity up to certain lags (Le et al., 2020; Pedroni, 2004).
The FMOLS is efficient enough to overcome heterogeneity
problems with variations in the means (Pedroni, 2004). DOLS
is found to be unbiased compared to FMOLS and FE in an infinite
sample size. Using Monti Carlo simulations, Kao and Chiang
(1999) extended the DOLS estimator to panel data settings.
DOLS can handle endogeneity problems through the
augmentation of lagged and leading differences.

A panel quantile regression is a better alternative to overcome
the issues of previous techniques and examine the heterogeneous
and distributional effects across various quantiles (Sarkodie and
Strezov, 2019). The panel quantile regression was initially proposed
by Koenker and Bassett (1978), and is used to estimate the
dependent conditional mean and variance with respect to the
explanatory parameters. However, to meet the objective of this
study, we employed the Method of Moments Quantile Regression
with the fixed effects method proposed by Machado and Silva
(2019). MMQR, whilst robust to outliers and within panels, do not
assume unobserved heterogeneity (Ike et al., 2020). This technique
is efficient enough to account for the covariance effect of
conditional heterogeneity in the determinants of GHG
emissions. Rather than just shifting the means, it allows
individual effects to affect the whole distribution (Koenker,
2004). The estimate of the conditional quantiles Qy (τ|Z) for a
location-scale model variant is explained in the following form.

Ü it � αi + Zit β + (δi + Φit Y)Uit, (2)

where the probability is P δI +ΦitY> 0 � 1}{ and (α, β′, δ,Y′)′ are
the parameters to be estimated. (αi, δi), i � 1, . . ., n, designates
that Փ is a k-vector of recognized elements and the discrete fixed
effects of the individual i of Ƶ which is a differentiable
transformation with component l known by:

Φl � Φl(Z), l � 1, . . . , k, (3)

Zit is identically and independently distributed for independent
across time t and cross-section i. Similarly, Uit distributed across
fixed cross-sections i and time t are orthogonal to Zit (Machado
and Silva, 2019), which, amongst other things, do not provide
strict exogeneity. Equation 2 implies the following.

Qy(τ|Zit) � (αi + δiq(τ)) + Zitβ +ΦitYq(τ). (4)

In Equation 4, Zit is a vector of regressors, for instance,
export diversification is taken in logarithm form (lnED).

TABLE 1 | Variables of the study.

Symbol Description Measurement unit Source

GHG Green House Gases Total greenhouse gas emissions (kt of CO2 equivalent) WDI
ED Export Diversification Overall exports changes (change in new and existing products) IMF
AGRI Agriculture Agriculture, forestry, and fishing, value added (% of GDP) WDI
REC Renewable Energy Renewable energy use (% of total energy) WDI
RQ Regulatory Quality One of six broad dimensions of governance (Index 0–100) WGI

WDI, IMF and WGI stand for World Development Indicators (World Bank, 2021), International Monetary Fund (2021) and Worldwide Governance Indicators (2021), respectively.

Frontiers in Environmental Science | www.frontiersin.org October 2021 | Volume 9 | Article 7810974

Rehman et al. Asian Export Diversification and Environment

6774

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


Qy(τ|Z) denotes the quantile distribution of the dependent
variable Ü it (logarithm of GHG emissions), which is presented
as conditional on the location of the independent variable and
Zit − αi(τ) ≡ αi + δiq(τ) is clarified as a scaler coefficient,
indicating the fixed effect quantile τ for an individual cross-
section i. However, the individual effect does not denote the
intercept shift, unlike the least squares fixed effects. Such
parameters are time-invariant, whose heterogeneous effects
can change (endogenously) across the quantiles of the
conditional distribution of the variable Ü (endogenous). q(τ)
demonstrates the τ − th sample quantile estimated by solving
the resulting optimization problem.

EMPIRICAL RESULTS

In this section, we explain and discuss the findings. Table 2
presents the summary statistics (i.e., mean, minimum, maximum,
standard deviation, skewness, and kurtosis) of the selected
variables. The mean value of GHG emissions is 570,328 (kt of
CO2 equivalent), while the mean values for export diversification,
agriculture, renewable energy and regulatory authority are 3.22,
12.07, 21.26 and 48.60, respectively. GHG emissions have the
highest standard deviation (1,448,810), whereas ED has the
lowest (1.154). Furthermore, Table 2 clarifies that the
skewness is positive for all factors in the study.

To assess the existence of cross-sectional dependence
(CSD) among 32 Asian countries, we utilize the CSD test
proposed by Pesaran (2004). This CDS test is efficient enough
to distort the true parameters of the coefficient estimates. Due
to unobserved common factors, the CSD test can eliminate
the efficiency gains of panel data (Phillips and Sul, 2003).

Table 3 explains the presence of CSD in two variables,
including GHG emissions and agricultural value-added,
while the remaining three variables show no CSD. The
presence of CSD implies that the first generation unit root
tests is inadequate and suggest the application of second-
generation unit root tests. Therefore, to address this issue and
obtain robust coefficient estimates, we employ the Cross-
sectional Augmented Dickey-Fuller (CADF) test of Pesaran
(2007).

The findings of Table 3 clarify that all variables are stationary
at the first difference. Therefore, in the next step, we examine the
cointegration relationship between the variables and report the
results in Table 4.

In order to ascertain the presence of non-spurious long-run
cointegration among the variables, we employ Kao and
Westerlund’s panel cointegration tests and Westerlund (2007)
bootstrap panel cointegration approach. Based on Engle and
Granger (1987) methodology, Kao and Westerlund’s
cointegration tests provide a compendium framework for
panel cointegration testing. Table 4 elucidates that the null
hypothesis of no cointegration is rejected in Panel (a), as six
different test statistics and their probability values prove the
existence of long-run cointegration. In addition, Panel (b)
reports that four additional tests are proposed with the null of
no-cointegration following the Westerlund bootstrap technique.
These tests relax the compulsion of common factor restrictions on
residual dynamics (Kremers et al., 1992). Using the Westerlund
bootstrap approach, we can obtain robust critical findings by
minimizing the biasing effects of the CSD. From the second-
generation panel cointegration approach in Panel b, we find
that four tests, including Gτ, Gα, Pτ and Pα are significant at
the 1% level and support the robustness of the long-run
cointegration. After determining the cointegration relationship,
we perform elasticity calculations and summarize the results of
mean based-estimators in Table 5.

The results draw a comparison among panel estimation procedures,
e.g., FMOLS, DOLS and FE for Asian countries. Obviously, the
coefficients resulting from these specifications, although significant
at different levels, are closer to each other. The findings show that
export diversification negatively and significantly affects GHG
emissions. A 1% improvement in export diversification mitigates
GHG emissions by −0.70%, −1.68% and −2.46% in the case of
FMOLS, DOLS and FE, respectively. These empirical results are
corroboratedwith the findings of Li et al. (2021), Shahzad et al. (2020)

TABLE 2 | Statistics description.

Variables GHG ED AGRI REC RQ

Obs. 608 608 608 608 608
Mean 570327.700 3.224 12.067 21.263 48.599
Minimum 5,650.000 1.759 0.033 0.006 0.513
Maximum 11900000.000 6.417 46.318 91.515 100.000
Std. Dev. 1449810.000 1.154 9.845 24.653 22.630
Skewness 5.178 1.001 1.004 1.150 0.169
Kurtosis 33.796 3.144 3.466 3.285 2.554
Source: Authors’ calculation (without logarithm values)

TABLE 3 | Results of CSD and CADF unit root test.

Variable CSD p-value CADF results

I(0) I(I)

C C + T C C + T

lnGHG 25.031 0.000 −1.68 −1.81 −2.39*** −2.77***
lnED 0.780 0.435 −1.64 −2.24 −2.94*** −2.96***
lnAGRI 5.129 0.000 −2.18** −2.32 −2.89*** −3.04***
lnREC −0.082 0.934 −0.66 −2.18 −2.72*** −2.92***
lnRQ 1.106 0.269 −1.74 −1.86 −2.95*** −3.15***

C and C + T stand for constant and constant + trend, respectively. *, **, *** demonstrate significance level at 10; 5 and 1%, respectively.
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andWang et al. (2021), but contradict Mania (2020) andWang et al.
(2020). Agricultural value-added is the most significant variable in all
estimates. A percentage rise in agricultural value-added positively
influences GHG emissions by 0.20% for both FMOLS and FE, while
0.09% for DOLS. These findings are similar to those of Qiao et al.
(2019) and SharmaR. et al. (2021) while opposite toAziz et al. (2020).

Moreover, renewable energy consumption shows a negatively
significant interconnection with GHG emissions for all three
specifications. A 1% change in REC brings variations in GHG
emissions by −0.53% in the case of FMOLS, while it is −0.16% and
−0.33% in the case of DOLS and FE, respectively. The findings are in
line with Fuinhas et al. (2017), Nathaniel and Iheonu (2019), and Pata
(2021b). In addition, the regulatory authority reports an indirect
relationship with GHG emissions. From the table, it can be seen

that a 1% change in the regulatory quality preserve the environment
between −1.09% and −0.17% for all three specifications. This finding is
consistent with Adedoyin et al. (2020) and Gungor et al. (2021).

The outcomes of theMMQR approach presented in Table 6 assess
the relationship of export diversification, agriculture, renewable energy
and regulatory quality with GHG emissions in 32 Asian countries. A
negative and significant influence of export diversification on emissions
can be observed across all quantiles (except for the 10th quantile).When
the heterogeneous coefficients of export diversification increase
through the 10th to 90th quantiles, the intensity of GHG emissions
decreases from −0.03 to −5.12. A point that emerges from the findings
is that more ED appears to lead to a favorable direction by preserving
the environment (Shahzad et al., 2020; Li et al., 2021;Wang et al., 2021).
In the case of agriculture, the results exert statistically significant and
heterogeneous coefficients among quantiles. The positive coefficients
clarify that the linkage of agriculture to GHG emissions increases as we
move from the lower to the upper quantiles. A 1% increase in
agriculture implies a 0.18–0.35% increase in GHG emissions. At the
highest quantile, the coefficient value of agriculture is the utmost,
demonstrating that the environment deteriorates as agriculture moves
from the 10th to the 90th quantile. The findings are consistent with
those of Qiao et al. (2019) and Sharma R. et al. (2021).

However, the use of renewable energy has vigorously contributed to
diminishing the opposing effects on society and the environment by
providing solutions to fulfil the Sustainable Development Goals. In

TABLE 5 | Panel estimation estimations.

Variable FMOLS DOLS FE

lnED −0.700** −1.680** −2.462***
lnAGRI 0.200*** 0.090*** 0.204***
lnREC −0.530* −0.160* −0.332***
lnRQ −0.170** −1.090*** −0.759***

Source: Authors’ estimation. *, **, *** demonstrate significance level at 10; 5 and 1%,
respectively.

TABLE 6 | Panel quantile estimation-MMQR.

Variable Location Scale Quantiles

10th 20th 30th 40th 50th 60th 70th 80th 90th

lnED −2.605*** −1.548*** -0.034 −0.629* −1.679*** −2.459*** −2.916*** −3.248*** −3.699*** −4.343*** −5.117***
lnAGRI 0.264*** 0.051 0.179** 0.198** 0.233*** 0.259*** 0.274*** 0.285*** 0.300*** 0.322*** 0.347***
lnREC −0.363*** −0.048** −0.283*** −0.302*** −0.334*** −0.358*** −0.372*** −0.382*** −0.396*** −0.416*** −0.440***
lnRQ −0.801*** −0.343*** −0.231 −0.362** −0.595*** −0.768*** −0.869*** −0.943*** −1.043*** −1.186*** −1.357***

Authors’ estimation. *, **, *** demonstrate significance level at 10; 5 and 1%, respectively.

TABLE 4 | Panel cointegration tests for Asian countries.

Panel (a) Kao and Westerlund panel cointegration tests Statistics Prob.

Model: lnGHG � f(lnED + lnAGRI + lnREC + lnRQ)
Kao panel cointegration test
Modified Dickey-Fuller 2.156 0.016
Dickey-Fuller 1.912 0.028
Augmented Dickey-Fuller 1.589 0.056
Unadjusted modified Dickey-Fuller 2.097 0.018
Unadjusted Dickey-Fuller 1.849 0.032
Westerlund panel cointegration test
Variance ratio 2.131 0.017

Panel (b) Westerlund bootstrap panel cointegration

Statistics Value Z-value p-value Robust p-value

Gτ −8.785 −12.895 0.000 0.000
Gα −13.209 −9.094 0.000 0.000
Pτ −9.231 −11.427 0.000 0.000
Pα −7.016 −8.121 0.000 0.000

Source: Authors Calculation
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addition, Table 6 elucidates that renewable energy has a negative and
heterogeneous impact on GHG emissions across all quantiles in Asian
economies. The larger coefficient value states that renewable energy
refers to the process of reducing GHG emissions by protecting the
environment (Fuinhas et al., 2017; Nathaniel and Iheonu, 2019). In the
context of regulatory authority, the findings are consistent with the
existing literature and present that regulatory authority is a solution to
minimize GHG emissions. From the lower to upper quantiles, the
coefficient value of regulatory authority, although insignificant in the
10th quantile, has a negative and heterogeneous effect ranging from
−0.23 to −1.36. Regulatory quality is a policy that seems to promote
some social goods beyond the benefits of economic activities, such as
environmental preservation (Adedoyin et al., 2020; Gungor et al.,
2021). The dynamics of the parameter estimates across different
quantiles are depicted in Figure 2. The estimated coefficients
appear to follow distinct trajectories than their linear estimates
(OLS type), suggesting that the coefficients respond differently
across quantiles.

Figure 3 compares the estimated coefficients for all specifications
used, including MMQR, FE, DOLS and FMOLS. The coefficient
approach of MMQR is heterogeneous and provides a vibrant image
in all quantiles, while the coefficients of DOLS, FMOLS, and FE are
static. Figure 2 represents that the coefficients of export diversification
decrease from the lower to the upper quantiles, which indicates that
more diverse export is favorable to the environment. Moreover, the
coefficients of agricultural value-added are moving upward in the

MMQR approach, representing that agriculture based on non-
renewable sources in Asian countries is a poor motive for increasing
the intensity of GHG emissions. There is an urgent need to promote
advanced and eco-friendly procedures to escalate agricultural
production while achieving the goal of a sustainable environment. In
contrast, the coefficients of renewable energy and regulatory quality
have effectively minimized the adverse effects of economic activities on
society and the environment by providing reasonable solutions that help
policymakers make decisions that can lead to environmentally friendly
growth. Therefore, it is obvious that MMQR is an ideal and efficient
technique when comparing all panel estimators to explain an inclusive
demonstration of association among variables.

CONCLUSION

As a contribution to the environment-related literature, we explored
the impact of export diversification, agricultural value-added,
renewable energy, and regulatory quality on GHG emissions, taking
Asia as a sample. To achieve the objectives of the study, we employ a
novel technique, Method of Movements Quantile Regression
(MMQR), recently proposed by Machado and Silva (2019). Clearly,
MMQR is an ideal technique than the traditional panel quantile
regression to explain an inclusive demonstration of association
among variables at quantile distributions. This method is fierce
against outliers and gives accurate estimates. Besides, we applied

FIGURE 2 | Plotting parameters across quantiles in MMQR.
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alternative methods such as FMOLS, DOLS and FE to get robust
results.

The results of the study showthat export diversificationhas anegative
and significant impact on GHG emissions across all quantiles. On the
one hand, higher export diversity tends to lead in a positive direction by
conserving the environment. Agriculture, on the other hand, exerts a
statistically significant and heterogeneous positive influence on the
environment. The positive coefficients clarify that the interconnection
of agriculture with GHG emissions is positive while moving from lower
to upper quantiles. Renewable energy has a negative and heterogeneous
impact on GHG emissions across all the quantiles. Therefore, renewable
energy consumptionhas been vigorously contributing todiminishing the
opposing effects on society and the environment through providing
solutions to fulfil the purpose of sustainable development. In the context
of regulatory authority, the findings present that regulatory quality is
necessary to reduce GHG emissions.

Based on the findings of the study, policymakers in theAsian region
should be encouraged to focus on export diversification, development
of renewable energy sources and perceptions of regulatory quality
policies to achieve the goals of green and clean energy production and a
sustainable environment. Achieving these goals will be easier if a
portion of the revenue generated from export diversification is
spent on environmental purposes. Moreover, for a greener future
for Asian countries, it is necessary to expand the use of renewable
energy and adapt environmental technologies to the production
process. Since overpopulation and the consumption of Asian

countries are polluting the environment, these societies should be
mademore aware of the advantages of using and promoting renewable
energies. Furthermore, better regulatory quality by Asian governments
can contribute to environmental development by facilitating the use of
renewable energy and diversification of exports. Therefore,
policymakers in the Asian region should pursue environmental
policies that simultaneously diversify exports, promote renewable
energy, and increase regulatory quality. This work offers both
professionals and academics further insight into future research that
contextualizes export diversification and agriculture to examine
additional movements in environmental quality around the world.
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APPENDIX A: LIST OF SAMPLE ASIAN
COUNTRIES

Sr. Country Sr. Country

1 Armenia 17 Kyrgyzstan
2 Azerbaijan 18 Lebanon
3 Bangladesh 19 Malaysia
4 Cambodia 20 Mongolia
5 China 21 Nepal
6 Cyprus 22 Pakistan
7 Egypt 23 Philippines
8 Georgia 24 Russia
9 India 25 Saudi Arabia
10 Indonesia 26 Singapore
11 Iran 27 South Korea
12 Iraq 28 Sri Lanka
13 Israel 29 Thailand
14 Japan 30 Turkey
15 Jordan 31 UAE
16 Kazakhstan 32 Vietnam
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This study attempts to analyze the time-varying pattern between the exchange rates,
stock market return, temperature, and number of confirmed COVID-19 cases in
G7 countries caused by the COVID-19 pandemic. We have implemented our analysis
using wavelet coherence and partial wavelet coherence (PWC) on independent
variables from January 4, 2021 to July 31, 2021. This paper contributes to the earlier
work on the same subject by employing wavelet coherence to analyze the effect
of the sudden upsurge of the COVID-19 pandemic on exchange rates, stock market
returns, and temperature to sustain and improve previous results regarding correlation
analysis between the above-mentioned variables. We arrived at the following results: 1)
temperature levels and confirmed COVID-19 cases are cyclical indicating daily
temperatures have a material bearing on propagating the novel coronavirus in G7
nations; 2) noteworthy correlations at truncated frequencies show that a material long-
term impact has been observed on exchange rates and stock market returns of G7
and confirmed COVID-19 cases; 3) accounting for impact of temperature and
equity market returns, a more robust co-movement is observed between the
exchange rate returns of the respective nations and the surge in COVID-19 cases; and
4) accounting for the influence of temperature and exchange rate returns and the
increase in the confirmed number of coronavirus-infected cases and equity returns,
co-movements are more pronounced. Besides academic contributions, this paper
offers insight for policymakers and investment managers alike in their attempt to
navigate the impediments created by the coronavirus in their already arduous task of
shaping the economy and predicting stock market patterns.
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INTRODUCTION

COVID-19 has been one of the most unexpected global events
that has challenged the sustainability and resilience of almost
every social and economic system. The continuity of almost every
man-made system has been challenged, and the uncertainty of the
control and spread of the COVID-19 virus has put to the test
every system of estimation and valuation. This event has triggered
various studies analyzing correlations between the number of
confirmed COVID-19 cases and various other social and
economic parameters (Martínez and Cervantes, 2021)
(Shahzad et al., 2021). Within a couple of months of
confirmation of the novel existence of SARS-CoV-2 by WHO
(World Health Organization), the number of cases had crossed
4.5 million, and the death toll had exceeded 0.3 million (G.
Sharma et al., 2021). The number of new cases has shown a
sinusoidal behavior since 2020 with two peaks; 1.7 million new
cases on January 21, 2021 followed by a fall to 0.26 million on
February 26, 2021 and back to 0.89 million cases on april 23, 2021
with a drop back to 0.29 million cases on July 13, 2021. In August
2021, as we are writing this paper, the cases have crossed
0.7 million new cases per day. In comparison, the number of
fatalities peaked at 17,700 on February 3, 2021, which reduced to
7,600 on March 8, 2021. This surged back to 14,900 on april 29,
2021 and fell to 6,300 casualties on May 6, 2021. Recently, there
was a spike of 19,800 cases on July 21, 2021, creating fears of a
third wave (Wikipedia, 2021). The virus is very communicable
(R0 � 2–5), implying each infected vector can infect two to five
subjects, exacerbating the spread. The myriad of symptoms such
as fever, pneumonia, dry cough, myalgia, and fatigue sharing
commonalities with many other seasonal ailments makes it even
more difficult to keep a tab on the infected vectors (Qi et al., 2020;
Rosario et al., 2020; Wang et al., 2020). Numerous studies have
been conducted using daily average temperature (Huang et al.,
2020; Park et al., 2020; Wang et al., 2020) to understand the
impact of temperature and weather conditions on the spread and
intensity of the COVID-19 virus.

Earlier studies on SARS (Severe Acute Respiratory Syndrome)
have shown a negative correlation between the spread of the virus
and temperature conditions (Wallis and Nerlich, 2005; Bedford
et al., 2015). Similar results have been found for the influenza
virus and dengue virus (Chan et al., 2010) (Chumpu et al., 2019).
Studies also revealed a dysentery epidemic and temperature had a
positive correlation (Li et al., 2019). Experts reason that as
COVID-19 falls into a similar category of coronavirus, it is
expected to show similar behavior (Ksiazek et al., 2003;
Lipsitch, 2003; Wilder-Smith et al., 2020). Contrary to this,
studies argue the minimal impact of temperature on the
spread of COVID-19 (J. Liu et al., 2020; Shi et al., 2020; Xie
and Zhu, 2020). Some authors argue that in colder regions, the
dry cold will keep citizens indoors in heated environments and
hence curb the spread of the COVID-19 virus (Molteni, 2020).
Contradicting this, a research in India concluded that lower
temperatures enhance the spread of viruses in the population,
weakening the immune response, and making the proliferation of
the virus easy (Roy, 2020; Sharma et al., 2020; Hossain et al., 2021;
McClymont and Hu, 2021). These contradictory views on the

correlation between the temperature and the spread of the
COVID-19 virus make a case for further investigation on the
same subject.

Every spike in daily cases is usually followed by a slew of
remedial and restrictive measures by local and federal governing
bodies globally (Li and Mutchler, 2020; Sandeep Kumar et al.,
2020). These include vaccination drives, compulsory mask-
wearing in public places, lockdowns, restriction of gatherings,
and restriction of manufacturing activities and economic output.
This has dire consequences on the earnings of people living pay-
check to pay-check (Lal, 2020). It was argued that in Japan
the urban labor market was severely impacted directly due to
the restrictions, while the rural labor market was impacted due to
the shrinkage in the size of the economic opportunity and
landscape (Lee and Cho, 2017). Overall, trade velocity has
been adversely impacted with a greater impact on foreign
trade (Au Yong and Laing, 2021; Biswas et al., 2021). The
follow on from the impact on the stock markets cannot be
downplayed (Amar et al., 2021; Louhichi et al., 2021; Yousfi
et al., 2021). These restrictions have adversely impacted the
balance sheets of most of the firms exposed to international
trade along with the ones in domestic trade (Chang et al., 2020;
Gunay, 2020; Jomo and Chowdhury, 2020). This, in turn, resulted
in the major stock indices of the G7 nations along with that of the
rest of the world nose-diving before quantitative easing by the
central banks provided some respite (Liu et al., 2020; Rebucci
et al., 2020; Rubbaniy et al., 2021; Wei and Han, 2021). Trade,
financial markets, and central bank rates have impacted the
international currency market as well (Andreou et al., 2013;
Tsagkanos and Siriopoulos, 2013; Sui and Sun, 2016).

The commodity markets were not spared by the spread of
COVID-19 either. For the first time, crude oil futures crashed into
negative territory (Albulescu, 2020; Izzeldin et al., 2021; Salisu
et al., 2020). At -ve $40, sellers were paying buyers to take oil. This
was caused due to the low demand, excess supply, and lack of
storage space (Joanna Wilson, 2020). The negative impact of
COVID-19 on crude oil prices was short-lived. However, the
spillover on the equity markets was more pronounced (Mzoughi
et al., 2020). At the same time, the depreciation of the Japanese
Yen against the USD caused an appreciation in the Japanese
equity markets. “A one standard deviation depreciation of the Yen
during the COVID-19 period (equivalent to 0.588%) improved
stock market returns by 71% of average returns” (Narayan et al.,
2020). During the first wave, the pronounced negative news flow
about the infallible and uncontrollable spread of the novel
coronavirus in the countries of western Europe plummeted the
stock markets globally (Conlon and McGee, 2020; Sharif et al.,
2020; Zhang et al., 2020). With the COVID impact not yet over
and concerns of repetitive waves still looming, further analysis is
warranted to analyze the impact and correlation between
COVID-19 and the returns of the equity markets in the G7
nations.

This study derives its motivation from two major studies used
to evaluate the impact on the environment (i.e., temperature) and
the impact on the equity markets by the COVID-19 virus (G. D.
Sharma et al., 2021; Shahzad et al., 2021). The data used in the
first study are time-series data and deploy a multitude of models
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such as the Susceptible Exposed Infectious Recovered model
(SEIR) (Shi et al., 2020), Generalized Additive Model (GAM)
(Ero lu, 2019; Xie and Zhu, 2020), etc. in the analysis of the
magnitude of influence of temperature on the spread and surge in
COVID-19 cases. Nonetheless, these studies refrain from
ascertaining a firm correlation between the two. The various
results obtained by the numerous studies subcategorized under
this section are below:

i) temperature and the proliferation of the confirmed number of
cases of COVID-19 are positively correlated (Auler et al.,
2020; Douro et al., 2020; Kumar, 2020)

ii) temperature and confirmed COVID-19 cases are negatively
correlated (Pequeno et al., 2020; Prata et al., 2020; Sarkodie
and Owusu, 2020)

This inconclusive result in the available literature on
temperature impacting the surge in COVID-19 cases creates
a case for further evaluation of the same topic. The second type
of evaluation assesses the economic impact of COVID-19 on the
equity markets and other securitized tradable instruments
(Goodell, 2020; Topcu and Gulal, 2020; Yarovaya et al.,
2020a). Studies conducted on the foreign exchange
(Holtmann et al., 2020; Iqbal et al., 2020; Sarmadi et al.,
2020) concluded that a negative relationship existed between
the surge in COVID-19 and the Chinese Yuan rate of exchange.
They conducted their studies using wavelet analysis, and it was
concluded by other researchers that there existed a positive
relationship between the exchange rate and the number of
confirmed COVID-19 cases (Villarreal-Samaniego, 2020;
Javed et al., 2021; Kinateder et al., 2021). They used ARDL
and conditional value-at-risk (CoVaR) estimations to conduct
their evaluation.

Various methods have been employed to evaluate the impact
of COVID-19 on various securitized traded markets; e.g., the
wavelet coherence method to evaluate COVID-19’s ramifications
on crude oil rate variance on American equity indices (Mensi et
al., 2019; Mnif et al., 2020; Sharif et al., 2020) and to understand
the coherence in pandemic upsurge and energy markets (futures)
(Aloui et al., 2020; Sharif et al., 2020). The event studymethod has
been used to evaluate the short-term impact of the COVID-19
surge on prominent equity market indices (J. Liu et al., 2020). As a
recent investment product, a few papers evaluate COVID-19’s
impact on cryptocurrencies (Shahzad et al., 2019; Yarovaya et al.,
2020b; Balli et al., 2020; Goodell and Goutte, 2021).

The novel coronavirus has fueled uncertainties. Hence, the
above-discussed coherence analysis between the number of
confirmed COVID-19 cases and its impact on numerous
variables. Based on the above analysis, we chose the wavelet
analysis methodology to re-assess the coherence between regional
temperature, equities, Forex, and COVID-19-confirmed cases in
G7 nations (Shakoor et al., 2020; Zutshi et al., 2021). The wavelet
methodology, which mostly finds usage in geophysics, has
recently found a place in economics and finance, environment,
and meteorology studies, etc. (Bouoiyour et al., 2015; Afshan
et al., 2018; Sharif et al., 2020). Not having much experience in
usage in COVID-related studies in this unfamiliar terrain, we

have assessed the pandemic’s impact in a binary fashion: Using
phase difference and wavelet coherence, we analyzed temperatures’
impact on COVID-19 cases. Using PWC and phase difference,
accounting for control variables, we analyzed the influence of
COVID-19 surge on equity (Forex) returns in G7 markets by
conditioning on Forex (equity) and temperature, respectively.

Wavelet techniques have helped us answer two key research
questions, 1) assessment of the lead/lag relationship among the
variables; and 2) cyclical nature between the assessed variables.
We assessed the relationship between temperature (implying
weather), equity markets and currency exchange rates
(economy), and surge in COVID-19 cases in G7 countries
(Table 1)—the United States, Canada, France, Germany, Italy,
Japan, and the United Kingdom. Wavelet coherence
methodology was used to examine the relationship between
the selected variables/indicators. The idea was to arrive at a
leading or lag relationship between the variables to use the
naturally occurring event to predict the supporting variables,
e.g., the impact of temperature on the equity markets while
establishing the coherence with the daily confirmed cases of
the novel coronavirus (Prataet al., 2020; Wu et al., 2020).
Compared to conventional correlation and regression
techniques, wavelet analysis is superior as the former only
maps a comprehensive mean relationship between the entire
time frame whereas in contrast, the latter tells us of microlevel
interactions and co-movements in a time-frequency frame
(Fareed et al., 2020; Onali, 2020; Tiwari et al., 2016). This
predictive capability of the relationship between the variables
using wavelet analysis can help policymakers take prophylactic
measures to prevent unwarranted catastrophes when one of
the indicators gives a particular signal. This can find usage
even beyond the pandemic to minimize human casualties and
other suffering. In this analysis of the relation of cases of
COVID-19 and equity and Forex returns, we came up with
profound insights on a predictive lead indicator for the
financial markets. This type of study can be extrapolated to
find the variation in the occurrence of various diseases in
different varying weather conditions in G7 countries and their
association if at all with equity and Forex returns.

Our study unfolds three prominent outputs:

a) Wavelet coherence for reported coronavirus cases and
temperature shows the existence of an in-phase
relationship (cyclicality). Temperature takes the lead in the
relationship in the sample dataset in most of the G7 countries
using biwavelet coherence (WC).

TABLE 1 | List of Countries with COVID-19 cases

Country Total Cases Deaths Recoveries

United States 3,82,54,370 6,39,103 3,76,15,267
Canada 14,68,030 26,792 14,41,238
France 66,19,611 1,13,372 65,06,239
Germany 38,88,365 92,476 37,95,889
Italy 44,84,613 1,28,751 43,55,862
Japan 12,77,439 15,596 12,61,843
United Kingdom 64,92,906 1,31,640 63,61,266
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b) There exists an in-phase (cyclical) and out-of-phase (anti-
cyclical) pattern in the analyzed data of the daily confirmed
cases of COVID-19 and equity returns, when conditioning for
Forex yields along with temperature using the partial wavelet
coherence (PWC).

c) PWC between Forex (exchange rate return) and the number
of confirmed COVID-19 cases (conditioning for equity
returns and temperature) indicates both an in-phase
relationship (cyclicality) and out-of-phase (anti-cyclicality)
relationship between the variables.

The layout of our article is as follows: data and methodology:
second section; results: third section; findings: fourth section;
policy implications and conclusion: fifth and final segment.

DATA AND METHODOLOGY

Data
The sample data on daily observations were collected for G7
countries, namely the United States, Canada, France, Germany,
Italy, Japan, and the United Kingdom, from January 4, 2021 to
July 31, 2021. The details of Forex (exchange rates) and equity
(stock) returns considered in the present study are given in
Table 2. Table 3 gives the list of the variables and sources of
data considered in the present study.

The wavelet analysis is applied to study the coherence between
temperature (Ti,p), stock market returns (SPi,p), currency
exchange rates (ERi,p), and new daily COVID-19 cases
(CVi,p) of country i at day p. The following relationships are
studied in the present study:

a) Biwavelet coherence between CVi,p and Ti,p

b) Partial coherence between CVi,p and SPi,p conditioned for
ERi,p and Ti,p

c) Partial coherence between CVi,p and ERi,p conditioned for
SPi,p and Ti,p

Methodology
Biwavelet Coherence (WC)
The wavelet coherence methodology is considered an appropriate
tool applicable to study the periodic phenomena in a time series,
particularly in the presence of abrupt frequency changes across
time. Wavelet coherence is analogous to the traditional
correlation used to measure the degree and extent of co-
movement between two time series but in the time-frequency
(location—scale) domain. This approach was applied to measure
the nature of the relationship between the two time series -
temperature (Ti,p) and the daily number of new COVID-19 cases
(CVi,p), for country i at day p, which was our first objective in
our study.

We defined the squared biwavelet coherence between two time
series - Y and X, at scale (s) and location (t) as

C2
y,x(s, t) �

d
↔y,x

(s, t).d
↔y,x

(s, t)
�

d
↔y,y

(s, t).d
↔x,x

(s, t)
(1)

where d
↔A,B

(s, t) is the smoothed auto-wavelet power spectra (for
A � B) or cross wavelet power spectra (when A≠B) respectively.
( ) is the smoothening operator and ( ) is the complex conjugate
operator (Liu, 1994).

Partial Wavelet Coherence
Partial wavelet coherence (PWC) is similar to the partial
correlation coefficient employed in studying the correlation
(co-movement) between two variables (time-series) while
controlling (excluding) the effect of a third variable(s) (time
series) but in the time-frequency domain. Our second and
third objectives were to study the co-movements between.

1) COVID-19 cases (CVi,p) and stock price index (SPi,p)
while controlling for the factors—temperature (Ti,p) and
exchange rates. (ERi,p)

2) COVID-19 cases (CVi,p) and exchange rates (ERi,p) while
controlling for the factors—temperature (Ti,p) and stock price
index. (SPi,p)

The approach of partial wavelet coherence was employed.

TABLE 2 | List of Forex and equity returns considered for G7 countries

S.No. Country Stock Exchange Index Currency (USD)

1 United States Dow Jones Industrial Average Euro
2 Canada S&P | TSX composite Index CAD
3 France CAC 40 Euro
4 Germany DAX 30 Euro
5 Italy FTSE MIB Index Euro
6 Japan NIKKE 225 JPY
7 United Kingdom FTSE 100 GBP

TABLE 3 | List of variables and source of data covered in the study

S.No Variables Variable Description Source link

1. Cases Daily number of new confirmed COVID-19 cases ’Our world in data’ https://ourworldindata.org/grapher/daily-cases-
COVID-19

2. SP Stock Price Index ’Yahoo! Finance’ https://in.finance.yahoo.com
3. ER Currency Exchange Rates ’Yahoo! Finance’ https://in.finance.yahoo.com
4. Temp Daily Average Temperature collected from monitoring

stations nearest to each country’s capital
’National Centers for Environmental
Information (NCEI)’

www.ncei.noaa.gov/access/search/data-
search/global-summary-of-the-day
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We defined the squared partial wavelet coherence (Hu and Si,
2021) between time series - Y and X, after excluding the effect of a
pair of time series, Z � (z1, z2) at scale (s) and location (t) as

C2
y,x|z(s, t) �

∣∣∣∣∣1 − C2
y,x,z(s, t)

∣∣∣∣∣
2
C2

y,x(s, t)
(1 − C2

y,z(s, t))(1 − C2
x,z(s, t))

(2)

C2
y,x(s, t) is the squared biwavelet coherence between time series -

Y and X as defined in Equation 1.

Lead/Lag Relationship Between Time Series
Phase difference (PD), which equals the difference of individual
phases of the time series, phase X—phase Y, was used to
conceptualize the lead-lag relationship between the two time
series. PD, when converted to an angle in the interval, [−π, π]
was defined as

θxy(t, s) � arg[dx,y(s, t)] � tan−1[
Im(dx,y(s, t))
Re(dx,y(s, t))] (3)

where dx,y(s, t) is the cross-wavelet power spectrum between X
and Y at scale s and location t.

For PWC, PD between X and Y after excluding the effect of
Z � (z1, z2) converted to angle was defined as:

θxy|z(t, s) � φxy|z(t, s) + θxy(t, s) (4)

where

φxy|z(t, s) � arg(1 − C2
y,x,z(s, t))

If |PD|< π/2 , this indicated the two time series moved in-phase
(cyclical) while |PD|> π/2 indicated that they moved anti-phase
(anti-cyclical) at a particular instance of time and frequency. PD equal
to zero indicated the two time series moved together on a particular
frequency. The sign of PD (+/-) showed which series was the leading
one in the relationship. Following the Aguiar-Conraria and Soares
(2011) approach, Figure 1 illustrates the possible range and
interpretation of phase differences.

FINDINGS

The biwavelet and partial wavelet coherence analyses were
applied between the reference variables on daily observations
for the sample period of January 4, 2021 to July 31, 2021. The
results are presented in Figures—2 to 8.

The horizontal axis (X-axis) represents the time points
(days), while the vertical axis (Y-axis) represents the
frequency domain. For the present analysis, six frequency
cycles were considered—1–2, 2–4, 4–8, 8–16, 16–32, and
32–64 days bands. The first two cycles (1–2 and 2–4 days
bands) are indicative of the short-run or high-frequency
bands, and the remaining four cycles (4–8.8–16.16–32 and
32–64 days bands) are indicative of the long-run or low-
frequency bands.

The color spectrum indicates the intensity of the interrelation
(co-movement) between the series under study. The warmer
color (red) signifies regions with significant co-movement,
while a colder color (blues) signifies lower dependence (co-
movement) between the series. The regions beyond the black
line cone or the cone of influence (COI) which represents the 5%
level of significance are not considered as the estimates of wavelet
coefficients and are not statistically significant.

The area of arrows depicts the phase differences chosen at a 5%
level of significance for the present analysis. The arrows are
indicative of lead/lag phase relations between the series under
consideration in the diagram. Arrows pointing to the right (left)
mean that the series is in-phase (out-phase) while the arrows
pointing right-down or left-up indicate the second series is
leading while arrows pointing left-down or right-up indicate
the first series is leading.

Wavelet Coherence: Cases—Temperature
The wavelet coherence and phase difference (PD) plots for cases
vs temperature for the G7 countries are presented in Figure 2A,
3A, 4(a), 5(a), 6(a), 7(a), and 8(a) with interpretations given in
Table—4.

FIGURE 1 | Phase difference and their interpretation.
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FIGURE 2 | United States (A) WC: Cases—Temperature. (B) PWC: Cases—SP | ER—Temp. (C) PWC: Cases—ER | SP—Temp.

FIGURE 3 | Canada. (A) WC: Cases—Temperature. (B) PWC: Cases—SP | ER—Temp. (C) PWC: Cases—ER | SP—Temp.
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For the United States, a small significant coherence was
found in the two to four band around april 22–29, and a
large island was depicted between June 11–25 where cases
and temperature were out of phase (cases leading
temperature). Further, two huge islands of significant
coherence were found in the four to eight band between april
22—May 6 where cases and temperature were out of phase
(temperature leading cases) and June 11–25. For the 8–16 days
band, a significant coherence was located between March
12—april 30 with temperature leading cases.

For Canada, small islands with significant coherence could be
seen in the one to two band between January 18–28 (out of phase)
and March 5—20 (in-phase), where temperature was leading
cases. In the two to four band, a huge island of significant
coherence could be seen between June 20—July 10 with cases
leading temperature and a small significant coherence could be
seen between June 18–25 and February 8–16. For the four to eight
band, islands with significant coherences could be seen between
January 20 -February 8, March 2–31 (out of phase with cases
leading temperature) and May 20—June 3.

For France, islands of significant coherences were located
between February 15—March 1 (two to four band), March
29 -May 19 (8–16 band), and June 2–15 (16–32 band).

For Germany, significant coherence could be seen between
January 15–31 with temperature leading cases in the two to four
and 4–8 days bands.

For Italy, in the two to four band, islands of significant
coherences were located between January 15—31 and June
15–25 where cases and temperature were in-phase with

temperature leading cases. Two huge islands were located in
the two to four and four to eight bands between January 15–25
(in-phase) with cases leading temperature and March 1–22 with
temperature leading cases. Further, small islands of significant
coherences could be seen betweenMay 10–20 (four to eight band)
and February 8–22 and april 1–30 (8–16 band).

For Japan, islands of significant coherences could be seen
between april 10–20 where cases and temperature were out of
phase and april 25—May 20 with cases and temperature in-phase
in the one to two and two to four bands with temperature leading
cases. A huge island of significant coherence could be seen in the
16–32 band between May 15-June 30 (in-phase) with
temperature leading cases.

For the United Kingdom, significant coherences could be seen
between February 20–28 (two to four band) and april 1 -May 15
(8–16 band).

Partial Wavelet Coherence: Cases—Stock
Price Index | Exchange
Rates—Temperature
The partial wavelet coherence and phase difference (PD) plots for
COVID-19 cases (CVi,p) and stock price index (SPi,p) while
controlling for the factors—temperature (Ti,p) and exchange
rates for the G7 countries are presented in Figures 2(b), 3(b),
4(b), 5(b), 6(b), 7(b), and 8(b) with interpretations given in
Table—5.

For the United States, cases and stock prices were in-phase
depicted by islands of significant coherence located between

FIGURE 4 | France. (A) WC: Cases—Temperature. (B) PWC: Cases—SP | ER—Temp. (C) PWC: Cases—ER | SP—Temp.
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March 15—april 15 (4–8 & 8–16 bands) with cases leading stock
prices and between May 5–30 (two to four and four to eight
bands).

For Canada, a huge island of significant coherence was seen
between June 20—July 20 where cases and stock prices were out
of phase (stock price leading cases) for the majority of days in the
four to eight and 8–16 bands.

For France, significant coherence was seen in the one to two
and two to four bands betweenMay 18–31, where cases and stock
prices were out of phase with cases leading stock prices. In the two
to four band, an island was located between June 30-Jul 20 with
cases and stock prices in-phase with cases leading stock prices. In
the four to eight and 8–16 bands, significant coherence was found
between March 20-April 15, where cases were seen leading stock
prices.

For Germany, cases and stocks were in-phase in the one to two
band between January 15–20 and February 20–25. In the two to
four band, cases and stock prices were seen to be out of phase with
cases leading stock prices between april 28—May 10.

For Italy, cases and stock prices were seen to be out of phase in
all islands of significant coherence. In the two to four band, cases
were seen to be leading stock prices between February 1–7 and
april 30–May 10. For June 20–30, stock prices were observed to be
leading cases. A huge island of significant coherence could be seen
between June 16-July 15 with stock prices leading cases in the
8–16 band.

For Japan, an island of significant coherence was observed in
the one to two band around February 25 -March 5 with cases
leading stock prices (out of phase) and april 25–30 with stock

prices leading cases (out of phase). In the two to four band, stock
prices were observed to be leading cases in islands of significant
coherence observed between February 10–28 (out of phase) and
March 15–25 (in-phase). Further, significant coherence was seen
between February 5–28 with stock prices leading cases (out of
phase). In the 8–16 band, stock prices were seen to be leading
cases (in-phase) between april 25 -May 20.

For the United Kingdom, in the one to two and two to four
bands, an island could be seen with cases leading stock prices (out
of phase) between May 18–June 2. In the two to four band, an
island of significant coherence could be seen between July 1–15
with cases and stock prices in-phase and cases leading stock
prices. For the four to eight and 8–16 bands, an island could be
seen between March 20 -April 15 with cases leading stock prices
(in-phase).

Partial Wavelet Coherence:
Cases—Exchange Rates | Stock Price
Index—Temperature
The partial wavelet coherence and phase difference (PD) plots for
COVID-19 cases (CVi,p) and exchange rates (ERi,p) while
controlling for the factors—temperature (Ti,p) and stock price
index (SPi,p) for the G7 countries are presented in Figures 2(c),
3(c), 4(c), 5(c), 6(c), 7(c), and 8(c) with interpretations given in
Table—6.

For the United States, significant coherence could be observed
between March 31—april 7 in the one to two band with exchange
rates and cases in-phase. In the two to four and four to eight

FIGURE 5 | Germany. (A) WC: Cases—Temperature. (B) PWC: Cases—SP | ER—Temp. (C) PWC: Cases—ER | SP—Temp.

Frontiers in Environmental Science | www.frontiersin.org October 2021 | Volume 9 | Article 7727838

Singh et al. COVID-19, ER, SMR, and Temperature

8289

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


bands, cases and exchange rates were seen in-phase with cases
leading exchange rates between May 6—31. Also, significant
coherence was observed in the four to eight and 8–16 bands
around March 20 -April 15 with cases leading exchange rates in
the 8–16 band.

For Canada, an island of significant coherence could be seen
between February 15–25 with cases and exchange rates in-phase
and exchange rates leading cases in the one to two and two to four
bands. In the two to four band, cases were observed to be leading
exchange rates (out of phase) between March 28—april 7. In the
four to eight and 8–16 bands, significant coherence was depicted
by islands seen around april 21 -May 12 and around May
20—June 4 in the two to four and four to eight bands. Cases
and exchange rates were in-phase with exchange rates leading
cases in the 8–16 band.

For France, significant coherence was seen between February
5–15 with cases leading exchange rates (out of phase) in the one to
two band. In the two to four band, exchange rates and cases were
in-phase between January 18–31 (exchange rates leading cases)
and March 10–25. Further, significant coherence could be seen in
the 8–16 band between March 17 -April 15.

For Germany, cases and exchange rates were observed to be in-
phase for all significant areas. In the one to two and two to four
bands, cases leading exchange rates were observed between
March 1–10 and significant coherences were seen between
april 10–15 and May 27—June 3. In the two to four band,
cases were leading exchange rates from January 10–25, and in
the 8–16 band, cases were leading exchange rates from June
10–25.

For Italy, cases were seen to be leading exchange rates (in-
phase) in the one to two band, and in two to four band, islands of
significant coherence were observed between January 11–25 and
March 1–8. For the 8–16 band, an island was observed between
January 25—February and between March 15 -May 12 for the
8–16 and 16–32 bands. In the 16–32 band, exchange rates were
observed leading cases and were in-phase.

For Japan, cases were seen leading exchange rates and in-phase
for all significant coherent islands. Islands of significant
coherence were observed between april 30–May 20 (one to
two and two to four bands), March 20—april 10 (two to four
band) and May 20—June 10 (four to eight band).

For the United Kingdom, cases were leading exchange rates in
all areas of significant coherence. In the one to two band, cases
and exchange rates were out of phase between February 1–15
while in the two to four band, they were in-phase between January
18–30 and March 10–25. An island of significant coherence was
observed between March 15—april 20 in the 8–16 band.

DISCUSSION

Wavelet coherence observed within the dataset of daily
temperature and the number of confirmed COVID-19 cases in
the G7 nations indicated significant co-movements in both the
near-term and longer-term between the two variables. In most
countries, the interconnection was led mostly by temperature and
showed both in-phase and out of phase relationships indicating
both cyclical and anti-cyclical movements in near and long terms.

FIGURE 6 | Italy. (A) WC: Cases—Temperature. (B) PWC: Cases—SP | ER—Temp. (C) PWC: Cases—ER | SP—Temp.
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As a result, we infer that the spread of COVID-19 had a
significant correlation with the temperature of the region/
country. However, the directionality of correlation varied in
different regions. This aligns with most of the literature
reviewed on the same subject (Prata et al., 2020; Tobías and
Molina, 2020; Wu et al., 2020). Similarly, co-movements were
observed both in the near-term and longer-term between the
confirmed coronavirus cases and equity returns in the PWC
between the two while conditioning for Forex yields and
temperature. Anti-cyclical and cyclical patterns between the
variables were evident, and COVID-19 had prolonged
ramifications on equity returns in G7 nations. This is
supported by material connectedness shown at low
frequencies. Further, we infer that the confirmed coronavirus-
infected cases and the equity indices of G7 nations showed an out
of phase relationship indicating that the surge in the confirmed
coronavirus-infected cases resulted in G7 investors estimating a
long global lockdown to curtail the spread. This, in turn, slowed
down investment and capital infusions resulting in slowing down
or stopping otherwise self-sustaining economic cycles. The G7
countries constitute 39% of the global market cap. Like the rest of
the world, the stock markets of these G7 nations fell as lockdowns
were announced globally.

The volatility, measured as beta, experienced during this time
frame was much higher than usual, as opined by many other
authors (Narayan et al., 2020; Narayan et al., 2021; Zhang et al.,
2021). The numerous reasons that exacerbated the higher
volatility triggered by COVID-19 included nationwide
lockdowns, increasing unemployment, plummeting

consumption, unavailability of blue-collar workers, artificial
clogging of the supply chain channels, and the mellow
financial markets (Sharma et al., 2020). The equity stock
markets (Harvey, 1989) mirrored the ground conditions and
fluctuations of the real economy during the pandemic.
Nonetheless, our empirical results are contradicted by a few
authors who opine that the impact of COVID-19 is a short-
term one (H. Liu et al., 2020), and it will reverse on its own.
Assuming January 1 to be the start date, the leading indices of the
G7 nations fell close to 35% byMarch 23, 2020. On an annualized
CAGR basis from January 1, 2020 to August 24, 2021, these
indices have given a return of ∼10% (Yahoo, 2021). Our results
agree with the findings of a few authors (H. Liu et al., 2020). The
importance of the negative impact of the surge in coronavirus
infections on equity market movements in G7 nations is
emphasized in these findings. In line with a few others, we
observed that short-term correlation among confirmed
COVID-19 cases in the United States and the S&P 500 was
significant in all-time frequencies (Sharif et al., 2020). Ever since
the major drop in March 2020 in the equity markets and the
American Federal Reserve, USFED’s expansionary quantitative
easing policies led to a major reversion in equity prices
(Thorbecke, 2020). The rally in the indices of G7 nations was
fueled due to the easy money and liquidity in the markets instead
of the improvement in the fundamentals in the underlying trades
(Rebucci et al., 2020). A few have stated that the variation in
returns in each country has been directly correlated with the
intensity of the outbreak in the respective country (J. Liu et al.,
2020). By March 23, 2020 YTD, the S&P 500 was down by 37%,

FIGURE 7 | Japan. (A) WC: Cases—Temperature. (B) PWC: Cases—SP | ER—Temp. (C) PWC: Cases—ER | SP—Temp.

Frontiers in Environmental Science | www.frontiersin.org October 2021 | Volume 9 | Article 77278310

Singh et al. COVID-19, ER, SMR, and Temperature

8491

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


the S&P/TSX Composite Index for Canada had lost 34%, the
French CAC was down by 35%, the German DAX was down by
34%, and the Italian IT40 had lost 34% in line with the other G7
nations while the Nikkei 225 of Japan was down 28% YTD. The
fall in equity markets resonated with the gloomy investor opinion,
plummeting by greater margins than the United States Sub-Prime
financial crisis of 2008 (Mazur et al., 2021). It has been projected
that the recovery in the economy will be slow in the G7 nations as
it will be for the rest of the world. The impact of the COVID-19
pandemic has been forecasted to be very persistent and negative
(Foroni et al., 2020; UNCTAD, 2020). The slowdown in
commercial activities results in large-scale unemployment
rendering a multiplier impact on the consumption and other
wings of the economy. This has a negative bearing on the financial
and commodity markets and a similar impact on private capital
formation as well (Ruth Lea, 2021).

PWC between the exchange rate return and the number of
confirmed COVID-19 cases in G7 nations after conditioning for
temperature and equity market returns points towards the fact
that there is a positive correlation in both short and long term in
the sample period amongst COVID-19 cases and the Forex yield.
Both anti-cyclicality and cyclicality are observed between the
variables. The COVID-19 pandemic has resulted in huge swings
in the currency markets as well. Since the beginning of the
pandemic in 2020, the dollar has strengthened, and despite the
central banks speaking to soften their QE plans, the USD is
expected to strengthen further after a short pause (Reuters, 2021;
Salisu et al., 2021). The instability of the Euro exchange rate can
be reversed by the currency revival and a revival of the economic

activities in the Euro-zone (Neykov and Robert, 2021). Material
connectedness at low frequencies shows a prolonged correlated
impact on the G7 currency exchange markets with confirmed
COVID-19 cases. A global foreign direct investment where the
G7 nations have a major share fell to a third at $1 trillion of its
earlier value. Further, it is estimated that the economic losses
behest global disasters was estimated to be at $200bn in 2020
versus $150bn in the previous year (UNCTAD, 2020, 2021).

Small and developing economies gain from the depreciation of
their currencies against the USD, impacting United States exports
and domestic production (Bruno and Shin, 2020). Authors
evaluating the Forex pairs of the United States dollar and the
Great Britain pound, the United States dollar and the Turkish
Lira, and the United States dollar and the Brazilian real
concerning COVID-19 state that correlation between the scare
of the pandemic as shown in the media and the currency
exchange markets is less than 1 (Goodell, 2020; Gunay, 2020).
Our results elucidate the effect of a continual rising number of
cases of COVID-19 in the G7 nations impacting the volatility in
currency exchange markets. The appreciation of the United States
dollar during the beginning of the novel coronavirus pandemic
may adversely impact the already fragile international trade
(Aizenman et al., 2021). The currencies of advanced
economies (United States dollar, Japanese Yen, Euro) are
appreciated over the emerging economies’ currencies (OECD,
2020; AsadUllah et al. 2021). The lockdowns over this period
exacerbated the situation. The severely impacted European
nations of Italy (G7) and Spain were impacted the worst
(Dillon, 2020).

FIGURE 8 | United Kingdom (A) WC: Cases—Temperature. (B) PWC: Cases—SP | ER—Temp. (C) PWC: Cases—ER | SP—Temp.

Frontiers in Environmental Science | www.frontiersin.org October 2021 | Volume 9 | Article 77278311

Singh et al. COVID-19, ER, SMR, and Temperature

8592

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


In March 2020, the United States infections began to increase,
a similar situation can be observed right now. Earlier, the scare
induced increased cash withdrawals from banks in the
United States to tide rising uncertainty and movement
limitations. This coupled with a weakened consumption level
led to the Yen’s USD appreciation (Koichi Hamada, 2020). With
the rising cases in the current scenario, ceteris paribus, an encore
of a similar round of appreciation can be envisaged.

CONCLUSION

To investigate the relationship amongst the number of
confirmed cases of COVID-19, stock market return, currency
exchange rates, and temperature, we applied methodologies of
biwavelet and partial wavelet coherence. Lead-lag interactions
were easier to find in the time-frequency domain using the
wavelet-based technique. Additional support for the claims
presented in the paper is now provided by this study, which
incorporates the wavelet coherence approach to examine the
unpredictable repercussions of the pandemic on currency
exchange rates, temperature, and stock market returns in G7
countries.

The current research is a distinct evaluation of the economic
effect of COVID-19 in the G7 countries. The significance,
relevance, and need for such evaluation research are
accentuated by Goodell (2020) and Villarreal-Samaniego
(2020). We arrived at the following results, 1) temperature
levels and confirmed COVID-19 cases are cyclically correlated:
Indicating daily temperatures have a material bearing on
propagating the novel coronavirus in G7 nations; 2) the
noteworthy correlation at truncated frequencies shows that a
material long-term impact has been observed on exchange rates
and stock markets returns of G7 countries and confirmed
COVID-19 cases; 3) accounting for the influence of
temperature and equity market returns, a more robust co-
movement is observed between the exchange rate returns of
the respective nations and the surge in COVID-19 cases; and
4) accounting for the influence of temperature and exchange rate
returns, the increase in the confirmed number of coronavirus-
infected cases and equity returns’ co-movements are more
pronounced.

We have some important novel policy and implementation
implications to provide. Society, governments, financial
institution professionals, and individual investors are

concerned about the fiscal and economic repercussions of
the COVID-19 epidemic. The portfolio administrators must
adjust the portfolios they manage to minimize the volatility
and methodical risk of the COVID-19 spread. When
compiling a time-frequency chart of the COVID-19
outbreak, oil prices, geopolitical risk, economic
uncertainty, and the stock markets of G7, it is
demonstrated in the article written by Sharif, Aloui, and
Yarovaya (2020) that the key source of uncertainty for
United States policymakers is the likelihood of the
pandemic outbreak. To meet this global challenge,
organizations like the World Bank, the World Trade
Organization, and all national governments and their
corresponding central banks and other government
officials will need to collaborate at the national and
global level.

This paper has significant potential for future research
since it is beginning to consider the pandemic issue.
Temperature data are only gathered for the capital city of
each country, and this may not accurately represent the
country’s climate trends. Future studies will conquer this
shortcoming. For a specific set of observed motions,
substantial co-movements are usually present. The factors
that explain these co-movements are identifiable. The
findings can be applied to many microeconomic factors,
such as fiscal policy, gross domestic product (GDP)
progress, industrial production, national income, and
employment.
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In the domain of globalization, the global value chain (GVC) is formed across diverse
economies. Owing to the expansion of economic globalization and the resultant global
trade liberalization, the geographical isolation of production and consumption has resulted
in the transfer of polluting emissions from advanced economies to developing states.
Developing economies, falling in the middle and low end of the GVC, have to strive hard to
expand their production in the GVC, while simultaneously addressing the consequent
environmental damage and attending to the core environmental concerns of sustainable
growth, energy preservation and drastic cuts in CO2. This paper addresses how
manufacturing subsidiaries can improve their low-carbon innovation ability and help to
achieve a sustainable competitive advantage through the embedded GVC. Data were
gathered employing interview and survey methods, 31 manufacturing companies and 56
enterprise groups across 16 Chinese provinces were selected as the case study. A partial
least square structural equation modelling was adopted to analyse the responses. The
results indicate that the embedded GVC significantly enhances low-carbon innovation
capability and promotes a sustainable competitive advantage. This study proposes that
companies should continuously identify high-quality resources from the GVC and discover
ways of integrating internal and external carbon innovation resources to form innovation
capabilities.

Keywords: global value chain, manufacturing subsidiaries, low carbon innovation capability, sustainable
competitive advantage, trade

INTRODUCTION

The establishment of the global value chain (GVC) allows firms to minimize production costs across
the entire production system. As the GVC becomes a dominant feature of trading, the principle of
comparative advantage in trading is reflected in the various stages of production instead of “bundled”
goods and services. It is highly encouraging that the promotion of GCV embedding is more helpful to
developing economies, in comparison to the developed ones, because it enhances energy capacity and
enables the latter to minimize CO2 emissions (Sun C. et al., 2019; Polloni-Silva et al., 2021). It should
be noted that the current state of the manufacturing sector relating to GVC embedding makes up the
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most noticeable attribute of trade and investment globally. The
model of processing trade which China follows has been designed
to integrate the manufacturing industry into the GVC. On
account of its stature as the backbone of the Chinese
economy, the growth of the manufacturing industry affects all
sectors and has a huge impact on the future of the country (Tian
et al., 2018). The competitiveness of the manufacturing industry
is significantly associated with sustainable manufacturing and its
carbon efficiency in the supply chain. The awareness is on the rise
for environmental protection, based on factors such as emission
cuts and climate change (Ferraz et al., 2018, 2021; Doğan et al.,
2020; Siwiec and Pacana, 2021; Pacana et al., 2020; Shahzad et al.,
2020, 2022). In addition to the cost efficiency, network
optimization, profit maximization, risk reduction, and value-
added services, the contemporary manufacturing industries
have recently incorporated reductions in their carbon footprint
to their performance indices (Tiwari et al., 2015; Centobelli et al.,
2018).

Since the 1990s, the Chinese manufacturing sector, by virtue of
trade and investment, has achieved tremendous milestones
driven by the global manufacturing network. However, its
further premium growth has been hampered by the resulting
environmental degradation. The available data on environmental
health reveal that around 70% of the global pollution is caused by
the Chinese manufacturing sector, which produces nearly 700
million tons of environmentally-damaging waste per annum. The
Central Economic Working Conference, organized in 2014,
suggested that the capability of China to pay due attention to
the environment had been stretched to its limits and that it was
high time to search for a model that was environmentally friendly
and founded on preferences for low-carbon. At present, the
Chinese Organization of International Production has been
overhauled and a gradual shift has been witnessed towards
intra-product specialization that has transformed the
manufacturing sector into a highly complex one (Yu and Luo,
2018). The upgrading of all the production processes to
incorporate more advanced technology inevitably leads to a
major increase in costs, despite the significant reduction in
emissions. Since most enterprises are essentially profit-
oriented, the pursuit of green technology in manufacturing
processes is not of significant interest to them. Therefore, it is
high time that the pace of the innovation factor input to output
effect should be maximized; while CO2 emissions must be
minimized. The year 2018 marked the execution phase of
“made in China 2025” suggesting a win-win policy that
simultaneously attends to the protection of the environment
and also the development of the manufacturing sector.
Currently, the Chinese manufacturing sector is under stress
from both the domestic and international governments to
limit the high-end of the value chain. The recent discourse
argues that developing economies, especially China, should
strive for knowledge spillovers employing the means of foreign
direct investment (FDI), outward foreign direct investment
(OFDI), and import and export trade that are all helpful for
pro-green development (Qu et al., 2020; Shahzad et al., 2020,
2021; Wang et al., 2021). Under the “new normal” model, the
Chinese economy should enhance the quality and sustainability

of economic development in order to improve the total factor
productivity employing GVC embeddedness. For sustainable
economic development worldwide, the environmentally
friendly growth path plays a key role in minimizing the
greenhouse effect (Sun H. et al., 2019). However, most
manufacturers seek to optimize their profits and are unwilling
to manufacture low-carbon goods unless they are offered certain
incentives (Li et al., 2019). Apart from the concerns by consumers
and firms on low-carbon goods, coordination plays a key role in
the low-carbon supply chain production (Zhou et al., 2016).

The resource-based view (RBV) postulates that enterprises
possess unique physical and intangible resources that may have
exceptional potential to produce a sustainable competitive
advantage (Wernerfelt, 1984; Chahal et al., 2020; Safari and
Saleh, 2020; Shibin et al., 2020). A few studies have shown
that firms that are embedded in the GVC can gain new skills
and obtain specialized knowledge (Defraigne, 2017; Mentel and
Hajduk-Stelmachowicz, 2020). However, two major research
gaps are known to exist in literature. Firstly, although existing
studies have explored the benefits of transfer from parent
companies, the continuous subsidiary innovation capabilities
have been poorly studied in these companies (Tang et al.,
2018). Secondly, researchers have investigated the impact of
global collaborative research and development (R and D)
activities on subsequent innovation performance without
emphasizing the micro-level interactions of key associations
between the GVC and the low-carbon innovation capability
(Yu and Luo, 2018; Sun H. et al., 2019; Qu et al., 2020; Ryan
et al., 2020). To fill the existing research gap between the GVC
embedding, the low carbon innovation capability and the
sustainable competitive advantage, this study aims to achieve
three objectives based on the following: a) investigate the direct
effects of three different embedded in the GVC on the low-carbon
innovation capability and the direct effects of four different low
carbon innovation capabilities on the sustainable competitive
advantage of the subsidiaries, b) validate the mediating role of the
low-carbon technology innovation capability with embedment in
the GVC and a sustainable competitive advantage, and c) provide
a reference case study for business group managers to manage
and efficiently control the manufacturing subsidiaries, due to the
lack of research regarding globalization and low-carbon
innovation of business groups and multinational corporations
in developing countries.

LITERATURE REVIEW AND HYPOTHESES

RBV highlights the importance of building an external network
for the process of innovation (Wernerfelt, 1984; Chahal et al.,
2020; Safari and Saleh, 2020; Shibin et al., 2020). Scholars have
broken up the establishment of the GVC in the manufacturing
industry into three major types: technology, production, and
marketing (Galbraith, 1982). Pananond, (2013) identified the
link between the GVC in R and D, manufacturing, and
Original Equipment Manufacturers (OEMs) as well as in sales
and marketing from the perspective of diffusion knowledge.
Apart from the creation of value-added products, value chains
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can be divided into high value-added activities, for instance
technological R and D and marketing, as well as low value-
added activities, those involved in production assembly from the
perspective of brand marketing (Sears, 2017). Although there is a
range of value-added divisions that are embedded in the GVC of
the manufacturing industry, most of the divisions have three
common key activities, which include R and D, manufacturing,
and marketing.

Dimensions of the Embedded GVC
Associated With Low Carbon Innovation
Capability
The embedment of global low-carbon R and D is the main driving
force in business groups and their manufacturing subsidiaries to
create high value-added products. The fundamental idea of being
embedded in global low-carbon R and D is the promotion of R
and D activities in enterprises to create value in a global context.
The embedment of global low-carbon R and D for business
groups takes diverse forms, although cooperation in R and D
and the establishment of overseas R and D branches are the
primary forms (Zheng and Shi, 2017). The extent to which global
R and D is embedded depends on the level of input of the
manufacturing subsidiaries to the global R and D activities,
which include R and D funding, personnel, and patent
outputs. R and D activities are primarily associated with
technological innovation. A large amount of cutting-edge
knowledge can be accumulated to form and upgrade
technological innovation capability based on R and D
activities. R and D activities are also associated with the
system, capital, and management efficiency, in which higher
efficiency levels are thought to affect the overall capability of
innovation. Owing to globalization, scholars have emphasized
the positive effects of R and D globalization on the innovation
capability of enterprises, as well as the positive effects of the R
and D activities of multinational corporations on the
innovation capability of their host countries in
underdeveloped countries (Binz and Truffer, 2017; Mayer
and Phillips, 2017). From the perspective of global climate
change, Ockwell et al. (2015) indicated that international
cooperation in climate technology R and D can greatly
support the transfer of low-carbon technologies to
developing states for absorption into their current
technological processes. Consequently, the current study
proposes the following hypotheses:

H1. The embedment of global low-carbon R and D exerts a
positive effect on the low-carbon innovation capability of
manufacturing subsidiaries.

H1a. The embedment of global low-carbon R and D exerts a
positive effect on the low-carbon technology innovation
capability of manufacturing subsidiaries.

H1b. The embedment of global low-carbon R and D exerts a
positive effect on the low-carbon system innovation capability of
manufacturing subsidiaries.

H1c. The embedment of global low-carbon R and D exerts a
positive effect on the low-carbon management innovation
capability of manufacturing subsidiaries.

The embedment of global low-carbon manufacturing is
another important value creation activity that refers to the
process of embedding in the global production chain,
decreasing carbon emissions in the production process, and
producing more low-carbon products. The main measures
involved in this activity include low-carbon production
equipment input, advanced levels of low-carbon production
technology, and staff skills. The main mode used by
developing countries to participate in global manufacturing is
through OEMs.

Some scholars have justified the positive effect of the OEM
participation mode on the innovation ability of developing
countries (Morrison et al., 2007; Tridech and Cheng, 2011). In
the long run, the OEM is not a conducive method to enhance the
ability of independent innovation, although it is a key channel
used to acquire advanced foreign knowledge and facilitates the
improvement of the technology capability, institution, and
management innovation in developing countries. Besides, the
influx of different types of global intellectual capital has become a
driving force of innovation in the manufacturing process. From
the perspective of business groups, the business group
headquarters provide product-specific information to their
foreign subsidiaries. Hence, if the low-carbon manufacturing
level in that foreign country is worse than the host country,
these subsidiaries can become embedded in the host country
market to obtain advanced product knowledge (Chahal et al.,
2020; Safari and Saleh, 2020; Shibin et al., 2020). Therefore, the
present study proposes the following hypotheses:

H2. The embedment of global low-carbon manufacturing
exerts a positive effect on the low-carbon innovation capability
of manufacturing subsidiaries.

H2a. The embedment of global low-carbon manufacturing
exerts a positive effect on the low-carbon technology innovation
capability of manufacturing subsidiaries.

H2b. The embedment of global low-carbon manufacturing
exerts a positive effect on the low-carbon system innovation
capability of manufacturing subsidiaries.

H2c. The embedment of global low-carbon manufacturing
exerts a positive effect on the low-carbon capital innovation
capability of manufacturing subsidiaries.

H2d. The embedment of global low-carbon manufacturing
exerts a positive effect on the low-carbon management
innovation capability of manufacturing subsidiaries.

The global low-carbon marketing strategy of embedment
involves the global trading of low-carbon products, the carbon
emission reduction process, and the realization of the value of
low-carbon products. The embedment of global marketing for
innovation knowledge is primarily achieved by establishing an
overseas subsidiary in a business group. The manufacturing
subsidiaries can fully understand the needs of local consumers.
Additionally, during the process of purchasing and marketing,
manufacturing subsidiaries can obtain useful information on
advanced products in developed countries and subsequently
transfer and absorb them into the internal innovation
capability of subsidiaries. In a global environment, global
marketing strategies are dynamically impacted by technology,
systems, management and capital arrangements. Compared with
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the system and capital, the greater demand for Chinese
subsidiaries with a certain capital strength to participate in
global marketing cooperation lies in the world’s advanced low-
carbon technology and management experience. Hence,
implementing the global low-carbon marketing strategy is
required to strengthen the manufacturing subsidiary of the
technology and management innovation. Studies have shown
that marketing capabilities can help companies to identify the
right innovation direction (Zhang et al., 2017). The existing
literature offers support for a significant positive association
between marketing capability and innovation in firms
(Weerawardena, 2003; Tian et al., 2018; Sun C. et al., 2019).
Therefore, we propose the following hypotheses:

H3. The embedment of global low-carbon marketing exerts a
positive effect on the low-carbon innovation capability of
manufacturing subsidiaries.

H3a. The embedment of global low-carbon marketing exerts a
positive effect on the low-carbon technology innovation
capability of manufacturing subsidiaries.

H3b. The embedment of global low-carbon marketing exerts a
positive effect on the low-carbon management innovation
capability of manufacturing subsidiaries.

Dimensions of Low-Carbon Innovation
Capability
The RBV indicates that the core technology resources are
heterogeneous and scarce, thereby representing the basis of
independent innovation of the enterprises (Wernerfelt, 1984).
Technological innovation is called one of the major sources of
sustainable competitive advantage in the value network. For
instance, it represents the process of knowledge being used in
the flow, integration and process of new knowledge being created
and discovered. The sustainable competitive advantage of an
organization is reflected in the amount of excess profits
obtained by the organization. For instance, innovative
enterprises can get a first-mover advantage to help enterprises
obtain monopoly profits (Uyarra et al., 2016). The constituent
elements of sustainable competitive advantage are characterized
by non-repeatability, exclusivity, and specificity (Lai et al., 2017).
Technological innovation capability is related to R and D
conditions and technical levels (Dierickx and Cool, 1989). R
and D conditions and technical levels positively affect sustainable
competitive advantage, although the latter’s effect is larger. Green
technology and low-carbon technology innovation capability are
special subsidiaries of manufacturing quality resources that
significantly enhance the sustainable competitive advantage
(Liu et al., 2017). Therefore, the study proposes the following
hypothesis:

H4. The low-carbon technology innovation capability exerts a
positive effect on the sustainable competitive advantage of
manufacturing subsidiaries.

The institution refers to certain restrictions imposed by people
to determine the relationship between people. Based on the
perspectives of the system, resources, and innovation, the
sustainable competitive advantage of enterprises is derived
from the heterogeneity of resources and ability. Additionally, it

also depends on whether the behavior of the enterprise complies
with sustainable practices that originate from sustainable
institutional innovations and are recognized by the
community. Some scholars have indicated that the strategies
for a green-sustainable competitive advantage comprise three
dimensions: a strategic network structure, energy conservation,
and an environmental protection system (Stead and Stead, 2000;
Ngah et al., 2015). Institutional factors, such as low-carbon laws
and law enforcement systems, the implementation of the quality
of the contract, the implementation of the contract, and the
implementation of efficiency are more important sources of trade
comparative advantage (Timmerman et al., 2017). Therefore, this
study proposes the following hypothesis:

H5. The low-carbon system innovation capability exerts a
positive effect on the sustainable competitive advantage of
manufacturing subsidiaries.

Low-carbon capital innovation refers to the capital
arrangements for low-carbon technologies, institutions,
management, and market innovation. Low-carbon capital is a
special resource used by manufacturing subsidiaries to maintain a
sustainable competitive advantage. In addition, low-carbon
technology is capital intensive high technology. Manufacturing
subsidiaries in developing countries often limit the improvement
of low-carbon technological innovation capacity due to
restrictions in the capital. Enterprise innovation capital
includes internal and external forms such as social capital,
FDI, green capital and human capital. The effective
combination and efficient use of capital guarantees the low-
carbon sustainable competitive advantage (Chen et al., 2016).
Researchers have found a positive association between
greenhouse gas emission reduction and enterprise value.
Shareholders and investors are more likely to decrease
greenhouse gas emissions and thereby enhance the company’s
value (Nishitani and Kokubu, 2012). Therefore, this study
proposes the following hypothesis:

H6. The low-carbon capital innovation capability exerts a
positive effect on the sustainable competitive advantage of
manufacturing subsidiaries.

Management innovation is a more effective resource
integration concept that acts as the foundation for other
successful sources of innovation. To obtain a sustainable
competitive advantage for low-carbon products and
technology, companies must strengthen their management
innovation ability to manage manufacturing subsidiaries from
the perspective of strategic management (Masri and Jaaron,
2017). The effective management of innovation knowledge
positively influences the sustainable competitive advantage of
enterprises. Moreover, knowledge management is also a process
of organizational learning. In contrast to individual companies,
the manufacturing subsidiarie’s sustainable competitive
advantage resources are derived from both the internal
parent company and the external network. However, a
subsidiary must integrate resources and form an independent
innovation ability that is separate from the effective
management of internal and external knowledge
(Varadarajan, 2017). Therefore, this study proposes the
following hypothesis:
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H7. The low-carbon management innovation capability exerts
a positive effect on the sustainable competitive advantage of
manufacturing subsidiaries.

The Mediating Effect of the Low-Carbon
Innovation Capability
The resource-based theory argues that sustainable competitive
advantage resources are heterogeneous and it is difficult for them
to flow freely, thereby representing the key determinants of firm
value (Wernerfelt, 1984). The intangible resources possessed by
the enterprise are important sustainable competitive advantage
resources that are highly specific and can be utilized to create high
value for the business activities of enterprises (Barney, 1991).
Manufacturing subsidiaries have a strong relationship with key
stakeholders through embedment of the GVC, thereby helping
them to gain access to intangible resources to create a sustainable
competitive advantage and ultimately enhance their corporate
value. The low-carbon innovation capability is the key intangible
resource for manufacturing subsidiaries embedded in global low
carbon R and D, manufacturing, and marketing. These intangible
resources can produce diverse products or services at lower costs,
higher quality or gain a sustainable competitive advantage for
manufacturing subsidiaries, and resultantly enhance corporate
value. Although manufacturing subsidiaries can gain new
knowledge from the key factors embedded in the GVC, these
enterprises do not gain from innovation if they cannot effectively
reorganize the new knowledge elements and the existing
knowledge elements. The competitiveness of a global
subsidiary is defined in terms of its capability to promote in
the GVC and involve itself in higher value-adding activities (Ryan
et al., 2020). The low-carbon innovation capability is a significant
factor in enterprise innovation and a vital source of an enterprise
sustainable competitive advantage. Therefore, we propose the
following hypotheses:

H8. The low-carbon innovation capabilities play a mediating
role between embedment in the GVC and a sustainable
competitive advantage.

H8a. The low-carbon innovation capabilities play a mediating
role between embedment in global low carbon R and D and a
sustainable competitive advantage.

H8b. The low-carbon innovation capabilities play a mediating
role between embedment in global low carbon manufacturing
and a sustainable competitive advantage.

H8c. The low-carbon innovation capabilities play a mediating
role between embedment in global low carbon marketing and a
sustainable competitive advantage.

Conceptual Model
The following conceptual model (Figure 1) is proposed in this
study based on the GVC theory, innovation theory and
competitive advantage theory, combined with the above
assumptions.

RESEARCH DESIGN

Sample and Data Collection
The proposed model was tested based on a questionnaire survey
provided to senior subsidiary managers in fully owned
subsidiaries of Chinese business groups. According to the
national economic classification system, implemented by the
state in 2017, representative samples were selected from 31
manufacturing industries. Additionally, the samples were
selected from enterprise groups with more than five holding
subsidiaries in the manufacturing industry. Based on detailed and
in-depth discussions with the relevant experts and senior
management, the questionnaire draft was designed and
modified several times after a trial survey, prior to preparation
of the final draft. The raw data was collected based on a survey of

FIGURE 1 | Conceptual model of the influence of embedment in the GVC on a sustainable competitive advantage.
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60 subsidiaries from 56 Chinese business groups that were
engaged in global low-carbon R and D, manufacturing, and
marketing activities. The firms selected for the survey were
invited to answer the questionnaire based on the activities in
their respective locations individually. Reminders were sent to
the headquarters of each participating company through phone
to ensure that the senior executives completed the
questionnaires. Besides, assistance was provided if there were
any issues in answering the questions. 300 questionnaires were
distributed.

The questionnaire collection process was divided into two
stages. In the first stage, 200 questionnaires were distributed and
finally 180 valid questionnaires were received back in 2019. A
follow-up survey was carried out in 2021, 100 questionnaires were
distributed, and finally 49 valid questionnaires were received
back. By conducting these separate surveys, we were able to
obtain more information on the enterprise as well as identify
the enterprises that were more suitable for this research. One
possible reason for the lack of response from some of the
companies was that the subsidiaries could have been
withdrawn from the global market. In total, 229 valid
questionnaires were obtained, accounting for 76.3% of the
total number of questionnaires (See questionnaire in
Supplementary Material).

Definition and Measurement of Study
Dimensions
Endogenous Latent Variable
A sustainable competitive advantage can be assessed based on
four aspects consisting of; price/cost, quality, product innovation,
and time-to-market (Li et al., 2006). A sustainable competitive
advantage may be described as the situation when an
organization creates a defensible position over its competitors,
in which the four aspects mentioned above were included and
measured on a 5-point Likert’s scale (1—very inconsistent;
2—not consistent; 3—basically consistent; 4—more consistent;
5—very consistent), thus providing the construct of a sustainable
competitive advantage.

Exogenous Latent Variables
This study defines embedment in the GVC as the high value-
added creation activity of global low-carbon R and D,
manufacturing, and marketing to improve the low-carbon
innovation capabilities of manufacturing subsidiaries. For the
case studies involving the Chinese business groups, all the
components of these Chinese manufacturing subsidiaries were
highly embedded in the GVC, particularly in low-carbon R and
D, manufacturing, and marketing activities (Bi et al., 2016).
Therefore, the GVC framework was integrated as the
analytical framework into this study to explore low-carbon
technological innovation activities, based on embedment in the
GVC, in three components: global low-carbon R and D, low-
carbon manufacturing, and low-carbon marketing. In this study,
12 items were used to measure the embedment in the GVC of
global low-carbon R and D, low-carbon manufacturing, and low-
carbon marketing on a 5-point Likert’s scale (1—very

inconsistent; 2—not consistent; 3—basically consistent;
4—more consistent; 5—very consistent).

The four dimensions of low-carbon innovation capabilities
include low-carbon technology innovation capability, low-carbon
system innovation capability, low-carbon capital innovation
capability, and low-carbon management innovation capability.
This study defines low-carbon innovation capabilities as the
ability for manufacturing subsidiaries to integrate domestic
and foreign resources as an intangible asset that helps to
enhance their sustainable competitive advantage. In total, 15
items were used to measure the low-carbon innovation
capabilities on a 5-point Likert’s scale (1—very inconsistent;
2—not consistent; 3—basically consistent; 4—more consistent;
5—very consistent). Table 1 shows the Index system and its
sources of influence of embedment in the GVC on the sustainable
competitive advantage for Chinese manufacturing subsidiaries.

RESULTS AND DISCUSSION

The hypotheses outlined in this study were examined using
structural equation modelling (SEM). SEM was employed to
analyze complex, causal relationships among the multiple
variables present in this study and evaluate their associations
with the proposed model. Hence, the SEM method rendered the
realization of both analytical objectives, unlike other analytical
methods, such as regression analysis (Fornell and Larcker, 1981).
Nevertheless, it is difficult to model type 2 higher-order variables
with covariance-based SEM. Therefore, the component-based
SEM method, known as Partial Least Squares (PLS), was also
employed to achieve the study objectives. PLS is a more suitable
technique compared to covariance-based SEM, particularly if a
prediction outcome is required. Additionally, for the analysis of a
complex model, such as the one proposed in this study, the PLS
approach requires a significantly smaller sample size as opposed
to covariance-based SEM, furthermore, it could deal equally with
the formative and reflective indicators of latent variables, requires
minimum measurement scales and the data are required to be
normally scattered.

Descriptive Statistics
Regional Distribution of the Samples
Using the list of China’s top 500 manufacturing enterprise groups
in 2020, a sample of subsidiaries was selected. Figure 2 shows the
regional distribution of the sample. The samples are concentrated
in the Bohai economic circle, the Yangtze River Delta and the
Pearl River Delta, indicating that the manufacturing industry in
the eastern coastal areas is highly concentrated and participates in
the GVC.

Industry Distribution of the Samples
According to China’s national economy (GB/T 4754-2017), the
distribution of subsidiary samples in 31 manufacturing sub-
industries was counted. Figure 3 shows the statistical results.
From the distribution results, the respondents in food, furniture,
pharmaceutical, and automobile manufacturing responded
positively, indicating that these industries have a relatively
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high participation in the GVC and high demands to improve the
sustainable competitive advantage.

Information Statistics of Respondents
Although this study focuses on the GVC, it required input
from individual participants representing their respective
companies. In this respect, the views of supply chain
managers and environmental specialists were considered.
Different organizations have varied job titles for these
roles, which are mentioned in Table 2. Figure 4 shows that

39.30% of the respondents were from grassroots management
and 20.09% from the low-carbon technology R and D
department.

Evaluation of the Measurement Model
Reliability and Validity Test
To obtain stable results, the reliability and validity tests of the
questionnaire was first performed. The reliability tests employed
in the current study were the Cronbach’s alpha coefficient, which
is recognized internationally, as well as the composite reliability

TABLE 1 | Index system of variables and its sources.

Latent variables Observed variables Items source

Z1 embedded in global low-carbon R
and D

Z11 Global low-carbon R and D personnel input level in manufacturing subsidiaries Balachandra and Friar, (1997); Hu et al.
(2021)

Z12 Global low-carbon R and D capital input level in manufacturing subsidiaries Balachandra and Friar, (1997)
Z13 Global low-carbon R and D patent numbers in manufacturing subsidiaries Lai et al. (2017)
Z14 Low-carbon R and D equipment of an advanced degree in manufacturing
subsidiaries

Castellani and Zanfei, (2007)

Z2 embedded in global-low carbon
manufacturing

Z21 Global low-carbon production equipment input level in manufacturing
subsidiaries

Pietrobelli and Rabellotti, (2011)

Z22 Global low-carbon production equipment of an advanced degree in
manufacturing subsidiaries

Bi et al. (2016); Tian et al. (2019)

Z23 Global low-carbon production - overall quality of staff in manufacturing
subsidiaries

Bi et al. (2016)

Z24 Global low-carbon manufacturing technology level in manufacturing
subsidiaries

Balachandra and Friar, (1997)

Z3 embedded in global-low carbon
marketing

Z31 Global low-carbon marketing personnel input level in manufacturing
subsidiaries

Balachandra and Friar, (1997); Wu et al.
(2010)

Z32 Global low-carbon marketing capital input level in manufacturing subsidiaries Hirsch-Kreinsen, (2011)
Z33 The international market degree of low-carbon products in manufacturing
subsidiaries

Bi et al. (2015)

Z34 International brand influence of low-carbon products in manufacturing
subsidiaries

Higgins et al. (2012)

Z4 Low-carbon technology innovation
capability

Z41 Low-carbon technology introduction capacity in manufacturing subsidiaries Bi et al. (2015); Liu et al. (2017)
Z42 Low-carbon technology transformation capacity in manufacturing subsidiaries Castellani and Zanfei, (2007)
Z43 Low-carbon technology secondary innovation in manufacturing subsidiaries Pietrobelli and Rabellotti, (2011)
Z44 Low-carbon technology independent innovation in manufacturing subsidiaries Bi et al. (2015)

Z5 Low-carbon system innovation
capability

Z51 Low-carbon system imitative capability in manufacturing subsidiaries Pietrobelli and Rabellotti, (2011)
Z52 Low-carbon system transplantation capability in manufacturing subsidiaries Pietrobelli and Rabellotti, (2011)
Z53 Low-carbon system reconstructing capability in manufacturing subsidiaries Pietrobelli and Rabellotti, (2011)
Z54 Low-carbon system executive capability in manufacturing subsidiaries Pietrobelli and Rabellotti, (2011)

Z6 Low-carbon capital innovation
capability

Z61 Low-carbon technology capital innovation capability in manufacturing
subsidiaries

Pietrobelli and Rabellotti, (2011)

Z62 Low-carbon system capital innovation capability in manufacturing subsidiaries Hall and Bagchi-Sen, (2002)
Z63 Low-carbon management capital innovation capability in manufacturing
subsidiaries

Morrison et al. (2007); Bi et al. (2015)

Z64 Low-carbon market capital innovation capability in manufacturing subsidiaries Defraigne, (2017)

Z7 Low-carbon management innovation
capability

Z71 Low-carbon management innovation input capability in manufacturing
subsidiaries

Landsperger and Spieth, (2011)

Z72 Low-carbon management innovation transfer capability in manufacturing
subsidiaries

Landsperger and Spieth, (2011)

Z73 Low-carbon management innovation output capability in manufacturing
subsidiaries

Landsperger and Spieth, (2011)

Z8 sustainable competitive advantage Z81 Low-carbon product price/cost advantage in manufacturing subsidiaries Barney, (1991); Li et al. (2006)
Z82 Low-carbon product quality advantage in manufacturing subsidiaries Kumar and Motwani, (1995); Li et al.

(2006)
Z83 Low-carbon product innovation advantage in manufacturing subsidiaries Ngah et al. (2015); Ryan et al. (2020)
Z84 Low-carbon product time to market advantage in manufacturing subsidiaries Chen et al. (2016)
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(CR) test. The Cronbach (Coefficient) Alpha is the most widely
used method for estimating internal consistency. The Coefficient
Alpha assumes: i) unidemsionality, and that ii) items are equally
related to the construct, therefore, interchangeable. In practice,
this means that Alpha assumes factor loadings to be the same for
all items. Composite reliability does not assume this but takes into
consideration the varying factor loadings of the items. Based on

the internal consistency method, the Cronbach’s alpha coefficient
and CR values higher than 0.7 indicate that the questionnaire has
good reliability (Peterson, 1994; Cho and Kim, 2015).

Table 3 reveals that the values obtained for Cronbach’s alpha
coefficient and CR were more than 0.7, thereby confirming the
construct reliability. Both convergent and discriminant validity
are called the subtypes of construct validity. Their individual

FIGURE 2 | Regional distribution statistics of samples. Note: BREC � Bohai Rim Economic Circle; YRD � Yangtze River Delta; PRD � Pearl River Delta.

FIGURE 3 | Industry distribution statistics and No. of samples. Source: http://www.stats.gov.cn/tjsj/tjbz/hyflbz/201710/t20171012_1541679.html.
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function is insufficient to establish construct validity; while their
combination proves the presence of construct validity. To test the
measurement of themodel’s convergent validity and discriminant
validity, the cross factor loading coefficient and average variance
extracted (AVE) were applied to the SEM. Typically, factor
loading coefficient values of variables that were more than 0.7
and AVE values more than 0.5 indicated that the measured
variables could effectively describe the latent variables, thereby
achieving a good convergent validity (Peterson, 1994; Cho and
Kim, 2015). Additionally, if the factor loading coefficient of the
latent variables for the measured indicators were higher than the
other measured indicators and the AVE values were higher than
all the correlation coefficient square of the other measured
indicators of the latent variables, each variable in the model is
considered to have good discriminant validity. As Table 3
exhibits, the factor loading coefficient of the measured
variables and the AVE values in the proposed model were
more than 0.7 and 0.5, respectively, thereby showing that the
latent variables have good convergent validity. Table 4 also
reveals that the square root of AVE was higher than the
correlation coefficient for all the other measured indicators of
the latent variables. These results show that each variable in the
research model has good discrimination validity.

Collinearity Test
The SEM method and hypothesis testing were analysed using
SmartPLS 3.3 and SPSS 22 software. Table 5 displays the values
for the factor loading for the reliability and validity analyses,
thereby affirming that SEM can be performed to evaluate the
influence path analyses. The variance inflation factor (VIF) value
was computed to identify the presence of multicollinearity in the
structural model. The maximum computed VIF value was 2.242
(Table 6), indicating that multicollinearity was not an issue at
the structural model level (Wooldridge, 2003; Rafique et al.,
2020).

Evaluation of the Structural Model
An effective sample size of 229 observations was evaluated for the
proposed structural model, in which a significant correlation was
observed between the unconsidered dimensions. The results of
the standardized path coefficients between latent variables are
represented as a diagram of the measurement results for the
structural equation model. The value of the estimation method of
PLS, R2, was used to illustrate the ability of the structural equation
model. These values explain the extent of the other latent
variables in relation to the endogenous latent variables,
thereby indicating the model’s predictive ability.

TABLE 2 | Information statistics of respondents.

Respondent information Frequency Relative frequency (%)

Department Strategic management department 25 10.92
Low-carbon technology R and D department 46 20.09
Low-carbon product manufacturing department 35 15.28
International marketing department of low-carbon products 39 17.03
After-sales service department of low-carbon products 21 9.17
Environmental protection department 24 10.48
International business department 19 8.30
Investment and financing department 20 8.73

Management level Senior management 67 29.26
Middle manager 72 31.44
Grassroots management 90 39.30

Note: the total number of samples is 229.

FIGURE 4 | Department source and management level distribution of respondents.
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As demonstrated in Figure 5, the proposed model describes the
variances for low-carbon technology innovation capability (52.5%),
low-carbon system innovation capability (26.2%), low-carbon capital
innovation capability (32.4%), and low-carbon management
innovation capability (36.4%), thereby indicating that embedment
in the GVC can predict the low-carbon innovation capability of
manufacturing subsidiaries. The model also shows the variance for

the sustainable competitive advantage (35.9%), indicating that low-
carbon innovation capability can predict the sustainable competitive
advantage of manufacturing subsidiaries.

Hypotheses Testing
The PLS method and bootstrapping method were used to test the
direct effect and indirect effect of H1 to H8 by estimating the path
coefficients, T statistic and p value. The significance of the effect
was tested at the significance levels of 0.1, 0.05, and 0.01. Tables 7,
8 exhibit the testing results.

Direct Effect Testing
As shown in Table 7, there is sufficient evidence from the
results to indicate that the network management functions
directly improve the low innovation capability of
manufacturing subsidiaries. The path coefficients of the
low-carbon technology innovation capability, low-carbon
system innovation capability and low-carbon management
innovation capability under the influence of embedment in
global low-carbon R and D are 0.487, 0.290 and 0.212,
respectively.

TABLE 3 | The reliability and validity test of the measurement model.

Latent variables Observed variables Factor loadings Cronbach’s alpha
coefficient

Composite
reliability

Average variance
extracted

Z1 Z11 0.702 0.805 0.873 0.634
Z12 0.819
Z13 0.839
Z14 0.816

Z2 Z21 0.829 0.871 0.912 0.721
Z22 0.855
Z23 0.865
Z24 0.846

Z3 Z31 0.780 0.821 0.882 0.651
Z32 0.838
Z33 0.808
Z34 0.800

Z4 Z41 0.844 0.824 0.883 0.655
Z42 0.845
Z43 0.816
Z44 0.727

Z5 Z51 0.729 0.790 0.864 0.614
Z52 0.744
Z53 0.816
Z54 0.841

Z6 Z61 0.829 0.843 0.895 0.680
Z62 0.863
Z63 0.789
Z64 0.816

Z7 Z71 0.862 0.843 0.905 0.762
Z72 0.878
Z73 0.877

Z8 Z81 0.704 0.756 0.846 0.580
Z82 0.876
Z83 0.745
Z84 0.709

TABLE 4 | Correlation coefficient between latent variables.

Latent
variables

Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8

Z1 0.796 - - - - - - -
Z2 0.273 0.849 - - - - - -
Z3 0.538 0.326 0.807 - - - - -
Z4 0.662 0.400 0.553 0.809 - - - -
Z5 0.385 0.429 0.333 0.271 0.784 - - -
Z6 0.173 0.570 0.163 0.184 0.258 0.825 - -
Z7 0.421 0.499 0.435 0.463 0.371 0.496 0.873 -
Z8 0.445 0.466 0.407 0.376 0.446 0.380 0.490 0.762

Note: The digital of the diagonal represents the square root of AVE.
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At a significance level of 0.01, the three path coefficients are
significant, so, H1a, H1b and H1c are accepted. These results
indicate that embedment in global low carbon R and D exerts a
positive impact on the improvement of the low-carbon
innovation capability of manufacturing subsidiaries, and has
the most significant effect on the improvement of the low-
carbon technology innovation ability. At the same time,
embedment in global low-carbon R and D links can promote
subsidiaries to innovate low-carbon management and the low-
carbon system around global R and D activities.

This study confirms the view that an increase in the GVC
embedding position significantly improves green technology
innovation efficiency, and there is industry heterogeneity
characterized by pollution intensity and factor density (Hu
et al., 2021). The acquisition of overseas high-tech enterprises
and the establishment of overseas R and D centers are the main
modes for Chinese manufacturing enterprise groups to
participate in global R and D cooperation and improve their
technological innovation ability. For example, after Haier Group
set up its R and D center in the United States, it improved the
technological innovation ability of energy saving and
consumption reduction of household appliances.

Still in Table 7, the path coefficients of the low-carbon
technology innovation capability, low-carbon system
innovation capability, low-carbon capital innovation
capability, and low-carbon management innovation

capability under the influence of embedment in global low
carbon manufacturing are 0.193, 0.350, 0.570 and 0.376
respectively. At a significance level of 0.01, the test results
support H2a, H2b, H2c, and H2d, which shows that
embedment in global low-carbon manufacturing links can
directly promote the improvement of the low-carbon
innovation capability of Chinese subsidiaries. Building
factories and producing low-carbon products worldwide,
Chinese enterprise groups need to make great innovations
in their investment and financing modes and scale. By
obtaining domestic financing and attracting external
investment, their capital innovation ability will be greatly
improved. In this sense, participating in global
manufacturing has the most significant effect on the
improvement of the low-carbon capital innovation ability
of Chinese manufacturing subsidiaries.

For H3, engagement in global-low carbon marketing exerts
a positively-oriented impact on the improvement of the low-
carbon innovation capability in manufacturing subsidiaries.
The direct effect of embedment in global low-carbon
marketing on the low-carbon technology innovation
capability and low-carbon management innovation
capability are 0.228 and 0.119 respectively. At a
significance level of 0.01, H3a, and H3b passed the test. Li
et al. (2020) found that establishing the GVC can improve the
export technical complexity of the equipment-manufacturing
industry, and with the promotion of domestic openness and
industry R and D investment conditions, this improvement is
likely to be healthy. Through interviews with executives of
Chinese business groups and its subsidiaries, it was found
that in order to improve the companie’s overseas low carbon
products and technology marketing activities, the companies
were strengthening their marketing management
innovations. The test results are in line with reality.

The direct effect of the low-carbon technology innovation
capability, low-carbon system innovation capability, low-
carbon capital innovation capability, and low-carbon
management innovation capability on sustainable
competitive advantage are 0.165, 0.274, 0.165, and 0.230

TABLE 5 | Crossover factor load factor between the metrics.

Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8

Z11 0.702 0.202 0.340 0.463 0.338 0.134 0.266 0.380
Z12 0.819 0.166 0.482 0.509 0.292 0.128 0.331 0.295
Z13 0.839 0.204 0.445 0.571 0.302 0.135 0.370 0.373
Z14 0.816 0.291 0.440 0.557 0.301 0.152 0.366 0.372
Z21 0.251 0.829 0.273 0.299 0.340 0.500 0.397 0.387
Z22 0.236 0.855 0.235 0.314 0.379 0.501 0.434 0.366
Z23 0.247 0.865 0.317 0.418 0.373 0.465 0.448 0.446
Z24 0.191 0.846 0.282 0.323 0.364 0.469 0.413 0.380
Z31 0.396 0.233 0.780 0.426 0.243 0.103 0.349 0.283
Z32 0.405 0.256 0.838 0.439 0.292 0.103 0.305 0.351
Z33 0.466 0.258 0.808 0.483 0.265 0.149 0.347 0.316
Z34 0.462 0.304 0.800 0.432 0.274 0.167 0.399 0.360
Z41 0.633 0.398 0.485 0.844 0.266 0.155 0.405 0.374
Z42 0.540 0.311 0.493 0.845 0.203 0.203 0.390 0.247
Z43 0.507 0.322 0.406 0.816 0.213 0.152 0.311 0.275
Z44 0.439 0.244 0.395 0.727 0.186 0.077 0.390 0.309
Z51 0.220 0.342 0.184 0.119 0.729 0.172 0.218 0.274
Z52 0.331 0.291 0.244 0.250 0.744 0.206 0.265 0.397
Z53 0.280 0.438 0.286 0.252 0.816 0.262 0.374 0.322
Z54 0.365 0.279 0.316 0.213 0.841 0.165 0.293 0.395
Z61 0.177 0.450 0.132 0.151 0.221 0.829 0.387 0.312
Z62 0.139 0.492 0.138 0.175 0.210 0.863 0.412 0.339
Z63 0.084 0.419 0.132 0.099 0.194 0.789 0.331 0.260
Z64 0.163 0.508 0.137 0.172 0.225 0.816 0.492 0.334
Z71 0.362 0.409 0.363 0.372 0.280 0.466 0.862 0.462
Z72 0.364 0.419 0.401 0.375 0.362 0.398 0.878 0.406
Z73 0.377 0.477 0.376 0.463 0.329 0.434 0.877 0.414
Z81 0.258 0.362 0.263 0.271 0.280 0.224 0.311 0.704
Z82 0.391 0.384 0.388 0.339 0.376 0.340 0.477 0.876
Z83 0.340 0.294 0.270 0.275 0.398 0.249 0.349 0.745
Z84 0.355 0.388 0.305 0.253 0.296 0.336 0.332 0.709

TABLE 6 | VIF value.

Observed variables VIF 1/VIF Observed variables VIF 1/VIF

Z11 1.364 0.733 Z51 1.556 0.643
Z12 1.935 0.517 Z52 1.404 0.712
Z13 2.022 0.495 Z53 1.773 0.564
Z14 1.711 0.584 Z54 2.020 0.495
Z21 1.960 0.510 Z61 1.944 0.514
Z22 2.163 0.462 Z62 2.153 0.465
Z23 2.242 0.446 Z63 1.740 0.575
Z24 2.102 0.476 Z64 1.724 0.580
Z31 1.641 0.609 Z71 1.895 0.528
Z32 2.022 0.494 Z72 2.125 0.471
Z33 1.723 0.580 Z73 2.051 0.488
Z34 1.639 0.610 Z81 1.393 0.718
Z41 1.804 0.554 Z82 2.094 0.478
Z42 2.067 0.484 Z83 1.611 0.621
Z43 1.897 0.527 Z84 1.430 0.699
Z44 1.447 0.691
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respectively. At a significance level of 0.05, H4 and H6 are
accepted. At a significance level of 0.01, H5 and H7 are
accepted. All four hypotheses passed the significance test.
The test results suggest a positive association between the

low-carbon innovation capability and the sustainable
competitive advantage of manufacturing subsidiaries. The
management of a subsidiary can purposely follow a strategy
to move to such a position in the multi-business MNE as a
GVC joint coordinator for a product category. This strategy is
likely to attain this position by leveraging its comprehensive
innovation abilities to assume more effective control on the
business group’s GVC governance. Within the MNE, this
position of higher eminence for the subsidiary expands its
internal advantage (Ryan et al., 2020).

Mediating Effect Testing
The step-by-step regression beta coefficient method, involving
three steps, was used to test themediating effect. The first step was
to test the significance of the overall effect of exogenous latent
variables on endogenous latent variables. The second step was to
test the significance of the direct effect of exogenous latent
variables on intermediary endogenous latent variables and of
intermediary exogenous latent variables on exogenous latent
variables. The third step was to test whether the coefficient or
significance of the main effect is reduced after adding the
mediating endogenous latent variables (Baron and Kenny, 1986).

FIGURE 5 | PLS-SEM estimation results.

TABLE 7 | Path coefficient with mediating variables and significance test results.

Paths Paths
beta (β) coefficient

T Statistic p Value Test results

Z1→Z4 0.487 7.844 0.000 accepted
Z1→Z5 0.290 4.522 0.000 accepted
Z1→Z7 0.212 2.920 0.004 accepted
Z2→Z4 0.193 3.759 0.000 accepted
Z2→Z5 0.350 5.471 0.000 accepted
Z2→Z6 0.570 10.410 0.000 accepted
Z2→Z7 0.376 5.785 0.000 accepted
Z3→Z4 0.228 3.082 0.002 accepted
Z3→Z7 0.199 2.833 0.005 accepted
Z4→Z8 0.165 2.567 0.010 accepted
Z5→Z8 0.274 4.393 0.000 accepted
Z6→Z8 0.165 2.453 0.014 accepted
Z7→Z8 0.230 2.897 0.004 accepted
Z1→Z8 0.208 4.810 0.000 accepted
Z2→Z8 0.308 7.830 0.000 accepted
Z3→Z8 0.083 2.926 0.003 accepted
Z1→Z4→Z8 0.080 2.293 0.022 accepted
Z2→Z4→Z8 0.032 2.164 0.031 accepted
Z3→Z4→Z8 0.038 1.953 0.051 accepted
Z1→Z5→Z8 0.079 3.301 0.001 accepted
Z2→Z5→Z8 0.096 2.949 0.003 accepted
Z2→Z6→Z8 0.094 2.278 0.023 accepted
Z1→Z7→Z8 0.049 2.024 0.043 accepted
Z2→Z7→Z8 0.087 2.510 0.012 accepted
Z3→Z7→Z8 0.046 1.866 0.062 accepted

TABLE 8 | Path coefficient excluding mediating variables and significance test
result.

Paths Paths
beta (β) coefficient

T Statistic p Value Test results

Z1→Z8 0.277 3.764 0.000 accepted
Z2→Z8 0.347 5.846 0.000 accepted
Z3→Z8 0.148 1.865 0.062 accepted
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Firstly, we tested the total effect of embedment in the GVC on
the sustainable competitive advantage in the original model by
deleting the mediating variables, building a new model, and testing
the coefficient and significance. In Table 8, the direct effect
regression beta coefficients of embedment in global low-carbon
R and D, embedment in global low-carbon manufacturing and
embedment in global low-carbon marketing on the sustainable
competitive advantage for Chinese manufacturing subsidiaries are
0.277, 0.347, and 0.148. At a significance level of 0.01, embedment
in global low-carbon R and D and embedment in global low-
carbon manufacturing have significant impacts on the sustainable
competitive advantage. At a significance level of 0.1, embedment in
global low-carbon marketing has a significant impact on the
sustainable competitive advantage. The outbreak of global
COVID-19 is both a challenge and an opportunity for China’s
manufacturing industry. However, China’s effective control
measures against COVID-19 have played a catalytic role in
China’s commodity exports, which helps Chinese subsidiaries to
establish or enhance their sustainable competitive advantages
globally. For example, an electronics company affiliated with
Haier Group took the opportunity to expand the global sales of
low-energy household appliances and expand the global market
share. These study findings tally with the real situation of the global
R and D, production and marketing of Chinese subsidiaries.

Secondly, we tested the significance of the direct effect of
embedment in the GVC on the low-carbon innovation capability,
and low-carbon innovation capability on the sustainable
competitive advantage. In the above results, the significance of
these two effects has been verified.

Thirdly, we tested whether the coefficient or significance of the
main effect is reduced after adding the mediating variables. In
Table 7, at a significance level of 0.01, the indirect path coefficient
of embedment in global low-carbon R and D on the sustainable
competitive advantage is 0.208, lower than the main effect path
coefficient (0.277) excluding mediating variables, the low-carbon
innovation capability, which indicates that the mediating effect is
significant, H8a is accepted. The result indicates that the low-
carbon innovation capability partially mediates the relation
between embedment in global low carbon R and D and the
sustainable competitive advantage. For H8b, at a significance level
of 0.01, the indirect path coefficient of embedment in global low-
carbon manufacturing on the sustainable competitive advantage
is 0.308, and the mediating effect is significant, therefore H8b is
accepted. The indirect path coefficient is lower than the main
effect path coefficient (0.347) excluding mediating variables,
which indicates that the low-carbon innovation capability
partially mediates the relation between global low-carbon
manufacturing and the sustainable competitive advantage. For
H8c, at a significance level of 0.01, the indirect path coefficient of
embedment in global low-carbon marketing on the sustainable
competitive advantage is 0.083, the mediating effect is significant,
lower than the main effect path coefficient (0.148) excluding
mediating variables, which reveals that the low-carbon
innovation capability partially mediates the relation between
global-low carbon marketing and the sustainable competitive
advantage, hence H8c is accepted. Overall, the low-carbon
innovation capabilities partially mediate between embedment

in the GVC and the sustainable competitive advantage. In
other words, the role of embedment in the GVC in improving
the sustainable competitive advantage of Chinese Enterprise
Group’s subsidiaries is partly realized through the
improvement of their own low-carbon innovation ability. Park
(2021) showed that the establishment of local innovation has
played a certain role in the participation of African countries in
global logistics marketing and the establishment of a competitive
advantage. Our research conclusion further confirms this view.

About specific mediating effects, in Table 7, firstly, the three
indirect path coefficients of the low-carbon technology innovation
capability are 0.080, 0.032, and 0.038, at a significance level of 0.1,
where themediating effect of the low carbon technology innovation
capability is significant. Secondly, the two indirect path coefficients
of the low-carbon system innovation capability are 0.079 and 0.096,
at a significance level of 0.01, where the mediating effect of the low-
carbon system innovation capability is significant. Thirdly, the
indirect path coefficients of the low-carbon capital innovation
capability are 0.094, at a significance level of 0.01, where the
mediating effect of the low-carbon capital innovation capability
between embedment in global low carbon manufacturing and the
sustainable competitive advantage is significant. Fourthly, the three
indirect path coefficients of the low-carbon technology innovation
capability are 0.049, 0.087, and 0.046, at a significance level of 0.1,
where the mediating effect of the low-carbon management
innovation capability between embedment in the GVC and the
sustainable competitive advantage is significant.

CONCLUSION

The major objective of this paper was to investigate how
embedment in the GVC in manufacturing subsidiaries can
be used to foster a sustainable competitive advantage. In light
of the available literature, we hypothesized that embedment in
the GVC contributes to the improvement of the low-carbon
innovation capability in Chinese manufacturing subsidiaries.
Additionally, the low-carbon innovation capability fostered a
sustainable competitive advantage and the impact of
embedment in the GVC on the sustainable competitive
advantage is mediated by the low-carbon innovation
capability improvement. Three significant findings were
identified based on the results of this empirical study.
Firstly, this study provides sufficient evidence to support
the notion that embedment in the GVC significantly
enhances the low-carbon innovation capability through
global cooperation. In a study by (Landsperger and Spieth,
2011), the authors noted that the successful embedment of
global low-carbon R and D, manufacturing, and marketing led
to an increase in the low-carbon innovation capabilities.
Secondly, the results indicate that an improvement in the
low-carbon innovation capability has a considerable impact
on the fostering of a sustainable competitive advantage and
support for low-carbon technology, system, capital, and
management innovation capability, as indicated by Uyarra
et al. (2016) and Sears, (2017). Thirdly, the results obtained in
this study confirm that the low-carbon innovation capabilities
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significantly mediated the positive effect of embedment in the
GVC on the sustainable competitive advantage of Chinese
manufacturing subsidiaries.

The outcomes of this study provide several significant
contributions to the existing literature. Firstly, this study focuses
on global low-carbon R and D, manufacturing and marketing in the
GVC, thereby expanding the scope of the GVC theory beyond low-
carbon initiatives. Secondly, innovation capacity is an important
resource for enterprises, especially for manufacturing subsidiaries.
The resource based theory suggests that sustainable competitive
advantage resources are heterogeneous and it is difficult for them to
flow freely, thereby representing the key determinants of firm value
(Wernerfelt, 1984). Our results support this theory from the low-
carbon technology standpoint and institutional, capital and
managerial innovation capabilities, where the theory of
innovation is further extended beyond the low-carbon innovation
view point. Thirdly, Potter’s competitive advantage theory proposes
a model of international competition that emphasizes four country
specific determinants and two types of external forces. This study
verified the importance of three external international resources and
four internal innovation resources for the sustainable competitive
advantage of manufacturing subsidiaries.

This study also highlights some important managerial
implications that should be addressed. The manufacturing
subsidiarie’s capability to achieve a sustainable competitive
advantage represents a significant asset when developing
innovations. The findings reveal that a thorough evaluation of
the company’s innovation resources to identify potential positions
for the GVC is highly advisable. Therefore, companies should
continuously identify high-quality resources from the GVC and
discover ways of integrating internal and external carbon
innovation resources to form innovation capability. Besides,
companies should also analyze the cost issues of transforming
the low-carbon innovation capability into a competitive advantage
and evaluate the consistency of their low-carbon innovation
strategy with the parent company. The findings can be used to
facilitate manufacturing subsidiaries in increasing their sustainable
competitive advantage and consequently supporting their
capability to utilize external knowledge and insights from
embedment in the GVC. Hence, it is evident that low-carbon
innovation resources play the role of a sustainable competitive
advantage for manufacturing subsidiaries.

Nevertheless, this study has certain limitations. This study did
not utilize the number of patents as a measurement of innovation
because of their non-availability. Further research should be
performed to recognize the effects of innovation on the
companie’s low-carbon technology innovation capability as
there is a significant gap in existing literature. Besides, the
association between the global innovation activities of business

groups and the low-carbon innovation performance of
subsidiaries should be investigated. This study serves as an
initial platform for discovering the impact of embedment in
the GVC on a sustainable competitive advantage, and can be
utilized to promote further research efforts using cases from
other organizational domains and countries. Survey studies
based on specific key indicators may be designed for future
research.
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Assessing the Role of Environmental
Expenditures and Green Transport in
Emissions Released by Transport: An
Application of ARDL Approach
Zahid Hussain1, Cuifen Miao2, Weitu Zhang1, Muhammad Kaleem Khan3 and Zhiqing Xia1*

1School of Finance, Qilu University of Technology (Shandong Academy of Sciences), Jinan, China, 2National Institute of
International Strategy, Chinese Academy of Social Sciences, Beijing, China, 3School of Economics and Management, East China
Jiao tong University, Nanchang, China

This study investigates the effects of transport and environmental factors on transport
carbon dioxide emissions (TCO2). It employs cross-sectional autoregressive distributed
lags for the estimation in the short and long runs and examines the panel time-series data
from 2000 to 2020 in the OECD countries. This method allows heterogeneity in the
dependencies and slope parameters across the countries. The results demonstrate that
road and railway traffic movements increase the amount of TCO2 in the short and long
runs. In addition, transport energy consumption is the driving factor in releasing TCO2 in
the long run. Moreover, the joint effect of locomotives and transport energy consumption
significantly reduces TCO2 in the short run. By contrast, the findings support the argument
that environmental expenditures and green transport mitigate TCO2 in the long run. The
findings also show an inverted u-shaped relationship between TCO2 and transport energy
consumption. With the empirical findings as a basis, we suggest that the OECD countries
should reduce traffic movements and enhance the environmental expenditures so that
they may produce green transport vehicles to combat environmental issues.

Keywords: traffic, transport energy consumption, environmental expenditures, green transport, OECD

INTRODUCTION

The transport sector has gained great attention owing to concern over environment quality.
Environment quality is deteriorating because of carbon dioxide (CO2) emissions, the most
critical challenge for countries (Ahmad et al., 2021). The transport sector is a major contributor
to CO2 emissions, accounting for approximately 23% (Seum et al., 2020; Churchill et al., 2021; Sohail
et al., 2021). Globally, CO2 emissions from the transport sector will increase to nearly 60% by 2050 in
the absence of effective mitigation measures (ITF, 2019). IEA (2019) also reports that approximately
one-third of global CO2 emissions are from the transport sector. Several economic activities such as
wide-range development of transport infrastructure, traffic movement of vehicles, population
growth, and economic growth have enhanced demand for transport vehicles, which indicate
critical threats to sustainable development.

The transport energy consumption in the OECD countries is projected to reach an average rate of
1.2% from 2012 to 2040. Nevertheless, the patterns of transport energy consumption in the OECD
countries are well established with vehicle efficiency improvements (Conti et al., 2016). Energy is the
most important factor for economic development, particularly in the transport sector (movement of
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passengers and freights), and the prime reason for environment
deterioration. The association between transport, energy use,
environment and economic development has been considered
a debatable topic in the current century (Mehmood 2021; Habib
et al., 2021; Tan et al., 2021).

Traffic movements are also creating challenges for the
transport sector and the environment. The passenger- and
freight-intensive movements resulted in trillion trips per
annum, which increase the demand for locomotives (vehicles).
These movements and locomotives substantially contribute to
CO2 emissions (Hadavi et al., 2020). Verlinghieri. (2020) argues
that traffic movements indirectly affect CO2 emissions through
the usage of road and railway locomotives. Likewise, Heinold.
(2020) asserts that road and railway locomotives produce a
substantial amount of CO2 emissions through energy
consumption.

Considerable literature examines the different scenarios of
transport modes with regard to CO2 emissions. We seek to
answer the following questions: What is the effect of traffic
movements and transport energy consumption on CO2

emissions? Do green transport and environmental
expenditures affect CO2 emissions?

This study concentrates on the OECD countries for a number
of several reasons. First, the OECD countries are high-income
economies that significantly contribute to the global economy,
with approximately 42.8% of GDP at purchasing power parity.
Second, the OECD countries are responsible for producing CO2

emissions, and their transport energy consumption increases at
an average rate of 1.4% per annum (from 104 quadrillion Btu to
155 quadrillion Btu) from 2012 to 2040. Furthermore, 55% of
global transport energy consumption is by the OECD countries,
whereas non-OECD countries account for around 45% (IEA,
2019). Third, the OECD countries are knowledge-based
economies OECD. (2018). Billion trips of passengers and
freights are made per year, which lead to traffic movements.
Usually, traffic movements for international economic activities
are toward the OECD countries. Fourth, the OECD countries are
serious in controlling the emissions and improving environment
quality. They are spending a larger amount of GDP for mitigating
CO2 emissions (Petrović and Lobanov, 2020). Fifth, the OECD
countries are shifting their transport resources from carbon
transport to green transport (e.g. electric vehicles). Therefore,
regardless of the determinants of CO2 emissions, whether and
how transport energy consumption and green transport affect the
association between CO2 emissions and traffic movements,
locomotives and environmental government budget remains a
gap in the literature. Acknowledging the influence of traffic
movements and green transport on CO2 emissions in OECD
countries is imperative to identify policy implications for
sustainable transport policies (Rafique et al., 2022; Shahzad
et al., 2021; OECD).

This study motivates by making numerous contributions to
the literature. First, this study does not only investigate the linear
effect of transport energy consumption on transport CO2

emissions (TCO2) but also analyzes the nonlinear effect.
Second, this study examines the joint effect of transport
energy consumption and locomotives on TCO2. Third, this

study provides insights into the relationship between traffic
movements and TCO2. Fourth, we explore the effect of
environmental research and development expenditures (ERDE)
on TCO2 and the joint effect of ERDE and environmental taxes
on TCO2. In addition, this study examines whether green
transport significantly affects TCO2. Fifth, this study makes
methodological contribution by applying the cross-sectional
autoregressive distributed lags (CS-ARDL) model to examine
the relationship between traffic movements, transport energy
consumption, ERDE, and green transport on TCO2. In the
presence of cross-dependency, heterogeneity, endogeneity
problem, nonstationarity, and misspecification bias, the CS-
ARDL is a robust method (Zeqiraj et al., 2020). For robustness
check, we use a common correlated effects mean group
(CCEMG) approach.

The structure of this article is described as follows. Previous
studies are presented in section 2. Section 3 provides the
theoretical framework, data source, and methodology. The
empirical results and discussions are given in section 4. Last,
section 5 summarizes the conclusions and policy implications.

LITERATURE REVIEW

Several decades take into account the attention on climate change
and accelerating the degradation of environmental quality, which
are the most critical challenges and big threat for the world.
Under such circumstances, the governments need to
acknowledge the importance of environmental issues and put
into practice to counteract them. Therefore, the reasons behind
those human activities are being executed e.g., economic growth,
trade, energy use, urbanization, and so on. These activities cause
environmental issues pertaining to global warming and climate
change. For instance, enormous productivity of greenhouse gases
(especially CO2 emissions) is increasing the global temperature,
pollution, and degrading the natural resources. Consequently,
environment quality is being drastically deteriorated over the
time period (Shahzad et al., 2020; Polloni-Silva et al., 2021;
Polloni-Silva et al., 2021). Thus, we move to debate on
association between transport sector and environment as follows.

Transportation has a significant effect on CO2 emissions
around the world. Transport and the environment can be
studied in different ways. Generally, the growth of the
transport sector has resulted in environment quality costs.
Studies show that the environmental effects from the transport
sector vary depending on transportation methods and
regulations.

Recently, substantial research on the association between
environment and transport has gained much attention.
Churchill et al. (2021) research the effect of transport
infrastructure on CO2 emissions using parametric and
nonparametric approaches for a panel of OECD countries.
Their findings confirm that a 1% increase in transport
infrastructure is associated with a 0.4% increase in CO2

emissions. Furthermore, nonparametric estimation suggests a
time-varying relationship between transport infrastructure and
CO2 emissions, which is positive throughout World War II and
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up until now. From a critique perspective, transport
infrastructure (e.g., construction of road, railway, and airport)
is not the only one responsible for CO2 emissions. Traffic
activities also play a significant role in the emissions. Thus,
this study includes traffic activities (e.g. movement and
locomotives) in analyzing the effect on emissions released by
the transport sector.

Subsequently, Ángel et al. (2021) focus on the relationship
between road transport and CO2 emissions in 22 European
countries. Their results unveil that the transport sector is
releasing CO2 emissions that account for approximately 27%
of the total emissions. Furthermore, road TCO2 are almost
entirely determined by (fossil) fuel consumption. Hence,
energy use is the main determinant in CO2 emissions,
particularly the transport sector. Another explanation by Pani
et al. (2021) also reports that freight transport upsurges the
greenhouse emissions in the largest countries. The reason is
that truck vehicles for forwarding the shipments stimulate the
energy demand. Consequently, CO2 emissions are released and
deteriorate the environment quality. Similarly, Cardenete and
López-Cabaco. (2021) document that transport of cargo is the
most effective factor and that more than 30% of all modes of
transport contribute to CO2 emissions in Spain. Likewise, Arvin
et al. (2021) analyze the correlation between and energy
consumption in Germany. The fuel (e.g. gasoline and diesel)
used in the transport vehicles upsurges CO2 emissions through
traffic locomotives.

Another evidence documented by Umar et al. (2021)
highlights the effects of biomass energy consumption and
fossil fuel energy consumption on CO2 emissions in the
transport sector in the United States. They find that fossil fuel
energy has a positive and significant effect on CO2 emissions
released by the transport sector. Biomass energy consumption is
negatively associated with CO2 emissions though. Furthermore,
they note an inverted U-shaped relationship between energy
consumption and CO2 emissions.

By contrast, Hussain et al. (2020) document that climate
change potential (CO2 emissions) has a negative association
with transport infrastructure. Nonetheless, development
infrastructure is also a driving factor of CO2 emissions.
Interestingly, extreme climate change potential reduces
transport activities through critical infrastructure. Transport
emissions are also investigated by Ahmed et al. (2020). Their
results confirm that energy consumption in economic growth and
the road sector increases emissions.

In support of mitigating CO2 emissions, Sohail et al. (2021)
emphasize the association between green transport and
environment. They find that green transport is the better
strategy to reduce CO2 emissions. Electric vehicles reduce the
demand for fossil energy consumption whilst increasing
electricity demand. However, electricity shortage issues occur
in the market. In this situation, resources are shifted from fossil
energy to electric vehicles. Consequently, CO2 emissions by the
transport sector tend to decrease.

Another study supports green transport aimed at reducing the
CO2 emissions. Oryani et al. (2021) argue that renewable electric
vehicles are supported to reduce CO2 emissions per capita. A

substantial reduction in CO2 emissions is possible by shifting
internal combustible engine vehicles to alternative fuel vehicles.

Moreover, some studies provide evidence for reducing CO2

emissions through environmental tax channels. For instance,
Bergantino et al. (2021) analyze the effect of taxes on CO2

emissions to improve environment quality. They argue that
taxes on cars decrease CO2 emissions because demand for and
supply of cars decline simultaneously in the market.
Consequently, an increase in sharing of cars reduces CO2

emissions. Khastar et al. (2020) also point out that an
adequate environmental tax level poses a mitigating effect
on CO2 emissions in the European Union countries.
Furthermore, Reaños (2020) argue that carbon tax has a
significant effect on CO2 emissions. To reduce CO2

emissions, carbon taxes need to be imposed (at least 30
Euros per tonne of CO2 emissions) on vehicle owners. Price
elasticities suggest that additional carbon taxes may stimulate
vehicle owners toward intense energy consumption.

Mariano et al. (2016) evaluated the efficiency analysis on the
transport logistics performance. They used a nonparametric
approach e.g., slacks-based measure of the data envelopment
analysis (DEA) with CO2 emissions (treated as an input) and
seven outputs e.g., GDP and six LPI components (treated as an
output). Furthermore, window analysis and Malmquist index are
also employed to evaluate the efficiency levels over the time. In
addition, the DEA technique is based on mathematical
foundation and has no specific assumption for analysis. It
does not estimate the short-run and long-run relationships
between the variables. In contrast, this study focuses on
econometric approaches that have specific assumptions for
analysis, and examines the short-run and long-run
relationships between the variables e.g., transport carbon
emissions, traffic, environmental expenditures, and green
transport, used in this model.

Extant literature also considers the effect of environmental
R&D on CO2 emissions released from the transport sector.
Substantial research proves that R&D supports the reduction
of CO2 emissions and improvement of environment quality. In
this context, Petrović and Lobanov et al. (2020) report that the
average effect of R&D is negatively associated with CO2 emissions
in the OECD countries. On average, a 0.15% decrease in CO2

emissions is due to a 1% increase in R&D expenditures. Their
results confirm that a higher level of R&D expenditures can
reduce CO2 emissions, but it does not apply to 40% of countries
owing to scarce resources. Wang and Zhang. (2020) also find that
a 1% increase in R&D expenditures reduces CO2 emissions by
0.8122% in the BRICS countries.

The research on the association between traffic movements
and locomotives must be considered in panoramic aspects.
Besides, the joint effect of transport energy consumption and
traffic locomotives remains unexplored. The nonlinear effect of
transport energy consumption is ignored in the previous
literature as well. In addition, the nexus between TCO2 and
traffic, transport energy consumption, ERDE, and green
transport frequently neglects the potential heterogeneity and
cross-sectional dependence. Consequently, a substantial gap
exists in the prevailing literature. Therefore, the wide
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indicators of traffic, environmental expenditures, and green
transport should be explored with different methods.

METHODOLOGY

Theoretical Framework
After reviewing the literature, we develop the theoretical framework
to investigate the relationship between the concerned variables.
Figure 1 illuminates that traffic is intensely associated with CO2

emissions. Traffic affects CO2 emissions through movements and
locomotives. Specifically, road and railway movements (e.g.,
passengers and freight) are indirectly associated with CO2

emissions. Therefore, road and railway movements happen
through locomotives (which require energy and transport-related
resources). Consequently, CO2 emissions are released. In addition,
transport energy consumption is investigated in this analysis.
Transport energy consumption directly influences CO2 emissions.

The empirical model can be estimated as follows:

TCO2it � β0 + β1(ROADMOVit) + β2(RAILMOVit)
+ β3(ROADLOCOit) + β4(RAILLOCOit)
+ β5 (ECTit) + εit (1)

Eq. 1 indicates that TCO2 is a function of road movement,
railway movement, road locomotive, railway locomotive, transport
energy consumption, interaction of locomotive and transport energy
consumption, and square of transport energy consumption. In
addition, cross-sections are denoted by “i” (e.g. 35 OECD
countries), whereas “t” represents the period from 2000 to 2020.
The term “β’s” indicates the intercept and parameters, whereas the
error term is denoted by ‘ε’. TCO2 represents the TCO2measured in
tons per year. ROADMOV indicates road movement that is defined
as passenger and freight traveled distance per year. Likewise,
RAILMOV represents the railway movement of the passengers
and freight traveled distance per year. ROADLOCO indicates
that locomotive (i.e. truck per year). RAILLOCO also represents
the locomotive related to railway (i.e. freight coaches). ECT shows
that transport energy consumption is in terms of tons. Specifically, it
is the total energy (i.e. fuel, petrol, and diesel) consumed by the road
and railway vehicles and locomotives in terms of tons per year. The
quadratic term of transport energy consumption is used to examine

whether CO2 emissions reduce once transport energy consumption
achieves a threshold level. The joint effect of locomotive and
transport energy consumption is denoted by the interaction term
(LOCO*ECT).

The previous argument shows that roadmovement is expected
to have a positive effect on TCO2 (β1 � zTCO2

zROADMOV> 0). Likewise,
railway movement plays a crucial role in releasing TCO2. A larger
volume of freight (million kilogram) is moved to different
locations. Hence, railway movement is predicted to have a
positive effect on TCO2 (β2 � zTCO2

zROAILMOV> 0). The road
locomotives (e.g., traction engine and diesel engine)
extensively move due to a larger amount of passengers and
freights. Thus, it is also predicted to have a positive effect on
TCO2 (β3 � zTCO2

zROADLOCO> 0). The rail locomotives (e.g., steam
engine and diesel engine) substantially contribute to CO2

emissions released by the transport sector (Cipek et al., 2021).
Therefore, rail locomotive is anticipated to have a negative effect
on TCO2 (β4 � zTCO2

zRAILLOCO> 0). Mehmood. (2021) argues that
energy consumption in the transport sector is a crucial factor
in releasing CO2 emissions, and it is also anticipated to have a
positive effect on CO2 emissions (β5 � zTCO2

zECT > 0).
TCO2it � β0 + β1(ROADMOVit) + β2(RAILMOVit)

+ β3(ROADLOCOit) + β4(RAILLOCOit)
+ β5 (ECTit) + β6(LOCO*ECTit) + εit (2)

This study also investigates the joint effect of locomotive and
transport energy consumption on TCO2. Thus, we add the
interaction term in the empirical model (Eq. 1) to examine
the effect of locomotive on the association between TCO2 and
transport energy consumption. Hence, (β6 � zTCO2

zLOCOpECT< 0).
Subsequently, we include the quadratic term of transport

energy consumption in Eq. 3 to estimate the U-shaped or
inverted U-shaped between TCO2 and ECT.

TCO2it � β0 + β1(ROADMOVit) + β2(RAILMOVit)
+ β3(ROADLOCOit) + β4(RAILLOCOit)
+ β5 (ECTit) + β6(LOCO*TECit) + β7(ECT2

it) + εit
(3)

Furthermore, it is supposed to have a positive effect on TCO2

(β7 � zTCO2

zECT2 > 0).

FIGURE 1 | Theoretical framework.
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Interestingly, we add environmental government budget,
ERDE, and green transport factors to analyze their effect on
TCO2.

TCO2it � β0 + β1(ROADMOVit) + β2(RAILMOVit)
+ β3(ROADLOCOit) + β4(RAILOCOit) + β5(EGBit)
+ β6(ERDEit) + β7 (ETAXit) + β8(ROEVit)
+ β9(RAEVit) + εit

(4)

Eq. 4 shows that TCO2 is also a function of environmental
government budget (EGB), ERDE, environmental taxes (ETAX),
road electric (ROE), and railway electric (RAE). Environmental
government budget is another important factor to protect
environment quality. Hussain et al. (2020) argue that the
governments allocate the national fund for different
environmental projects that enable the government bodies to
control the greenhouse emissions released from several sectors,
particularly the transport sector and related industries. Thus,
environmental government budget is anticipated to have a
negative effect on transport energy consumption
(β5 � zTCO2

zEGB < 0). Likewise, ERDE is an important factor to
control TCO2. Wang et al. (2021) and Chishti et al. (2021)
argue that ERDE can reduce TCO2 through advancement in
technology. ERDE is expected to have a negative effect on TCO2

(β6 � zTCO2
zERDE< 0). ETAX is a significant factor as well. Li et al.

(2021) argue that environmental taxes discourage the production
entities or companies in releasing a certain amount of CO2

emissions. Thus, ETAX is predicted to have a negative effect
on TCO2 (β7 � zTCO2

zETAX< 0). In addition, road electric vehicles have
a significant effect on TCO2. Hu et al. (2021) argue that road
electric vehicles play a crucial role in reducing TCO2. These
vehicles are considered a green transport strategy to protect the
environment. Thus, it is anticipated to have a negative effect on
TCO2 (β8 � zTCO2

zROEV< 0). Railway electric vehicles also effect TCO2

as an alternative approach. Kejun et al. (2021) debate that railway
electric vehicles impede TCO2 pathways. These vehicles are
regarded as an important transport measure to control CO2

emissions released by the transport sector. RAE is expected to
have a negative effect on TCO2 (β9 � zTCO2

zRAEV< 0).
TCO2it � β0 + β1(ROADMOVit) + β2(RAILMOVit)

+ β3(ROADLOCOit) + β4(RAILOCOit) + β5(EGBit)
+ β6(ERDEit) + β7 (ETAXit) + β8(ROEVit)
+ β9(RAEVit) + β10(ERDE2

it) + β11 (ROEV2
it) + εit

(5)

We extend the empirical model (Eq. 4) to analyze the
nonlinear effect of ERDE and ROE, specifically whether the
nexus between TCO2, ERDE and ROE is U-shaped or inverted
U-shaped. The coefficients of square of ERDE and ROE are
predicted to have a negative effect on TCO2 (β10 � zTCO2

zERDE2 < 0),(β11 � zTCO2

zROE2 < 0).
We also include the interaction term (EGB*ETAX) in the

empirical model (Eq. 6) to analyze the joint effect of EGB and

ETAX on TCO2. Environmental government budget is interacted
with environmental taxes to estimate the joint effect on TCO2

emissions. More precisely, EGB may mitigate the effect on TCO2

emissions through the environmental taxes. Yuelan et al. (2021)
also support that environmental government budget has a
significant impact on emissions. The reason is that
environmental taxes are also main sources of government
budget related to environment (Mirović et al., 2021; Rafique
et al., 2022).

TCO2it � β0 + β1(ROADMOVit) + β2(RAILMOVit)
+ β3(ROADLOCOit) + β4(RAILOCOit) + β5(EGBit)
+ β6(ERDEit) + β7 (ETAXit) + β8(ROEVit)
+ β9(RAEVit) + β10(ERDE2

it) + β11 (ROEV2
it)

+ β12(EGB*ETAXit) + εit
(6)

To analyze the joint effect of EGB and ETAX, we predict that
the coefficient of the interaction term has a negative effect on
TCO2 (β12 � zTCO2

zEGBpETAX < 0).

Data and Source
This study uses balanced panel data set from 2000 to 2020 for 35
OECD countries, namely, Australia, Austria, Belgium, Canada,
Chile, Czech Republic, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan,
Korea, Latvia, Lithuania, Luxembourg, Mexico, The
Netherlands, New Zealand, Norway, Poland, Portugal, Slovak
Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the
United Kingdom, and the United States. We employ 11
variables in the empirical models. Table 1 reveals the
operational variables and data sources.

Cross-Sectional Dependence Test
We employ a cross-sectional dependence (CD) test on the
variables. The reason is that countries are interconnected
through multiple aspects such as economic, cultural, political,
and social. As a result, dependency may exist. We follow
Pesaran’s (2004) CD and scaled LM test. The equation of CD
test is given as

CD �
��������

2T
N(N − 1)

√
⎛⎝∑

N−1

i�1
∑
N

j�i+1
~ρij⎞⎠, (7)

where ~ρij indicates pairwise correlation of the cross-sectional
residuals that are obtained from augmented Dickey–Fuller
(ADF). Therefore, “T” and “N” are indicators of time and
cross-section dimensions, respectively.

Unit Root Test
This study employs cross-sectionally augmented ADF and cross-
sectionally augmented IPS test (Pesaran, 2007) to examine the
stationarity characteristics. These also can be known as CADF
and CIPS, respectively. Furthermore, arguments by Pesaran.
(2007), Moon and Perron. (2004), and Bai and Ng (2004)
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draw a picture. That is, CIPS approach is a second-generation
panel unit root test, and it is an efficient method for CD and
heterogeneity. The estimated equation is as follows:

ΔCAi,t � ∅i +∅iZI,t−1 +∅iCSAt−1 +∑ρ
i�0∅iιΔCSAt−1

+∑ρ
i�0∅iιΔCAi,t−1 + μit (8)

where cross-section averages are denoted by CSAt−1 and
ΔCSAt−1. Therefore, the test statistics of CIPS is given as

C̃IPS � 1/N∑
n

i�1
CDFi (9)

In Eq. 9, CDF represents the cross-sectional ADF.

Cointegration Test
To investigate the long-run association between the model
parameters, we employ the ECM-based cointegration
method (Westerlund, 2007). This method is more
appropriate than conventional methods such as Pedroni
and Kao. The reason is that the Westerlund cointegration
method provides unbiased results in the presence of cross-
dependency and heterogeneity. The test statistics can be
stated as

αi(L)Δcit � δ1i + δ2it + αi(cit−1 − β,ixit−1 + λi(L)’vit + εit), (10)

where δ1i � αi(1)ϕ2i − αiϕ1i + αiϕ2i , but δ2i � −αi ϕ2i. αi
represents the error correction term. The test statistics is
described as

Gt � 1/N∑N

i�1α
’
i/SE(α’i)

(10.1)

Gα � 1/N∑N

i�1T
’
i/(α’

i)1
(10.2)

Pt � α’/SE(α’) (10.3)

α’ � Pα/T (10.4)

The error correction parameters (α’) in Eq. 10 are computed
by replacing the value of Pα � Tα’ (Eq. 10.4). Hence, the error
correction parameter is specified as (α’) � Pα/T that indicates the

ratio of error to be corrected each year in the short run for the
disequilibrium case.

Cross-Sectionally Augmented
Autoregressive Distributed Lags
We analyze the short- and long-run relationship among the
variables (used in the current empirical models) by employing
the CS-ARDLmodel suggested by Chudik and Pesaran. (2015).
The framework of this model includes long-run parameters,
short-run ones with error correction and cross-sectional
mean. It overcomes the issues such as cross-sectional
dependence, heterogeneity, and non-stationarity as robust
and produces reliable outcomes (Zeqiraj et al., 2020;
Ahmad et al., 2021). The model for CS-ARDL is proposed
as follows:

ΔTCO2i,t � ϑi +∑ρ
j�1ϑitΔTCO2i,t−1 +∑

ρ
j�1ϑ’ijAVi,t−1 +∑ρ

j�1ϑit Zt−j + εit,
(11)

where ΔTCO2i,t is the dependent variable, AVi,t−1 and Zt are the
independent variables and the averages for cross-sections,
respectively.

Robustness and Causality Tests
After estimation on CS-ARDL, we check the robustness by using
the CCEMG of Pesaran. (2006). This test allows parameters to be
heterogeneous in the long run. CS-ARDL is criticized due to
imposition of homogeneity restriction in the long run, but
economies are diverse with regard to economic and social
structures. Subsequently, despite the reliable outcomes
obtained by the CS-ARDL and CCEMG, the direction of
association between observed variables is not analyzed (which
is important for policy implications). We then apply the
Dumitrescu and Hurlin (D&H, 2012) method to investigate
the casual relationship among the variables (used in the
current models). This method provides two statistics that are
test average ( �W ) and standard normal distribution ( �Z ). The
model can be described as

TABLE 1 | Variables and data sources.

Variable Code Measurement Source

Transport-carbon emission TCO2 Million ton OECD
Road Movement ROADMOV Passenger and freight Kilo meter (million) OECD
Rail Movement RAILMOV IV-07 (1000) OECD
Road Locomotive ROADLOCO Number at (31.12) total traction engine (million) OECD
Rail Locomotive RAILLOCO Number at (31.2) total steam engine, diesel (million) OECD
Transport-energy consumption ECT Percentage of total energy consumption OECD
Road-electric vehicle ROEV Million OECD
Rail-electric vehicle RAEV million OECD
Environmental government budget EGB Share of percentage of total EGB WDI
Environmental R&D expenditures ERDE Percentage of GDP WDI
Environmental Tax ETAX Percentage of GDP WDI

Source: author’s calculation.

Frontiers in Environmental Science | www.frontiersin.org November 2021 | Volume 9 | Article 7696086

Hussain et al. Green Transport

111118

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


Zi,t � αi +∑
ρ

j�1
βji Zi,t−1 +∑

ρ

j�1
c
j
i Ti,t−j , (12)

where βj (j) and j indicate the autoregressive parameters and lag
length, respectively.

EMPIRICAL RESULTS AND DISCUSSIONS

Descriptive Statistics
Table 2 reveals the descriptive statistics. The mean values and
standard deviations of road movement (ROAD-MOV), rail
movement (RAIL-MOV), rail locomotive (RAIL-LOCO), road
locomotive (ROAD-LOCO), and transport energy consumption
(ECT) are very high, indicating high heterogeneity in the
variables across the OECD countries. Moreover, the standard
deviations of EGB and TCO2 are higher (11.39 and 72.99,
respectively), implying that observations follow a skewed
distribution across the sample countries. However, the mean
value and standard deviation of environmental tax (ETAX) are
smaller, indicating that observations vary within a narrow range
over the period.

We investigate the cross-dependency on the observed
variables. To analyze the models, detecting the presence of CD
is important. Pesaran. (2004) explains that ordinary econometric
methods often cannot overcome the bias in the panels because of
presence of CD. Table 3 reports the estimate of Pesaran’s CD and
scaled LM test. The results reveal that CD is supported by the
value of absolute mean (ranging from 0.696 to 107.619).
Therefore, the outcomes of Pesaran’s CD and Pesaran scaled
LM test are highly significant for the entire observed variable,
indicating that variables have CD. It is worth noticing because
with globalization, emerging economies are interconnected.
Consequently, the outcomes of the CD test are significantly
projected in the model. Some possible changes in the observed
variables of emerging economies may affect those of the other
economies.

To investigate the order of integration, we employ a second-
generation panel unit root test (CIPS and CADF) by Pesaran.
(2007), which shows that cross-sectionally unbiased is a primary

feature of CIPS. Investigation on the order of integration is a
unique factor in the estimation technique. The outcomes of the
CIPS and CADF are summarized in Table 4. The findings exhibit
that all variables are stationary at 1 and follow a mixed order of
integration. The presence of CD and mixed order of integration
require the usage of CS-ARDL framework. Subsequently, we
employ a Westerlund cointegration approach to investigate the
long-run relationship in the models. The outcomes are given in
Table 5, which shows that a long-run relationship exists in the
models. Furthermore, error correction (EC) can be calculated by
Pα value in the models. Hence, the parameter of EC is (α’ � Pα

T ) �−3.966/18 � −0.220 for model 1, −5.893/18 � −0.327 for model
2, and −3.854/18 � −0.214 for model 3. The errors around
25.37% between TCO2 and its determinants are corrected each
year, so disequilibrium in the short run becomes stable in the
long run.

Role of Traffic and Transport Energy
Consumption
After evaluation of cointegration, we employ a CS-ARDLmethod
to gauge the dynamic effect of traffic and transport energy
consumption in the short and long runs. Table 6 displays the
estimation using CS-ARDL. The magnitude of each coefficient
indicates a significant relationship between explanatory variables
and TCO2 in the short and long runs. A 29.5% increase in TCO2 is
due to a 1% increase in road movement in the short run, whereas
a 4.3% augmentation in TCO2 is affected by a similar rise in rail
movement in the short run. Conversely, road and rail movement
variables have relatively less influence on TCO2 in the long run.
Payus et al. (2019), Chen et al. (2018), and Grote et al. (2018)
argue that movement of passengers upsurges the use of road
vehicles. Consequently, CO2 emissions released in the
environment are due to traffic activities.

Besides, the positive and significant coefficient of ECT
indicates an increase in TCO2. Numerous studies (e.g., Adams
et al., 2020; Figliozzi 2020; Peng et al., 2020) find that the use of

TABLE 2 | Descriptive statistics.

Variable Obs Mean Std.Dev Min Max

TCO2 735 92.65 72.998 11.2 861
ROAD-MOV 735 84581.4 548000 1 5210000
RAIL—MOV 735 59434.79 182000 1 1140000
RAIL-LOCO 735 59434.79 182000 1 1140000
ROAD-LOCO 735 666000 2950000 1 2.26e+07
ECT 735 253.327 1759.159 1 27615
EGB 735 25.695 11.399 1 58.94
ERDE 735 2.49 2.094 0.05 17.66
ETAX 735 0.104 0.119 0.01 1
ROAD-ELECT 735 20.32 0.123 0.60 652143
RAIL-ELECT 735 10.23 0.432 0.30 32154

Source: author’s calculations.

TABLE 3 | Cross-Sectional Dependence.

Pesaran CD Pesaran Scaled LMVariable

CD-test abs (corr) CD-test

TCO2 101.153*** 0.90 132.333***
ROAD-MOV 22.129*** 0.20 231.433***
RAIL—MOV 44.54*** 0.40 154.298***
RAIL-LOCO 28.464*** 0.26 120.938***
ROAD-LOCO 17.447*** 0.16 121.433***
ECT 107.619 *** 0.96 201.432***
EGB 9.149*** 0.30 103.322***
ERDE 4.186*** 0.08 98.322***
ETAX 54.142*** 0.55 123.543***
ECT2 100.157*** 0.90 190.432***
EGB2 5.315*** 0.28 134.329***
ERDE2 3.953*** 0.08 102.433***

Source: author’s calculations.
Note: Table 2 reveals the estimate of cross-dependency (CD) test of Pesaran.
CD and Pesaran Scaled LM of observed variables of 35 OECD countries.
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energy is the most influencing factor of TCO2, and a positive
relationship exists between energy consumption and CO2

emissions in the transport sector. A higher volume of
economic activities particularly in the transport sector enhance
energy consumption, which then increases CO2 emissions.

The effect of road and rail locomotive is positive and
significant with respect to TCO2, which implies that extensive
use of locomotive is causing TCO2. Entities buy more fossil fuel
vehicles (e.g., truck, bus, car, and motorcycle), so TCO2 increase.
Several other studies (e.g., Rietmann et al., 2020; Arvin et al., 2021;
Li et al., 2021; Xu et al., 2020; Yan et al., 2021) endorse this
finding, arguing that locomotives are the main driving factors of
CO2 emissions in the transport sector. The demand for trip/
traveling within a specific time stimulates the use of fuel vehicles
by individuals/consumers. Therefore, road and rail locomotive
augments TCO2. The coefficient of ECT square indicates that a
1% increase in ECT2 decreases TCO2 by 43.2 and 54.3% in the
short and long runs, respectively. An inverted U-shaped
relationship occurs, indicating that a particular amount of
energy consumption in the transport sector can reduce TCO2

by adopting environmental strategies (e.g. efficient energy use,
electric vehicles, and sustainable locomotive production and
consumption patterns). Furthermore, the outcome reflects that
OECD countries’ environmental strategies are in the right

direction as their economies are progressively adopting
alternative uses of transport vehicles to protect their
environment (Lin, (2020); He et al., 2021; Rietmann et al.,
2020; Lin, (2020); Sharma and Chandel. 2020; Harvey 2020).
Subsequently, the coefficient of interaction term (ECT*LOCOM)
indicates that a joint effect of transport energy consumption and
locomotives increases TCO2, implying that locomotives increase
TCO2 through ECT.

Role of Environmental Expenditures and
Green Transport
After assessing the effect of traffic and transport energy
consumption on TCO2, we can move forward to investigate
the role of environmental expenditure and green transport to
resolve the issue of CO2 emissions released by the transport
sector. The coefficients of environmental government budget
(EGB) are negative and significant in Table 7, which indicate
that a 1% increase in EGB reduces TCO2 by approximately 146%
(model 1), 13.2% (model 2), and 2.1% (model) in the short run.
On average, 28.6, 1.7, and 22.1% decreases in TCO2 in all the cases
are due to EGB in the long run.

The results reveal that the current environmental policies of
the OECD countries are in the right direction for protecting the
environment, particularly regarding the release of TCO2. Some
related studies (e.g. Fan et al., 2020; Yang et al., 2020) argue that
the government budget related to the environment has a
remarkable effect on CO2 emissions. It is considered a driving
force to tackle environmental issues. Lack of funding can impede
the identification of environmental issues though. Thus, the
government budget supports the relevant departments or
entities to tackle the problems. However, OECD countries can
also constrain the governmental budget related to the
environment.

ERDE is another important factor to mitigate CO2

emissions. The coefficient of ERDE is negative and
significant. On average, a 1% upsurge in ERDE reduces
TCO2 by approximately 3.1% (model 1), 32.1% (model 2),

TABLE 4 | Panel Unit Root.

Cross-sectionally Augmented IPS (CIPS) Cross-sectionally Augmented Dicky-Fuller
(CADF)

Variable

Level First-difference Level Firs-difference

TCO2 −2.498 −1.232*** −4.479*** −11.086***
ROAD-MOV −0.871 −0.432* 10.961 9.678***
RAIL—MOV −1.698 −1.327*** 2.823 −0.799***
RAIL-LOCO −0.190 *** − 12.269 6.966***
ROAD-LOCO −0.252*** − 13.296 12.567***
ECT −2.617 −1.432*** −1.404 −9.930***
EGB −2.614* −1.232*** −1.576 * −9.157***
ERDE −0.530 * −0.432* 14.714 7.925**
ETAX −1.754 −1.422* 3.558 −4.340***
ECT2 −2.610 0.323* −1.609* −10.079***
EGB2 −2.869*** − −2.222 *** −9.548***
ERDE2 −0.516* −0.431* 14.714 7.925**

Source: author’s calculations.
Note: CIPS, CADF.

TABLE 5 | Cointegration Test.

Variable Model 1 Model 2 Model 3

Gt −2.557*** −1.540 −1.635***
(−5.133) (1.566) (0.938)

Ga −2.636*** −3.354 −3.983*
(4.897) (4.117) (3.433)

Pt −17.093*** −16.099*** −9.259***
(−8.578) (−7.578) (−0.699)

Pa −3.966*** −5.893*** −3.854***
(0.352) (−2.216) (0.501)

Source: author’s calculations.
Note: Westerlund cointegration test.
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TABLE 7 | The role of environmental expenditures and green transport.

Variable Short-run Long-run

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

ROAD-MOV 0.021*** 0.021** −0.048 0.032** 0.048* 0.043***
(0.032) (0.032) (0.094) (0.038) (0.032) (0.052)

RAIL-MOV 0.023*** 0.039*** 0.321* 0.021*** 0.003** 0.031**
(0.032) (0.003) (0.054) (0.043) (0.085) (0.076)

ROAD-LOCO −0.383 0.038*** −0.003** 0.048** −0.039 0.010**
(0.438) (0.083) (0.084) (0.043) (0.998) (0.076)

RAIL-LOCO 0.002*** 0.004* −0.033 0.323*** 0.021* 0.001**
(0.053) (0.021) (0.098) (0.048) (0.443) (0.028)

EGB −0.021*** −0.132*** −1.461*** −0.221*** −0.017*** −0.286***
(0.212) (0.021) (0.691) (0.021) (0.012) (0.211)

ERDE −0.217*** −0.321*** −0.031*** −0.028*** −0.018*** −0.581***
(0.021) (0.032) (0.031) (0.032) (0.028) (3.178)

ETAX −0.021** −0.028** −0.55** −0.021*** −0.038*** −0.468***
(0.081) (0.212) (0.11) (0.028) (0.321) (0.791)

RAIL-ELECTRIC −0.432*** −0.124*** −0.103*** −0.765*** −0.543*** −0.155***
(0.023) (0.082) (0.089) (0.033) (0.032) (0.005)

ROAD-ELECTRIC −0.472*** −0.328*** −0.276*** −0.573*** −0.382*** −0.335***
(0.032) (0.024) (0.231) (0.076) (0.063) (0.155)

ERDE2 — −0.128** −0.323** — −0.053*** −0.281***
— (0.022) (0.082) — (0.032) (0.321)

ROAD-ELECT-SQU — −0.543*** −0.707*** — −0.654*** −0.179***
— (0.032) (0.887) — (0.203) (0.318)

EGB*ETAX — — −0.007*** — — −0.004***
— — (0.841) — — (0.045)

SR Error Correction −0.398*** −0.403*** −0.432*** — — —

(0.083) (0.032) (0.093) — — —

Observations 630 630 630 630 630 630
R-squared 0.513 0.404 0.287 0.482 0.288 0.295
Number of groups 35 35 35 35 35 35

Note: *, **, and *** denote 10, 5 and 1% significance level. The standard errors are in parentheses.

TABLE 6 | The role of traffic and transport energy consumption.

Variable Short-run Long-run

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

ROAD-MOV 0.183*** 0.295*** 0.254*** 0.091*** 0.181*** 0.127***
(0.232) (0.028) (0.034) (0.023) (0.24) (0.032)

RAIL-MOV 0.110*** 0.043*** 0.098*** 0.543** 0.087*** 0.432**
(0.034) (0.057) (0.032) (0.432) (1.216) (0.321)

ECT 0.403*** 0.314*** 0.323*** 0.220*** 12.6*** 0.201**
(0.332) (0.847) (0.023) (0.329) (0.498) (0.232)

ROAD-LOCO 0.782*** 0.890*** 0.891*** 0.792** 9.576*** 0.702***
(0.143) (0.096) (0.213) (0.321) (9.221) (0.485)

RAIL-LOCO 0.348*** 0.085*** 0.232*** 0.038*** 1.431*** 0.243***
(0.432) (0.078) (0.043) (0.043) (1.048) (0.093)

ECT*LOCOMOTIVE — 0.015* 0.002* — 0.0613* 0.006*
— (0.470) (0.123) — (1.123) (0.083)

ECT2 — — −0.432*** — — −0.543***
— — (0.432) — — (0.093)

SR Error Correction −0.325*** −0.234*** −0.308*** — — —

(0.065) (0.098) (0.088) — — —

Observations 630 630 630 630 630 630
R-squared 0.499 0.639 0.604 0.575 0.475 0.363
Number of groups 35 35 35 35 35 35

Note: *, **, and *** denote 10, 5 and 1% significance level. The standard errors are in parentheses.
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and 21.7% (model 3) in the short run. In the long run, a 58.1%
decrease in TCO2 is due to ERDE. These outcomes partially
coincide with related studies by Wang et al. (2021) and Chishti
et al. (2021) who explain the remarkable effect of ERDE on
TCO2 because the former drives invention of new technology
for tackling the environmental issues.

Additionally, the coefficient of ERDE square explains that a
1% increase in ERDE square decreases TCO2 by approximately
32.3% (model 1), 12.8% (model 2), and 43.2% (model 3) in the
short run. The negative relationship between ERDE square and
TCO2 is also apparent in the long run in OECD countries. This
indicates that TCO2 can be reduced with technological
innovation and environmental economic policies after
reaching a specific level of R&D. It also shows that OECD
countries are giving greater attention on environment by
adopting the alternative approaches, such as green
transportation through green financing (Kong et al., 2021;
Song et al., 2021).

Subsequently, our investigation focuses on the effect of
environmental taxes on TCO2. The coefficients of ETAX are
negative and significant in all cases, which shows that 55%
(model 1), 2.8% (model 2), and 2.1% (model 3) decrease in
TCO2 is due to environmental taxes in the short run. A slight
change in the coefficients of ETAX is noted, and the negative
correlation among the variables is validated in the long run.
This finding is also consistent with those of other studies, for
instance, Hao et al. (2021), Ma et al. (2021), and Zhai et al.
(2021) who document that environmental taxes have a
remarkable effect on CO2 emissions. The reason is that
taxes are sources of government bodies which are used for
mega projects, including sustainable development,
agriculture and industrial growth, and infrastructure
(Arvin et al., 2021).

Now our concentration moves to the effect of green transport.
Electric vehicles are used as a proxy to analyze the effect on TCO2.
The coefficients of railway electric vehicles are negative and
significant for TCO2 in all the cases. A 1% increase in railway
electric vehicles decreases TCO2 by approximately 43.2 and
76.5% in the short and long runs, respectively (see Table 6).
On the contrary, the coefficients of road vehicles also validate the
negative relationship with TCO2. On average, in the short run,
27.6% decrease in TCO2 for model 1, 32.8% for model 2, and
47.2% for model 3 are due to road vehicles. Furthermore, a 1%
increase in road vehicles decreases TCO2 by approximately 33.3%
(model 1), 38.2% (model 2), and 57.3% (model 3) in the long run
(see Table 6).

An inverted U-shaped relationship between TCO2 and road
vehicles shows that after reaching a specific level of road vehicles,
TCO2 can be reduced with better transport and environmental
policies. OECD countries are progressively shifting their
resources from diesel to electric vehicles. Our findings are
consistent with those of related studies by Xu et al. (2021) and
Zhang and Hanaoka (2021) who conclude that electric vehicles
have a remarkable effect on TCO2 as an alternative transport
strategy.

The interaction term of EGB and ETAX is negative and
significant. The joint effect of EGB and ETAX reduces TCO2,

implying that governments simultaneously allocate the budget
and impose taxes related to environment to reduce CO2

emissions.

Endogeneity and Robustness Check
Endogeneity is the concept of econometric that explains about the
correlation between explanatory variables and error terms.
Distinguish between endogenous and exogenous variables
created in simultaneous equations models where a separate
variable is determined by the model that is predetermined.
Usually, endogeneity problem arises due to correlation
between the explanatory variables and errors term from
unobserved or omitted variables is confound both independent
variable and dependent variable.

Thus, we attempt endogeneity and robustness of the
modeling techniques to present the potential reverse
causality problem. We use the best strategy, namely,
CCEMG, to estimate the correlation of unobserved
variables with explanatory variables and error term. This
model can correlate with unobserved variables, such as
investment in transport, total energy consumption, freight
and passenger volume, and CO2 emission release from other
sectors. Table 8 reports the estimate, which indicates that the
outcomes are significant. The results portray that the
outcomes produced by CS-ARDL are valid, indicating
consistent findings. In addition, Table 8 (model 1) shows
that traffic factors (road movements, rail movements, road
locomotives, rail locomotives, and transport energy

TABLE 8 | Robustness Check.

Model 1 Model 2 Model 3

ROAD-MOV 0.0295*** 0.040*** 3.245**
(0.002) (0.009) (0.026)

RAIL-MOV 0.0438** 0.012*** 0.009***
(0.057) (0.002) (0.002)

ROAD-LOCO 0.085*** 0.096*** −0.112
(0.000) (0.000) (0.091)

RAIL-LOCO 0.089*** 2.210 3.041***
(0.009) (0.505) (0.000)

ECT 0.0382** 0.124*** 0.132***
(0.012) (0.132) (0.023)

EGB — 0.425*** —

— (0.127) —

ERDE — −2.1705* —

— (0.470) —

ETAX — 0.314*** —

— (0.847) —

RAIL-ELECTRIC — — 0.546***
— — (0.127)

ROAD-ELECTRIC — — 0.031***
— — (0.082)

ROAD-ELECT-SQU — — −0.001***
— — (0.142)

EGB*ETAX — -0.002** —

— (0.032) —

Observations 630 630 630
R-squared 0.639 0.316 0.355
Number of groups 35 35 35

Note: *, **, and *** denote 10, 5 and 1% significance level. The standard errors are in
parentheses.
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consumption) are statistically significant at 1% level. It
indicates that the relationship is consistent with the main
approach. On the other hand, model 2 also reveals that there is
no drawback in findings with the CS-ARDL estimation.
Likewise, the coefficients of green transport in model 3 also
indicate that there is no robust effect in the model. Generally,
unobserved or omitted variables are not correlated with
explanatory and dependent variable (Hussain et al., 2020;
Mehmood et al., 2021; Isik et al., 2021).

We then carry out the D&H panel causality test to estimate the
causal association (Dumitrescu and Hurlin, 2012). The outcomes
are given in Table 9. Road movement and TCO2 and
environmental taxes and TCO2 have bidirectional causality.
Therefore, any policy shock in road movement and
environmental taxes can substantially affect TCO2 and vice
versa. For instance, an increase in CO2 emissions requires
higher amount of environmental taxes (that are source of
environmental revenue) (Tao et al., 2021). Conversely, one-
way causality to TCO2 cannot be reversed among variables
such as transport energy consumption, environmental
government budget, and road locomotive. Tao and Wu.
(2021) also support that any policy change in transport
energy consumption cannot affect TCO2 emissions
indicating that the transport energy consumption
independently does work in its own mechanism without
being affected by external factors.

CONCLUSION

We investigate the role of traffic and transport energy
consumption in the release of TCO2 and examine the effect of
environmental expenditures and green transport of OECD
countries from 2000 to 2020. We employ the second-
generation empirical tools by Pesaran. (2004) and Pesaran and
Yamagata (2008) to check the CD and heterogeneity, respectively.
We also employ the unit root tests of CIPS and CADF by Pesaran.
(2007). To examine the long-run equilibrium association among

the variables, we adopt the Westerlund. (2007) cointegration
technique.

We find a CD issue presence in the dataset, and the model is
suffering from slope heterogeneity. Consequently, the long-run
relationship persists between the variables suggested by the
cointegration technique. The findings from the CS-ARDL test
show that traffic movement (i.e. road and railway) escalates
TCO2. Extensive use of road and railway locomotives
augments CO2 emissions. The findings further reveal that
transport energy consumption has a remarkable effect on CO2
emissions, which means that energy consumption in the
transport sector is a driving factor of CO2 emissions. The
joint effect of traffic locomotives (road and railway) and
transport energy consumption substantially effects TCO2 as well.

Additionally, environmental government budget greatly
diminishes TCO2 through the R&D channel, which stimulates
the innovations related to environmental mitigation. R&D
expenditures generate innovations or new technology. On the
contrary, road and railway vehicles (green transport)
substantially degrade TCO2. More precisely, electric vehicles
are a better alternative strategy to mitigate TCO2 in OECD
countries.

Lastly, the causality results (D&H) portray that any policy that
targets road movement and environmental taxes significantly
changes TCO2 and vice versa. Any policy related to transport
energy consumption, road locomotives, and environmental
government budget remarkably change TCO2. On the
contrary, any supporting policy to TCO2 does not affect road
locomotives and environmental government budget.

POLICY IMPLICATIONS

After concluding the findings, this study recommends the
following policy implications for transport experts/economists,
urban planners, and transport modelers. First, the results reveal
that policymakers in OECD countries should take radical steps to
moderate the traffic movement, particularly road movements, to

TABLE 9 | Panel Causality Test Results.

Null Hypothesis W-statistics Zbar-statistics Prob Conclusion

TCO2 O ROADMOV 1.323*** 0.343 0.000
ROADMOV O TCO2 1.237*** 0.432 0.000 ROADMOV → TCO2

TCO2 O RAILMOV 1.543 0.733 0.234
RAILMOV O TCO2 1.454*** 0.873 0.000 RAILMOV → TCO2

TCO2 O ECT 2.1230 0.3638 0.7160
ECT O TCO2 1.4327*** -1.6781 0.0033 ECT → TCO2

TCO2 O ROLOC 1.554 0.432 0.432
ROLOC O TCO2 1.654*** 0.232 0.000 ROLOC → TCO2

TCO2 O EGB 2.006 0.0177 0.9859
EGB O TCO2 3.3591*** 4.0204 0.0001 EGB → TCO2

TCO2 O ERDE 1.343 0.393 0.0898
ERDE O TCO2 1.543*** 0.493 0.000
TCO2 O ETAX 3.4939*** 4.4189 0.0000 ETAX ↔ TCO2

ETAX O TCO2 6.9714*** 14.7057 0.0000

Source: author’s calculations.
Note: “→ ”indicates one-way causality, while “↔” two-way causality between the variables.
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curb the deterioration of the environment. The movement of
vehicles on the road must be controlled by transport institutes.
The movement strategy can reduce CO2 emissions
approximately 18.3 and 11% for road and rail movement
respectively (ref. Table 6). Second, government bodies or
transport experts/policymakers should reduce 78.3 and 19.3%
road and rail locomotives to improve better environment. Third,
the governments of the OECD countries should increase their
budget by 12.1% on average related to the environment to control
CO2 emissions (ref. Table 7). A better expenditure strategy
related to the environment can be devised to preserve
nonrenewable resources. Fourth, green transport (railway and
road electric vehicles) should be produced around 59.85 and
52.25% by the OECD countries respectively (ref. Table7). Fifth,
the policy related to environmental taxes and R&D expenditures
must be planned for the long run to achieve desirable consequences.
Sixth, urban planners must design the transport infrastructure at city
level, where trafficmovements could be to avoid the releasing of CO2
emissions. Seventh, transport modelers can formulate a policy by
considering the demand for and supply of products of green
transport e.g., electric vehicles. Transport experts (producers)
should reduce the production of rail and road locomotives, as
these consume a greater amount of energy during movements.
Furthermore, they should control traffic movements within the
urban areas that cause the transport carbon emissions.

The limitations of this study are as follows: This study is
limited to OECD countries. Only road and railway traffic
movements, energy use, green transport, and environmental
expenditures are considered to estimate the effect on TCO2.

More specifically, transport sector has other factors such as
transport household expenditure, transport infrastructure
stock, transport logistics performance. It can be reasoned
that these factors have been entrenched in/by traffic that
directly or indirectly cause environmental degradation. In
addition, the current study focuses on the OECD countries
and it would be appropriate to enlarge the investigation to
other countries e.g., BRICS, OBOR, or emerging economies
and non-OECD as well. This research can be extended in the
future by including environmental technology, agglomeration
of population, and institutional quality. In particular,
investigating the effects of green financing, green
transportation, and green technology including emerging
economies can provide policy makers/practitioners with
more specific insights.
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One of the most difficult tasks that economies face is how to generate economic growth
without causing environmental damage. Research in economic complexity has provided
new methods to reveal structural constraints and opportunities for green economic
diversification and sophistication, as well as the effects of economic complexity on
environmental pollution indicators. However, no research so far has compared the
ecological efficiency of countries with similar productive structures and levels of
economic complexity, and used this information to identify the best learning partners.
This matters, because there are substantial differences in the environmental damage
caused by the same product in different countries, and green diversification needs to be
complemented by substantial efficiency improvements of existing products. In this article,
we use data on 774 different types of exports, CO2 emissions, and the ecological footprint
of 99 countries to create first a relative ecological pollution ranking (REPR). Then, we use
methods from network science to reveal a benchmark network of the best learning
partners based on country pairs with a large extent of export similarity, yet significant
differences in pollution values. This is important because it helps to reveal adequate
benchmark countries for efficiency improvements and sustainable production, considering
that countries may specialize in substantially different types of economic activities. Finally,
the article i) illustrates large efficiency improvements within current global output levels, ii)
helps to identify countries that can best learn from each other, and iii) improves the
information base in international negotiations for the sake of a cleaner global production
system.

Keywords: economic complexity, cleaner production, eco-efficiency, country benchmark network, international
learning
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HIGHLIGHTS

1) Considering productive structures when comparing countries’
ecological efficiency

2) Combination of methods from DEA and economic
complexity research

3) Benchmark network of the best learning partners among 99
countries

4) Potential of ecological efficiency improvements
5) Information for international negotiations and cleaner

production policies

INTRODUCTION

Countries are facing challenges in promoting economic growth
without negatively impacting the environment. Due to the threat
of climate change, increasing levels of global pollution,
deteriorating of natural habitats and biodiversity, and their
negative effects on economies and human societies,
governments, and international agencies are increasingly
aiming to reduce pollutant emissions and the use of
resources. For instance, the United Nations created the 17
Sustainable Development Goals (SGDs) as a guide to achieve
sustainable development outcomes (Robert et al., 2005; Griggs
et al., 2013); the Paris Agreement aims at raising awareness of
worldwide climate change (United Nations Framework
Convention on Climate Change, 2015); and the World
Economic Forum has recently highlighted sustainable
development as a key global challenge (World Economic
Forum, 2020; 2021). In consequence, several different
sustainability indicators and rankings, such as the ecological
footprint (Costanza, 2000), greenhouse gas emissions (Hammitt
et al., 1996), and ecological efficiency (Camarero et al., 2013),
have been created.

In international climate and sustainability summits and
negotiations, governments often emphasize different aspects of
environmental damage—such as cumulative pollution values,
absolute pollution values, or production efficiency—and point
to the respective indicators. At the same time, differences in
economic development levels are tension points between
developing, emerging, and mature industrialized countries.
Developing countries frequently challenge developed nations
to reduce their absolute levels of greenhouse gas emissions and
point to their need for economic catch-up and industrialization.
In contrast, developed countries often argue that developing
regions must promote cleaner technologies and ecological
efficiency from the outset of economic development.

Several studies have studied the association between economic
development and environmental issues. For example, Ahmad
et al. (2021) argue that differences in economic development
levels matter for environmental issues. They revealed that
inflation-corrected gross regional product matters for CO2

emissions. Shahzad et al. (2021) used a Chow test to show
that developing and developed countries are differently
affected by economic variables. For example, the positive effect
of GDP on CO2 emissions is higher in developing than developed

countries. Furthermore, while urbanization decreases CO2

emissions in developed countries, it increases in developing
regions. Moreover, Shahzad et al. (2021) investigate the role of
energy consumption on the ecological footprint of the
United States of America (SA). The authors find that energy
significantly enhances the ecological footprint in the
United States. On the other hand, Akram et al. (2020) show
that energy efficiency and renewable energy reduce CO2

emissions in the developing country group, called BRICS
(Brazil, Russia, India, China, and South Africa).

Nonetheless, few sustainability rankings take into
consideration differences in productive structures between
countries beyond similarities in aggregate Gross Domestic
Product (GDP). Indeed, the specialized literature has either
focused on environmental damage effects stemming from
economic growth, urbanization, energy resources, and
economic sophistication (Dinda, 2005; Martínez-Zarzoso and
Maruotti, 2011; Sharma, 2011; Bakhsh et al., 2017; Shahzad
et al., 2021), or on the role of different types of pollutants and
ecological efficiency based on aggregate economic growth
(Vencheh et al., 2005; Camarero et al., 2013; Camioto et al.,
2014). Less attention has been given to the potential of
cooperation between countries with similar productive
structures and on the identification of appropriate benchmark
countries for international learning and knowledge transfer.
Similarities in productive structures and sophistication are
important, though, because as countries specialize in different
types of agriculture, industry, or services, they require, by
definition, different types of resources linked with different
types of pollutants. Thus, countries may not only benefit from
learning from the most technologically advanced countries, but
also from countries facing similar current productive challenges
and opportunities.

Research in economic complexity has shown that
countries—and especially developing and emerging
economies—do not diversify randomly into new activities, but
rather are strongly constrained by their existing productive
specialization structure (Hidalgo et al., 2007, Pinheiro et al.,
2018; Hartmann et al., 2020, 2021). This implies that a
country specialized, for instance, in agricultural products,
textile products, or highly-polluting and energy-intensive
products, such as steel or aluminum, may not easily transition
into producing wind or solar energy technologies as a new base of
their economy. However, it also means that comparing pollution
values of countries with very different productive structures may
not be the best comparative benchmark to understand which
countries show a relatively clean or polluting production system
and which countries could best learn from one another. Simple
comparisons based on absolute pollution indices or GDP might
end up comparing “apples and cars,”instead of like with like. For
instance, the United States has significantly higher pollution
values than both Japan and Madagascar, but its export
portfolio is much more similar to Japan than to Madagascar
(see Figure 1). Japan (CO2 emissions per capita � 9.54 metric
tons per capita) is arguably a better benchmark country for the
United States (16.50) to learn about ecologically more efficient
and cleaner technologies for its product portfolio than
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FIGURE 1 | Example of the export portfolios of the United States (A), Japan (B), and Madagascar (C). Products are colored according to their category class, and
the area is proportional to the share of exports for each country. Source: oec. world, own illustration.
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Madagascar (0.13). Moreover, while Japan produces significantly
lower levels of pollution for a similar export portfolio and level of
economic complexity than the United States, thus has an
ecologically more efficient production system, the same cannot
be claimed in a straightforward manner for the comparison
between Japan and Madagascar. Thus, appropriate benchmark
countries need to be identified to evaluate the eco-efficiency of
countries and to identify best learning partners.

Therefore, this article makes use of methods from Data
Envelopment Analysis (DEA) to create a relative ecological
pollution ranking (REPR) that considers the level of economic
complexity of countries, and then use methods from network
analysis to identify appropriate benchmark countries and
learning partners for each country. Such a multimodal
approach helps to create sustainability rankings that take
productive specialization of countries into account and
identify potentials for sustainability improvements within
the current global export and production systems. It is
important to note that this article does not focus on green
diversification opportunities, which is an important topic
scrutinized elsewhere (Fraccascia et al., 2018; Dordmond
et al., 2021), but focuses on the current relative
benchmarks and potentials for efficiency improvements and
learning.

The article is organized as follows. First, we review the
literature on economic complexity and sustainability
indicators. Then we present our data and methods. In the
results section, we first discuss the economic development
weighted sustainability ranking and then present a network
that shows the best sustainability benchmark countries.
Finally, we quantify the overall efficiency improvement
potential if all countries would move to the efficiency frontier.
Naturally, the study has its limitations, such as exports being a
proxy indicator for productive specialization, or the fact that not
all countries are necessarily able to produce the same products
with the same combination of inputs. However, we argue, it is a
valid step forward to consider significant differences in
productive structures when comparing their sustainability
levels and identifying promising countries that could learn
from one another for the sake of more efficient and cleaner
production systems.

LITERATURE REVIEW

Several studies argue that there is a direct link between
economic growth and the emission of pollutant gases (Chan
and Yao, 2008; Zhang and Cheng, 2009; Li et al., 2014; Fujii and
Managi, 2016). This perspective emphasizes that alternative
growth strategies are required to increase GDP with less
pollution (Hashmi and Alam, 2019). In contrast, the
Environmental Kuznets Curve (EKC) hypothesis proposes an
inverted U-shape between economic growth and emissions that
implies a reduction of environmental impacts at higher levels of
GDP (Dinda, 2005). Other studies argue that urbanization
affects environmental degradation in several ways, and
indicate that urbanization increases pollutant emissions,

while others also show that urbanization might contribute to
environmental improvements (Poumanyvong and Kaneko,
2010; Sharma, 2011). Finally, some studies focus on the
importance of alternative energy resources, such as wind
turbines and photovoltaic cells, to reduce environmental
degradation (Pegels and Lütkenhorst, 2014; Scarlat et al.,
2015). Indeed, clean energy might reduce the use of fossil
fuels, resulting in a reduced impact on the environment.
Nordic countries and other European regions are examples of
a successful energy transformation (Bakhsh et al., 2017; Huynh
and Hoang, 2019). However, countries with no access to these
technologies face difficulties using clean energy, which shows
the importance of considering the technology and productive
structure of economies, especially in a development context.

Economic Complexity and Environmental
Damage
In this regard, research on economic complexity shows that
countries with a diversified and complex productive structure
can use technology to reduce the ecological damage (Doğan et al.,
2019; Shahzad et al., 2021). The Economic Complexity Index
(ECI) evaluates the diversification and sophistication of the
productive structure (Hidalgo et al., 2007; Hidalgo and
Hausmann, 2009; Hidalgo, 2021).

Past works has illustrated that countries with a high level of
economic complexity have the necessary capabilities to produce
green products, such as electric cars, clean energy, among others
(Casals et al., 2016; Gangale et al., 2017; Fraccascia et al., 2018).
These studies analyze different countries (e.g., France and
Turkey) and regions (e.g., Europe), and divided countries
according to income or development groups (Shahzad et al.,
2021). Their main finding is that economic complexity is an
alternative way to promote economic growth while reducing
pollutant emissions (Gozgor and Can, 2016; Can and Gozgor,
2017; Doğan et al., 2019; Neagu, 2019, 2020; Neagu and Teodoru,
2019; Shahzad et al., 2021). Conversely, it is important to note
that there is also evidence that points to a potential increase in the
emissions of particular types of pollutants with increasing levels
of complexity (Boleti et al., 2021). Additionally, the potential
outsourcing of more polluting economic activities may not
necessarily reduce the environmental damage caused by the
world’s production system, if it does not increase the overall
ecological efficiency of the production of these goods or services.
Finally, despite analyzing the nexus between economic
sophistication and environmental damage (Ferraz et al., 2021),
the literature tends to neglect sustainability indicators, especially
those referring to ecological efficiency.

Ecological Efficiency
Eco-efficiency indicators reveal countries that promote economic
growth with less environmental degradation. This is important
because it helps to understand the best practices and to identify
the right benchmarks countries, especially for countries with high
levels of environmental damage. Techniques from Data
Envelopment Analysis (DEA) support this strand of research
to compare eco-efficiency ranking positions of countries and

Frontiers in Environmental Science | www.frontiersin.org November 2021 | Volume 9 | Article 7793784

Hartmann et al. Comparing Cars With Apples?

123130

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


regions by using different proxies for environmental degradation,
such as carbon dioxide (CO2), nitrogen oxides (NOX), and sulfur
oxides (SOX) (Camarero et al., 2013), specific regions (i.e., Latin
America) (Moutinho et al., 2018), and economic sectors (Zhang
et al., 2008; Camioto et al., 2014). The main finding of the eco-
efficiency literature indicates that only a limited number of
countries (i.e., Switzerland and Scandinavian countries) can be
considered eco-efficient. In contrast, several parts of the globe,
such as (south-)eastern European countries (e.g., Hungary and
Turkey), North-America (Canada and the United States) and
Latin America (Moutinho et al., 2018) are characterized by low
levels of efficiency (Camarero et al., 2013). These findings show
that eco-inefficient countries face severe difficulties in developing
cleaner production. Arguably cooperation and knowledge
transfer with eco-efficient countries could help in this regard.

So far, the eco-efficiency studies have put less emphasis on the
productive structures and sophistication of economic systems,
which, however, are relevant to compare countries and identify
countries that can learn best from each other. Most studies use
GDP as the indicator for the economic development of countries
or regions. However, the aggregated GDP measure potentially
hides substantial differences in particular technological and
ecological challenges. For example, country A specialized in

agricultural products, country B specialized in crude
petroleum, and country C specialized in textile industries;
while they could have similar levels of GDP, they might not
be the best countries to learn from each other to improve the
ecological efficiency. While DEA indicators allow for a
comparison of the pollution efficiency of countries with
similar levels of GDP and average economic complexity, they
are not sufficient to identify which countries could learn from
each other and thereby could make their production systems
more sustainable. To that end, the type and composition of
products that countries are producing also need to be taken
into consideration.

TABLE 1 |Data Envelopment Analysis (DEA) radial model in the form of multipliers.

Relative ecological pollution ranking (REPR)

Subject to max∑
i�1

m
ui .yi0 + w

∑
j�1

n
vj .xj0 � 1

∑
i�1

m
ui .yik −∑

j�1

n
vj .xjk + w≤ 0 for k � 1,2, . . . , h

w without sign restriction.

Source: Mariano and Rebelatto (2014).

FIGURE 2 | Correlations between the export portfolios of countries. (A) Distribution of Revealed Comparative Advantages. (B) Correlation matrix between
countries. (C) Example of the correlations between the export basket of South Korea and Japan. (D) Distribution of measured correlations between the export portfolios
of countries.
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The Relevance of Productive Structures for
International Knowledge Transfer
Productive structures embody the knowledge that exists in
production systems and condition a country’s level of
pollution as well as its green growth opportunities (Hidalgo
et al., 2007; Fraccascia et al., 2018). Similarities in productive
structures between countries are crucial for effective knowledge
transfer and are essential in predicting their absorptive capacities
to learn from each other (Cummings and Teng, 2003).
Knowledge transfer builds on the ability of economic agents
and international organizations to transfer innovation and
technology to other countries in meaningful ways (Cummings
and Teng, 2003). Knowledge transfer is a basis for comparative
advantages over the years (Argote and Ingram, 2000) and
depends on the period of partnerships (Håkanson and Nobel,
2000; 2001), as well as the available budget and the structure of
the production systems (Pinto and Mantel, 1990; Szulanski,
1996). Moreover, research from the economic catching-up
literature showed that the bell-shaped relation between the
technological gap and the ability to transfer external
knowledge can explain the large possibilities of lagging-behind
countries to learn from leading countries (Verspagen, 1992).

Despite the burgeoning literature on economic complexity,
environmental degradation, and eco-efficiency, the concepts have
not yet been discussed in an integrated manner to improve our
understanding of a better reduction of environmental damage. In
other words, studies like the article at hand are missing so far,
which compare countries’ productive structure and
environmental degradation with the aim of proposing most
meaningful comparative economies to learn from one another.

DATA AND METHODS

We use data on productive structures and environmental damage
of 99 developed and developing countries in 2014 to reveal their
eco-efficiency and to identify appropriate benchmark countries.
Moreover, we use trade data of 774 export goods of the Standard
Industrial Trade Classification (SITC) from the Observatory of
Economic Complexity (Simoes and Hidalgo, 2011) as proxies for
the level of economic sophistication as well as the heterogeneity of
the national productive structures (Hidalgo, 2021). In particular,
we use exports data to estimate the Economic Complexity Index
(ECI) (Hidalgo and Hausmann, 2009) for 110 economies in the
year 2014. The ECI measures the knowledge intensity of countries
by considering the knowledge intensity embedded in the exported
products (Hidalgo and Hausmann, 2009). Due to differences in
data availability for countries the trade dataset and the
environmental damage dataset, we will focus our analysis on
94 countries (Supplementary Appendix A shows the analyzed
countries).

We start by identifying the differences in the ecological
efficiency of countries’ economic output. For this purpose, we
measure the pollution levels generated by countries to reach
certain levels of economic development (proxied by the ECI).
Applying methods from Data Envelopment Analysis makes the
results comparable with previous estimates from the ecological
efficiency literature.

Next, we use a network analysis approach to identify pairs of
countries with similar productive structures (proxied by the
similarity in achieving revealed comparative advantages of
432 non-primary goods exports) and substantial differences in
ecological efficiency. The network approach presents two
advantages. The partnership-network method allows for the
analysis of hundreds of economic sectors present in the 94
analyzed countries and identification of the best benchmark
countries. Moreover, the obtained partnership network
provides a better framework to visualize the interplay between
export similarity with the potential for mutual learning and
efficiency improvements through learning and knowledge
transfer between countries. In other words, the resulting
partnership network is considered as the benchmark to
identify the best country learning partnerships allowing for
sustainability improvements.

We use two variables to represent environmental degradation:
CO2 emissions and ecological footprint. Carbon dioxide (CO2)
emissions, measured in metric tons per capita (World Bank,
2019a), stem from burning of fossil fuels and manufacturing of
cement, and include carbon dioxide produced during the

TABLE 2 | Top-15 and bottom-15 countries with the best and worst relative
ecological indicator (REPR) and their income group in 2014.

Countries REPR Rank Income group

Top 15 countries

Congo, Dem. Rep 1.0000 1 Low income
Madagascar 1.0000 2 Low income
Zambia 0.9979 3 Lower middle income
Mozambique 0.9956 4 Low income
Philippines 0.9913 5 Lower middle income
Pakistan 0.9862 6 Lower middle income
Switzerland 0.9567 7 High income
Kenya 0.9489 8 Lower middle income
Japan 0.9391 9 High income
Togo 0.9252 10 Low income
Ethiopia 0.9045 11 Low income
Hungary 0.8873 12 High income
Thailand 0.8384 13 Upper middle income
Mexico 0.8293 14 Upper middle income
Sweden 0.8272 15 High income

Bottom 15 countries

Estonia 0.4191 85 High income
South Africa 0.4122 86 Upper middle income
New Zealand 0.4056 87 High income
Russian Federation 0.3682 88 Upper middle income
Canada 0.3407 89 High income
Algeria 0.2786 90 Upper middle income
Azerbaijan 0.2709 91 Upper middle income
Saudi Arabia 0.2311 92 High income
Oman 0.1906 93 High income
Australia 0.1699 94 High income
Kazakhstan 0.1659 95 Upper middle income
Guinea-Bissau 0.1633 96 Low income
United Arab Emirates 0.0029 97 High income
Mongolia 0.0025 98 Lower middle income
Kuwait 0.0000 99 High income
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consumption of solid, liquid, and gas fuels and gas flaring. The
ecological footprint (EF) measures how much biologically
productive land and water an individual, a population, or an
activity requires to produce all the resources it consumes and also
absorbs the waste it generates, using prevailing technology and
resource management practices (Costanza, 2000; Wackernagel
and Rees, 2004; Fiala, 2008). Several studies have argued that the
ecological footprint is an important global and comparable
indicator for environmental degradation, which is affected by
income, trade openness, energy, and renewable resources
(Charfeddine, 2017; Destek et al., 2018; Zafar et al., 2019;

Neagu, 2020). We use the Ecological Footprint of
consumption in global hectares (gha) divided by population
(EFConsPerCap). Accordingly, we analyze how countries
generate environmental degradation, taking also their
underlying productive structure into account.

To estimate the eco-efficiency of countries considering their
level of economic sophistication, we use methods from Data
Envelopment Analysis. The non-parametric DEA approach
has several advantages (Saisana and Tarantola 2002; Nardo
et al., 2005; Mariano et al., 2015) that matter for our analysis:
First, it provides complete and straightforward information in

FIGURE 3 |Characterization of the four economic groups according to their relative ecological pollution ranking (REPR), economic complexity, CO2 emissions, and
ecological footprint. Income groups follow the convention proposed by the World Bank (2019b).
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a single index. Second, weights are defined endogenously by
the mathematical model, which tackles criticisms found in
parametric indicators. Third, there are techniques that analyze
undesirable outputs (i.e., CO2 emissions). And finally, DEA
presents an uncomplicated and accessible interpretation,
which may attract the awareness and attention of
policymakers (Saisana and Tarantola 2002; Nardo et al.,
2005; Mariano et al., 2015).

However, it must be noted that most studies on ecological
indicators using DEA are concerned with technical issues, such
as weight restrictions, model orientation, and desirable and
undesirable outputs. Lovell et al. (1995) present an extended
additive model to interpret better relative efficiency. For this,
the authors transform undesirable outputs (i.e., CO2

emissions) using a translation technique by adding a large
scalar to the additive inverse (i.e., multiplication by −1). This
translation approach is necessary because it allows positive
values for each analyzed unit (Lovell et al., 1995). Färe et al.
(1996) measure environmental performance by using the ratio

between the reduced undesirable output and the increased
quantities of inputs or the decreased quantities of desirable
outputs (Färe et al., 1996). Other studies treat the undesirable
pollutant emissions output as a classical DEA input (Korhonen
and Luptacik, 2004; Camioto et al., 2014; Camioto et al., 2016).
Vencheh et al. (2005) develop a DEA model to treat
undesirable inputs and outputs simultaneously (Vencheh
et al., 2005). It is important to note that these studies have
not yet considered new variables on the eco-efficiency analysis,
such as the ecological footprint and countries’ productive
structures and levels of economic complexity.

Regarding the DEA approach, we use a Variable Return of
Scale (VRS) model. The environmental degradation variables
are considered undesirable outputs, which must be treated
before achieving ecological efficiency. We follow several
studies that treat pollutant emissions as a classical DEA
input (Korhonen and Luptacik, 2004; Camioto et al., 2014;
Camioto et al., 2016). This approach presents a more intuitive
analysis, since the original data is used and the minimization of

FIGURE 4 | Export similarity network between countries. The nodes are colored according to their relative ecological pollution (REPR) values. The edges are
undirected and their thickness and color are scaled to represent exports RCA correlation (thinner and lighter colored means lower correlation, conversely thicker darker
edges represent greater correlations). The network was visualized by selecting edges with correlations greater than 0.725 and identifying the edges that form the
maximum spanning tree. In doing so, we ensured that the final network has an average degree of approximately four. For visualization purposes, country names are
abbreviated by ISO 3-digit codes. The ISO code list is available in Supplementary Appendix A.
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environmental degradation is directly considered (Dyckhoff
and Allen, 2001). In other words, our DEA model was
programmed to decrease pollution and ecological footprint
inputs maintaining the same level of economic sophistication
(Korhonen and Luptacik, 2004; Kuosmanen and Kortelainen,
2005).

The resulting Relative Ecological Pollution Ranking (REPR)
measures eco-efficiency considering the level of economic
complexity of the countries. Our REPR shows the efficiency of
countries in achieving high levels of economic complexity based
on relatively low levels of CO2 emissions and ecological
footprints. The REPR is calculated as follows (Table 1):

Where: xjk represents the amount of the environmental
variables (CO2 emissions and ecological footprint) j of a
country k; yik represents the amount of the economic
complexity i of a country k; xj0 represents the amount of
the environmental variables j of the country; yi0 represents
the amount of economic complexity I of the country; vj
represents the weight of the environmental variables j for
the country; ui represents the weight of the economic
complexity i for the country; θ means the efficiency of the
country being analyzed; λk is the contribution of the country k
to the goal of the region; m is the quantity of analyzed
economic complexity; n is the quantity of environmental

TABLE 3 | Country pairs with the highest levels of export similarity. Each row indicates the level of REPR for a focal country (C1) and the partner country (C2) along with the
exports correlation (ρC1C2

) and the differential between the focal and the partner in terms of REPR [ΔREPR(C1 ,C2)].

Focal country
(C1)

Partner country
(C2)

ρC1C2
ΔREPR(C1 ,C2) ΔREPRC1 ΔREPRC2

Top 20

Ecuador Colombia 0.62 0.15 0.45 0.60
Honduras El Salvador 0.61 0.12 0.65 0.77
Dominican Republic Costa Rica 0.58 0.13 0.56 0.69
Dominican Republic Guatemala 0.57 0.05 0.56 0.61
Russia Ukraine 0.57 0.16 0.37 0.53
Guatemala El Salvador 0.56 0.16 0.61 0.77
Bosnia and Herzegovina Slovenia 0.56 0.22 0.54 0.75
Colombia Guatemala 0.56 0.01 0.60 0.61
Poland Slovenia 0.56 0.18 0.57 0.75
Argentina Colombia 0.55 0.17 0.43 0.60
Kazakhstan Ukraine 0.55 0.36 0.17 0.53
Lebanon Kenya 0.54 0.41 0.54 0.95
Albania Bosnia and Herzegovina 0.54 0.01 0.53 0.54
Morocco Tunisia 0.54 0.08 0.54 0.62
Ecuador Dominican Republic 0.53 0.11 0.45 0.56
Chile Guatemala 0.52 0.19 0.42 0.61
Poland Lithuania 0.52 0.00 0.57 0.58
Bosnia and Herzegovina Poland 0.52 0.04 0.54 0.57
Cambodia Madagascar 0.52 0.35 0.65 1.00
Lithuania Slovenia 0.52 0.18 0.58 0.75

Bottom 20

France United Kingdom 0.31 0.03 0.72 0.74
Belgium Denmark 0.31 0.07 0.51 0.58
Philippines Zambia 0.31 0.01 0.99 1.00
Thailand Kenya 0.31 0.11 0.84 0.95
Hungary Kenya 0.28 0.06 0.89 0.95
Germany Sweden 0.27 0.03 0.79 0.83
Spain Kenya 0.27 0.36 0.59 0.95
Switzerland Zambia 0.27 0.04 0.96 1.00
China El Salvador 0.26 0.05 0.72 0.77
India Thailand 0.25 0.10 0.74 0.84
Pakistan Philippines 0.24 0.01 0.99 0.99
Sweden Kenya 0.23 0.12 0.83 0.95
Hungary Ethiopia 0.23 0.02 0.89 0.90
China Ethiopia 0.23 0.18 0.72 0.90
Zambia Madagascar 0.22 0.00 1.00 1.00
Sudan Senegal 0.21 0.04 0.64 0.69
Sudan Ethiopia 0.20 0.26 0.64 0.90
Japan Switzerland 0.17 0.02 0.94 0.96
Japan Zambia 0.15 0.06 0.94 1.00
Switzerland Pakistan 0.13 0.03 0.96 0.99
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variables analyzed; and W represents the scale factor. In this
sense, countries with a value equal to zero have the lowest
relative ecological pollution performance, while countries with
a value equal to one have the highest relative ecological
pollution performance.

Export Similarity and Potential
Improvement of Production Efficiency
In the next step, we calculate the network of similarities between
countries’ export baskets in order to identify partners with
substantial differences in the eco-efficiency while achieving
similar levels of economic sophistication. To that end, we

compare the logarithm of the revealed comparative advantage
(RCA) of countries’ product basket.

We start by computing the RCA of each country on each
product as:

Rcp � Xcp

∑
p′Xcp′

/
∑

c′Xc′p

∑
c′p′Xc′p′

(1)

where Xcp is the total exports of country c over product p. The
ratio in the numerator estimates the relative weight of exports
of a product p in the economy of country c, while the ratio in
the nominator estimates the relative weight of product p in the
world economy and thus represents the weight of product p in

FIGURE 5 |Optimal Benchmark and Partnership Network for Sustainability Improvements. The country names are abbreviated by ISO 3-digit codes. The ISO code
list is available in Supplementary Appendix A.
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a typical/average country. By definition, RCA is bounded
within the domain of positive real numbers that are right-
skewed distributed. In order to obtain linearly comparable
country-to-country RCAs, we apply the log-transform to
Rcp as:

~Rcp � log10(Rcp + δ) (2)

where the sum of δ is calculated to ensure that undefined
transformations are avoided from instances where Rcp � 0; in
our case we considered δ to be the smallest non-zero value of Rcp.
Hence, ~Rcp quantifies the magnitude of revealed comparative
advantages. Figure 2A shows the distribution of values of ~Rcp

obtained for all countries.
Hence, for each country c we obtain a vector

~Rc: ~Rc1, ~Rc2, . . . , ~RcN}{ that captures the magnitude of the
revealed comparative advantages per product from country c.
Next, we compute the correlations between the magnitudes of
revealed comparative advantages (~Rc) from each pair of country c
and c′. For this we compute the Pearson correlation coefficient
between vectors ~Rc and ~Rc′, which is formally:

ρcc′ �
∑N

i
(~Rci − 〈~Rc〉) (~Rc′i − 〈~Rc′〉)��������������

∑N

i
(~Rci − 〈~Rc〉)

2
√ ���������������

∑N

i
(~Rc′i − 〈~Rc′〉)

2
√ (3)

where ~Rc is themeanmagnitude of revealed comparative advantages
of country c’s exports. Figure 2B shows the resulting correlation
matrix, while Figure 2C shows an example of the correlation
between the exports magnitude of South Korea and Japan.
Figure 2D shows the distribution of correlations.

To improve the visualization of the strongest linkages that emerge
from the correlations of the exports magnitude, we apply the
following in order to obtain a meaningful network representation:

1) Starting from the correlation matrix ρcc′ we generate the
maximum spanning tree, S, that identifies the minimum
number of edges necessary to obtain a connected network
and that maximizes the sum of the correlations between
the edges.

2) S is an undirected network that connects pairs of countries.
3) Then we add to S all of the links associated with countries that

exhibit a correlation greater or equal to 0.445. This threshold
was selected to obtain a network with an average degree of
approximately four links, which results in a graphical
representation of the network that balances between
interpretability and meaning.

These steps follow the methods used to build a network
representation of the Product Space (Hidalgo et al., 2007).

RESULTS

First, we compare the ecological efficiency of countries,
considering their levels of economic development (in terms of
economic complexity).

We start with descriptive statistics of the absolute values of input
and output variables of the relative ecological pollution ranking
(REPR) and compare both absolute and relative environmental
damage values of low, middle- and high-income countries
(Figure 3). By construction, the average value of Economic
Complexity Index (ECI) of the 94 analyzed countries is 0.06. The
average of CO2 emissions per capita and ecological footprint per
capita are 5.39 and 3.65, respectively. High income countries present
higher average ECI values (0.75), CO2 emissions (8.72) as well as
ecological footprints (5.45). The upper middle- and lower middle-
income countries present lower average ECI values (−0.63 and –0.19,
respectively), CO2 emissions (1.88 and 4.48, respectively), and
ecological footprint (1.52 and 4.52, respectively). Moreover, the
low-income countries present the lowest levels of economic
sophistication (ECI � –1.19 on average), CO2 emissions (0.19)
and ecological footprint (0.95). Yet even when taking their
economic sophistication (i.e., economic complexity value) into
account, low-income countries tend to present less environmental
damage in relative terms (REPR � 0.13) than upper middle- (0.65)
and lower middle-income (0.52) countries as well as high-income
countries (0.56).

This means that both in absolute and relative terms, poor
countries cause less environmental damage (in terms of their
average ecological footprint and CO2 emissions) than rich
countries. However, there is also a significant amount of
variance, where some rich countries have relatively good
relative ecological pollution values and some poor countries
pollute relatively more than would be expected from their
level of economic sophistication.

Table 2 presents the Top-15 (best performance) and Bottom-
15 (worst performance) regions with the relative indicator (the
full ranking can be found in Supplementary Appendix A). The
Top-15 countries are mainly composed of low-income and
middle lower-income countries. The Top-5 countries are
Congo, Dem. Rep (1st), Madagascar (2nd), Zambia (3rd),

TABLE 4 | Top 20 benchmark country pairs with highest REPR ecological
efficiency improvement potential (REPR differential). The complete table can
be found in Supplementary Appendix A.

Focal country Partner country Correlation REPR differential

Mongolia Mozambique 0.36 0.99
Mongolia Ethiopia 0.44 0.90
Azerbaijan Mozambique 0.47 0.72
Kuwait Lebanon 0.49 0.54
Botswana Zambia 0.46 0.54
United Arab Emirates Lebanon 0.43 0.54
Botswana Mozambique 0.42 0.54
United States Japan 0.47 0.47
Ghana Zambia 0.49 0.46
Saudi Arabia Senegal 0.46 0.45
Turkey Pakistan 0.47 0.44
United Arab Emirates Greece 0.39 0.43
Lebanon Kenya 0.54 0.41
Nigeria Mozambique 0.40 0.38
Tunisia Pakistan 0.48 0.36
Norway Sweden 0.43 0.36
Kazakhstan Ukraine 0.55 0.36
Algeria Cameroon 0.44 0.36
Spain Kenya 0.27 0.36
Cameroon Zambia 0.50 0.36
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Mozambique (4th), and Philippines (5th). Note that these low-
income regions present low levels of economic complexity and
relatively less environmental degradation in terms of CO2

emissions and ecological footprint. For example, while the
average of the Economic Complexity Index from 99 countries
is 0.02, the Top-5 countries present a low sophistication of their
productive structure (ECI � –2.83 on average), but the
environmental damage is even less on average than in most
other countries. For these reasons, these countries have the
best performance in the relative indicator. It must also be
noted that some high-income countries position among the
Top-15 countries with the best performance, such as
Switzerland (7th), Japan 9th), Hungary (12th), and Sweden
(15th). These countries present a high level of economic
sophistication (ECI � 1.83), but their average levels of CO2

emissions (5.65) and ecological footprint (4.95) are lower
compared to countries with similar levels of economic
sophistication. This is quite substantial, especially considering
their access to technology.

The Bottom-15 countries presenting the worst relative
ecological efficiency values are mostly composed of economies
that are closely dependent on natural resources exploitation. The
Bottom-5 regions are Kazakhstan (95th), Guinea-Bissau (96th),
United Arab Emirates (97th), Mongolia (98th), and Kuwait
(99th). These countries present a low level of economic
sophistication and substantial environmental damage. For
example, Guinea-Bissau has a worse level of economic
sophistication and higher levels of CO2 emissions than the
average of the low-income country group.

It is important to note that the REPR indicator shows different
ranking positions of countries compared to other studies using
the DEA approach. For example, Zhou et al. (2008) used CO2

emissions and found that OECD countries have a better
environmental performance than African countries. In
contrast, our indicator shows that several African countries
have a better performance than most of the OECD countries.
The difference between these rankings is arguably due to two
reasons. First, we do not only use CO2 emissions but also the
ecological footprint. This benefits African countries that have an
overall lower usage of natural resources. Second, our indicator
considers the productive structure. Moreover, Zanella et al.
(2013) analyzed 163 countries and found that Nicaragua,
Costa Rica, Mauritius, and Peru are environmental
benchmarks of four different global clusters. However, none of
these countries are in the Top-15 of our REPR ranking. There are
two main differences between these two rankings. First, while
Zanella et al. (2013) presents 25 inputs and outputs, our study
focuses on pollution levels (CO2 emissions) and the ecological
footprint. Second, Zanella et al. (2013) did not discuss the
importance of the productive structure for the environmental
performance. Finally, Matsumoto (2020) found that Western
European countries achieved higher environmental
performance than Eastern European countries. The authors
argued that Eastern European countries have lower levels of
technology by using two economic inputs (labor and capital).
In contrast, using the economic complexity in the REPR
indicator, we reveal that Western European countries are not

in the Top-15 best performance rank and Eastern European
countries perform relatively better in comparison to the results
of Matsumoto. In sum, the REPR indicator shows that economic
complexity presents a new way to reveal the ecological efficiency
of countries’ production systems. It makes a difference if the
productive capabilities and not only aggregate GDP or labor and
capital are used to estimate economic development. Additionally,
the REPR indicator is relevant as it reveals possible efficiency
benchmarks and learning partnerships between countries using
the Country Exports Similarity Space.

Next, we use the Country Exports Similarity Space to identify
differences in the ecological efficiency of countries (as measured
by REPR) with similar export portfolios (see Figure 4) in more
detail. To properly learn from another country, it is not enough to
consider the average level of sophistication, but also a more fine-
grained distinction among types of products. This is the case
because countries with a similar level of economic sophistication
can base their economy on very different types of productive
specialization. One country can focus on chemical products and
another on electronic goods, or one country can focus on
agriculture and another on mining products. Each of these
activities tends to require particular types of productive
capabilities and knowledge, but they are also associated with
different levels of environmental damage. Figure 4 shows the
similarity in the network of countries’ export portfolio, with the
nodes colored according to their REPR values.

Moreover, Table 3 shows the export similarity and REPR
values for country pairs with the highest and lowest export
similarity. We observe some network clustering of spatial
neighbors that share both similarities in terms of export
portfolios as well as ecological efficiency, such as France and
the United Kingdom, or Saudi Arabia, Kuwait, and Oman.
However, there are also considerable differences among
neighboring countries, and we can identify major differences
in terms of the REPR values of countries with relatively similar
export portfolios, such as Japan and the United States, or the
Ivory Coast and Cameroon. While these countries are able to
export similar type of products and thus reach similar levels of
productive sophistication, they show substantial differences in the
amount of CO2 emissions and ecological footprint per capita
required to reach this level of productive sophistication. This also
means that the country with a lower REPR value may be able to
learn from the country with a significantly REPR value. They are
likely to be a better benchmark country for international
comparisons and identification of improvement potentials
than studies merely based on aggregate GDP or pollution
values across countries with very different productive
specializations.

Next, we reveal the best benchmark and learning partners
network based on high export similarities, but significant
differences in their REPR values (see Figure 5). While
the previous network mainly shows which countries have
the highest levels of export similarities, here we identify the
two best benchmark countries for each country that have a
high level of export similarity as well as significantly better
relative ecological pollution values. To do so, we first identify
the differential in the sustainability indicators from a focal
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country c in relation to all the remaining countries. A positive
(negative) differential means that country c1 has a lower
(greater) sustainability indicator than a particular partner
country c2 and thus it can acquire (transfer) better
practices from it. We will consider only relationships with
a positive difference to draw a network with the two best
partners for each country. Finally, the network is generated by
taking for each focal country the two outlinks that represent
the highest gain in REPR and with countries with the highest
export portfolio correlation, which needs to be greater
than zero.

The resulting network shows the two best benchmark and
learning partners for each country. As expected, in many cases
best benchmark and learning partners can be found in spatial
proximity, such as Serbia learning from Bosnia and Herzegovina
and Croatia, or Senegal from Zambia and Kenia, Bolivia from
Panama and Peru, Kazakhstan from Russia and Ukraine, etc.
However, there are also several cases in which country from one
continent can also learn from countries from other continents
that are able to produce similar goods, but show substantially
higher levels of ecological efficiency, such as the United States
learning from Japan and Singapore, orMorocco fromTunisia and
Sri Lanka.

Among the country pairs with the highest possible
ecological efficiency improvements potential are, for
instance, United Arab Emirates learning from Lebanon and
Singapore, or Mongolia learning from Ethiopia and Sudan, the
United States from Japan, or Morocco, Nicaragua and Tunisia
learning from Madagascar (see Table 4). This means that
countries can move beyond orienting their efficiency
improvements solely based on the leading country or
technology, but also have the possibility to learn from
countries with similar productive structures, but
significantly lower environmental damage values. This can
make a difference because countries typically cannot
randomly move and adopt into completely new sectors and
technologies, but tend to move into activities that are similar to
their previous productive portfolio (Hidalgo et al., 2007;
Pinheiro et al., 2018; Hidalgo 2021). Moreover, it expands
to potential learning partnerships between countries that may
face similar productive challenges. This does not mean that
learning from the global technology frontier and best country
and technology should not also be promoted. But it provides a
new layer of learning opportunities from countries with
similar comparative advantages and production challenges,
but that have found more efficient and ecological solutions.
Our study allows for a more detailed understanding of the
causes of this observation. Similar production structures
indicate the existence of higher developed absorptive
capacities that allow for more efficient knowledge flows and
an easier exploitation of external knowledge. This not
necessarily is a knowledge flow from the leading economy
to the catching-up economies (Verspagen, 1992), but can be
targeted on a technological level in cases of overlapping
production structures.

Finally, we calculate the average relative efficiency
improvement if each country would have similar efficiency

values as its respective best benchmark country. The results
show that countries could improve in average 22.4% of their
relative efficiency if they would produce the same reduced
amount of carbon dioxide and ecological footprint for a
similar export portfolio than the best benchmark country.
Naturally many factors, such as geography and climate
conditions, institutions, closeness to supplier, and demand
structures, influence the resources, energy needs and
production efficiency of countries (variables that are not been
considered). Nonetheless, this estimate illustrates a major
potential for efficiency improvements, especially considering
that despite differences in production technologies, many
products (such as oranges, steel, or cars) do require similar
inputs and productive capabilities across the world. So, while
there are significant differences in the precise factor combination
on how to produce certain products, there are also significant
similarities and related efficiency differentials that can be used to
identify opportunities for mutual learning and efficiency
improvements.

CONCLUSION AND POLICY
IMPLICATIONS

In this article, we discussed to which extent countries with similar
productive structures show similarities and differences in terms of
their ecological production efficiency. This matters, because the
mere diversification of countries into greener products—as
implied by previous research on economic complexity and
ecological sustainability—can indeed be an important part of a
green growth strategy. However, not all products can be
substituted (immediately) with greener products. Moreover,
almost by definition not all countries may become
international leaders in the same green technologies and
products, but still more polluting and energy-consuming
products, such as certain types of materials or chemical
products will have to be produced by some countries. In
consequence, significant possibilities to promote the ecological
efficiency of current production systems must be considered as
well. To our best knowledge, though no study in the field of
economic complexity research has considered the large potentials
of efficiency improvements within the current product portfolios.
In contrast, the specialized research on ecological efficiency has
not considered the importance of different types of productive
portfolios of countries and thus cannot indicate in
straightforward manner what countries are best comparator
countries and potential sources of ecological efficiency for
each other.

Thus, with this analysis we contribute to more clarity and
policy relevant information to international comparisons of the
ecological efficiency of economies. This is the case, because
comparing efficiency levels of countries characterized by very
different productive specializations necessarily causes confusion
in the comparison of sustainability of production systems.
Moreover, mere focus on aggregate indicators can also lead to
political gridlock in international climate and pollution summits,
where developing economies argue for the need for
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industrialization and thus increasing pollution levels, while some
richer economies highlight their relative sustainable production.
Comparisons based on aggregate production or pollution levels
alone may not be the best way to understand which countries
could best learn from each other in terms of best practices,
technologies, and regulations in their industries. For instance,
a car industry, a copper mine, a soybean industry, a finance
industry, or a textile industry require different types of
technologies and policies to move closer to the global
benchmark in terms of production efficiency. Moreover, the
impact of these industries also depends on the network of
related industries that are present in a country. Thus, different
production portfolios of countries need to be considered.

In this paper, we created a relative ecological pollution
ranking (REPR) and reveal a best efficiency benchmark
partner network that considers both high levels of export
similarities and differences in ecological efficiency. For
instance, it is not obvious from traditional efficiency
rankings that the Unnites States can learn from Japan,
Cameroon from Zambia, or the United Arab Emirates from
Greece. The article showed that methods from data
envelopment analysis and economic complexity can identify
possibilities for efficiency improvements and mutual learning
better than ecological efficiency rankings based on aggregate
indicators, because they consider the productive structure of
each country. While having its limitations, it is a step forward
in being able to compare like with like. This can also help to
expand the information base and learning activities between
countries with similar productive structures for the sake of a
higher level of ecological efficiency. Moreover, our results
indicate a major possibility of efficiency improvements
within the current global production system.

The methods and insights presented here have several policy
implications. First, our insights could contribute to a greater
objectivity about global climate change mitigation activities.
Comparing like with like significantly improves the basic
conditions in international negotiations and facilitates a less
distorted discussion. Second, the insights on best benchmark
countries may provide valuable information for the development
of international research and technology programs. It must be
noted, though that in this regard our study can make a first step,
but additional in-depth studies of the best benchmark countries
might be necessary. For example, the information on the
benchmark countries could be used to identify whether
specific infrastructures or regulations are required to improve
the ecological efficiency or reorganize the concerned industries.
The same holds for international development programs, which
might become more accurate and effective by considering REPR
differentials in their policy designs. Moreover, it could be used in
international investment decisions that consider environmental
considerations and to merit relative levels of ecological efficiency
of the potential host countries. Countries may promote
investments of multinational companies (FDI) from
benchmark countries with higher levels of ecological pollution
to promote knowledge spillover and increase ecological efficiency.
Or inputs (with similar qualities and prices) could be
preferentially bought from countries with higher REPR values

and/or higher sustainability standards in the supplier industries
(e.g., natural resources) being enforced by large buyers
(consortia).

Of course, several limitations need to be kept in mind. First,
while widely used in research on productive structures, data on
exports are only a proxy for productive structures of countries.
They do not include non-tradables, services, internal demand,
and supply structures that can significantly contribute to the
overall economic output and ecological efficiency levels of
countries. Nonetheless, detailed and comparable production
data is not yet available for a large set of countries, and export
data continues to be a valuable source of information to
distinguish different national productive specializations.
Moreover, it must be noted that due to converging global
consumption structures, import portfolios as well as service
sector portfolios tend to have lower levels of variance across
countries than export portfolios. Thus, export portfolios continue
to be widely available and a reliable source of information on the
national productive specialization due to custom checks of both
export and import countries. Moreover, the export portfolios of
countries tend to indirectly depict the set of basic input factors,
such as land, technology, and institutions that are necessary to be
able to produce and export these goods in a competitive manner
(Hidalgo and Hausmann, 2009; Hausmann et al., 2014). For
instance, the export of soybeans demands a certain type of
climate, while the export of robots a certain level of
technological capabilities.

Another limitation is that we perform in this article a rather
static framework that does not consider significant changes in
terms of product diversification and the rise of new industries.
Future research may need to combine both considerations of
efficiency as well as likely changes in the productive portfolios
of countries. Indeed, several advances have been made recently
on the association between economic diversification,
complexity, and sustainability (Ferraz et al., 2021). It must
be noted, though, that the recent focus on green diversification
opportunities should also not omit the potential efficiency
improvement within the current productive specializations of
countries. We show here that significant efficiency
improvements would be possible within the current global
production system.

There are also many political, social, and institutional issues
involved that can promote or hamper the collaboration between
countries that need to be considered and explored in subsequent
works. For instance, many neighboring countries or best benchmark
countries had political conflicts that can negatively affect knowledge
transfer and mutual learning. At the same time, a common history,
institutions, and language, as seen in the case of the Commonwealth
countries, can help to promote communication, joint projects, and
knowledge transfer. Finally, geographic factors, such as a closer or
greater distance, or differences in climate conditions, can also affect
the ability of countries to learn from the production systems of each
other. All these considerations suggest promising paths for future
research on the micro-level of cooperation between the best
benchmark countries.

Despite its limitations, this article provides a new analysis
framework to identify the best ecological production efficiency
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and benchmark countries. It can help in developing more
adequate comparisons of the ecological production efficiency
of countries, considering their significant differences in
productive specialization, instead of merely focusing on
aggregate pollution and/or GDP levels. And thus, it can help
to identify which countries can best learn from each other for the
sake of a cleaner global production.
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The association between economic complexity (sophisticated economic structure) and
carbon emissions has major implications for environmental sustainability. In addition,
globalization can be an important tool for attaining environmental sustainability and it may
also moderate the association between economic complexity and carbon emissions.
Thus, this research examines the effects of economic complexity, economic growth,
renewable energy, and globalization on CO2 emissions in the top 10 energy transition
economies where renewable energy and globalization have greatly increased over the last
3 decades. Furthermore, this study also evaluates the joint effect of globalization and
economic complexity on carbon emissions. Keeping in view the presence of slope
heterogeneity and cross-sectional dependence in the data, this research utilized
second-generation unit root tests (CIPS and CADF), Westerlund cointegration
approach, and CS-ARDL and CCEMG long-run estimators over the period of
1990–2018. The results affirmed the presence of cointegration among the considered
variable. Long-run findings revealed that globalization, renewable energy, and economic
complexity decrease carbon emissions. Conversely, economic growth increases carbon
emissions. Moreover, the joint impact of economic complexity and globalization stimulates
environmental sustainability. Based on these findings, the government of these groups of
economies should continue to expand the usage of renewable energy. They should also
promote interaction with the rest of the world by adopting the policy of opening up.

Keywords: economic complexity, globalization, energy transitions, environmental sustainability, carbon emission

1 INTRODUCTION

It is well known that the long-term objective of economic growth cannot be realized without an
uninterrupted supply of inputs, such as energy. Consequently, the need for energy has increased
sharply across nations (Adebayo & Kirikkaleli, 2021). Most countries around the globe rely
significantly on non-renewable energy sources like coal, natural gases, and crude oil to satisfy
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the increasing energy need. The heavy dependence on fossil fuels
has indeed intensified environmental problems (Adebayo et al.,
2021a; Akinsola et al., 2021; Zhang et al., 2021). Anthropogenic
greenhouse gas emissions (GHGs) have risen from the pre-
industrial period and are presently at their highest level. In
this context, carbon emissions in 2019 were about 34,169.0
million tonnes compared to 19,249.9 million tonnes in 1985
(BP, 2020), indicating a 43.66% increase over the last 35 years. In
addition, carbon emissions are anticipated to peak by 2050, unless
governments make substantial efforts to limit emissions in the
future years. Between 1980 and 2012, the average temperature of
the globe has increased by 0.85°C. Hence, environmental
challenges, such as global warming and environmental
deterioration, are among the most important concerns in the
modern world.

One of the most controversial and widely debated issues of
the 21st century is the connection between the environment and
economic growth. However, one of the attributes of the 21st
century is that nations are transitioning from agricultural and
pollution-intensive manufacturing economies to more
advanced knowledge-based economies (Acheampong &
Adebayo, 2021). Consequently, this structural shift has been
considered as a new environmental degradation determinant.
The introduction of the economic complexity index by Hidalgo
and Hausmann (2009) is regarded as a comprehensive measure
of a country’s economic development because it comprises of
diversification of product, skill, knowledge, and ubiquity.
Specifically, economic complexity accurately reflects the level
of complexity, incorporates changes in production processes,
and assesses its capacity. Furthermore, it can forecast and
describe changes in economic development and carbon
emissions on both regional and global levels (Neagu and
Teodoru, 2019). The production of traditional energy-
intensive products requires more energy consumption
thereby increasing environmental deterioration. However, the
complex and sophisticated products’manufacturing may lead to
less energy usage, which may lead to environmental
sustainability (Can and Gozgor 2017). Also, the Paris
Climate Conference (COP21) stresses the need of mitigating
environmental degradation by promoting green and sustainable
growth. The objective of transiting to a low carbon economy and
green growth requires structural reforms in the production
process by utilizing cleaner energy sources (renewable energy).

Countries across the world are in dire need of significant
changes in their energy production methods. This encourages the
use of cleaner and renewable energy rather than using
unsustainable fossil fuels. There are a broad variety of
motivations for the rapid development and consumption of
renewable energy, such as reducing emissions of GHGs, access
to energy, improving economic growth, energy security, and
mitigating changes in the environment. However, empirical
studies report different outcomes regarding the impact of
renewable energy on the environment. The study of Alola
et al. (2021) established an insignificant association between
renewable and environmental deterioration, although contrary
opinion regarding the interaction between renewable and
environment degradation was established by Soylu et al.

(2021); Adebayo & Kirikkaleli, 2021; Chien et al. (2021);
Doğan et al. (2021).

Globalization is considered as the transition from a self-
contained and isolated economy with trade and investment
obstacles, laws, and cultural distinctions to a more
interconnected, interdependent global economy (Hill & Rapp,
2009; Acheampong & Adebayo, 2021). In recent decades, the
tremendous economic, political and social interconnection of
nations has had both adverse and beneficial environmental
impacts. Openness to the rest of the globe attracts
international investors that may employ advanced technology
to establish or develop their business activities, therefore
improving environmental quality by reducing the usage of
energy. The adoption of new technology minimizes resource
consumption and manufacturing costs, forcing domestic firms
to embrace cleaner technology. In contrast, reliance on traditional
or outdated technology by foreign businesses worsens the quality
of the environment (Ahmed et al., 2019; Alola et al., 2021). Thus,
the openness of these energy transition economies to the rest of
the world may help them to develop sophisticated production
structures through the inflow of capabilities i.e., knowledge and
technologies. In addition, the expansion in the export market due
to globalization may help them to focus on building sophisticated
products with the intention of exporting them to other nations.
Thus, we believe that globalization may interact with the
economic complexity resulting in a cleaner environment.

On this premise, this study focused on the top 10 energy
transition economies, namely Iceland, France, New Zealand,
United Kingdom, Finland, Austria, Switzerland, Denmark,
Norway, and Sweden. There are three leading reasons for
selecting these countries as the study’s sample. Firstly, they are
all advanced economies whose production processes are highly
advanced and knowledge-based, therefore, these economies have
a high economic complexity index. Secondly, these economies are
responsible for about 3% of energy-related carbon emissions.
Thirdly, the deficiency of literature regarding environmental
degradation for energy transition economies and omission of
significant factors necessitate more research to precisely establish
the interaction of environmental degradation with economic
complexity in energy transition economies. Consequently,
understanding the impact of economic complexity and
globalization on environmental quality in energy transition
economies will have major consequences for achieving
sustainable growth and minimizing climate change.

Given the purpose of the investigation, this research
contributes to existing literature. First, this research provides
more insight into the association between economic complexity
and carbon emissions by incorporating the effect of economic
growth, renewable energy, and globalization. Second, this
research also includes the interactions between globalization
and economic complexity to investigate whether the openness
of their economies to the rest of the globe strengthens the role of
economic complexity in environmental sustainability. The
authors of this study are unaware of any prior research that
investigates the combined impact of economic complexity and
globalization on environmental deterioration from the
standpoint of energy transition economies. Third, this research
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also contributes methodologically by utilizing the Cross-
Sectionally Augmented Autoregressive Distributed Lag (CS-
ARDL) model. The CS-ARDL is robust against heterogeneity,
misspecification bias, endogeneity, non-stationarity, and cross-
sectional dependence (Ahmad et al., 2021b). Four, this study
utilizes the Common Correlated Effect Mean Group (CCEMG) to
ensure the soundness of the estimation; thus, the study intends to
report reliable outcomes and policy suggestions.

The following is the outline of the rest of the study: Section 2
gives insights into the relevant literature for this study; Section 3
describes the methods used for the empirical analysis. Section 4
provides results, while Section 5 presents the concluding remarks.

2 LITERATURE REVIEW

Previous studies suggest that not only economic growth but also
other factors, such as economic complexity (Kirikkaleli &
Adebayo, 2021a; Rjoub and Adebayo, 2021; Ahmad et al.,
2021c; Adebayo et al., 2021; Doğan et al., 2021), renewable
energy (Fareed et al., 2021; Adebayo & Kirikkaleli, 2021;
Chien et al., 2021; Kirikkaleli and Adebayo, 2021b; 2021; Soylu
et al., 2021) globalization (Aslam et al., 2021; Anser et al., 2021;
Chien et al., 2021) and others (An et al., 2019; Miao et al., 2019;
Zhang et al., 2019; Mohammad et al., 2020; Alola et al., 2021;
Ahmed et al., 2021c; Ramzan et al., 2021; Shan et al., 2021; Chen
et al., 2019) can impact environmental deterioration. Meanwhile,
the main driver of CO2 emissions is economic growth or per
capita income, since all other variables are directly and indirectly
related to CO2 emissions. Prior studies have utilized economic
growth as a major predictor of the quality of the environment.
The subsequent part of this section evaluates the connection of
economic complexity, economic growth, renewable energy, and
globalization with CO2 emissions.

Ayobamiji and Kalmaz (2020) explored the connection
between economic growth and CO2 emissions by utilizing the
dataset of Nigeria spanning between 1971 and 2015 and the
empirical findings revealed that economic growth contributes to
environmental degradation in Nigeria. Also, Adebayo et al.
(2021b) uncovered a positive connection between globalization
and CO2 emissions in South Korea by employing the dataset
within the period from 1965 to 2019. The results of their research
demonstrated that the economic growth tends to increase CO2

emissions. The study of Alola et al. (2021) evaluated the CO2

emissions, renewable energy, and economic growth association in
China by employing data spanning from 1980 to 2017. The
outcome revealed that the effect of economic growth on CO2

emissions is positive, whereas, the influence of renewable energy
on CO2 emissions is revealed to be insignificant. The research of
Aslam et al. (2021) uncovered the effect of economic growth and
globalization on CO2 emissions for Malaysia within the period
from 1971 to 2016. The outcomes of this study revealed that there
is a direct interaction between economic growth and CO2

emissions, however, a similar connection was evident between
globalization and CO2 emissions. For Pakistan, Chien et al. (2021)
evaluated the CO2 emissions, renewable energy, economic
growth, and globalization connection covering the period from

1980 to 2018. The study’s findings indicated that economic
growth and globalization impact CO2 emissions positively, on
the contrary, the findings uncovered a negative connection
between renewable energy and CO2 emissions. Anser et al.
(2021) investigated the CO2 emissions, economic growth, and
globalization interconnection for five southern Asian nations (Sri
Lank, Bangladesh, Maldives India, and Pakistan) covering
between 1985 and 2019. The finding revealed that there is a
positive linkage between economic growth and CO2 emissions.
Also, the association between CO2 emissions and globalization is
positive.

For economic complexity, the initial debate concerning the
association between economic complexity and CO2 emissions
started with the study of Can and Gozgor (2017) for France using
the data spanning from 1964 to 2014, and the research outcome
uncovered that CO2 emissions can be mitigated by boosting the
level of economic complexity. For 28 OECD nations, Doğan et al.
(2020) discovered that economic complexity mitigates the
challenges of environmental deterioration within the period
from 1990 to 2014. On the contrary, the study of Neagu and
Teodoru (2019) revealed that there is a positive effect of economic
complexity on environmental degradation in 25 EU (European
Union) countries for the period from 1995 to 2016. A similar
outcome was evident in the research of Doğan et al. (2019) in 55
countries for the period between 1971 and 2014. Using the DOLS
and FMOLS over the period from 1980 to 2016. Pata (2021)
uncovered a positive association between economic complexity
and CO2 emissions. Chu (2021) also uncovered a positive
association between economic complexity and CO2 emissions
in 118 countries covering the period between 2002 and 2014. The
study of Ahmad et al. (2021) in emerging economies also revealed
a positive connection between environmental degradation and
economic complexity. Conversely, the study of Adedoyin et al.
(2021) reported an insignificant connection between economic
complexity and CO2 emissions in 26 EU countries.

Considering these contradicting theoretical and empirical
findings, additional investigations are required to resolve the
discrepancy in the literature. Also, previous studies have
assessed the direct influence of economic complexity on CO2

emissions. In many studies, empirical estimates can be spurious
because they ignored the issues of cross-sectional dependence and
slope heterogeneity. Concerning this major gap in the prior
literature, there is a necessity to address this issue by
investigating the role of economic complexity, renewable
energy, and globalization in CO2 emissions in the top 10
energy transition economies using better methodologies. Also,
it is important to evaluate the combined effect of globalization
and economic complexity on the environment for suitable
policies.

3 METHOD AND DATA

3.1 Theoretical Framework and Model
Construction
Proceeding to the theoretical framework of this research,
economic growth impacts carbon emission because economic
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activities require energy as an input resulting in greater waste and
pollution. However, the degree of pollution and material utilized
to produce depend on a nation’s sectoral framework. Economic
expansion has three distinct consequences on the environment,
which are: scale, composition, and technique effects. Within the
context of scale effect, economic expansion harms the
environment at first because it necessitates additional energy
and resources, resulting in greater wastage and pollution. The
structural changes of economies from the industrial sector to the
service sector are capable of decreasing the adverse impacts of
economic development on climate, and these impacts are known
as the composition effect (Ahmad et al., 2021). Lastly, the
technique effect proposes that when the wealth of an economy
increases, it embraces new and improved technology that
increases productivity and mitigates emissions.

Economic complexity is another significant factor that may
impact environmental degradation because it depicts the
production structure of economies. Economic complexity
offers an overview of the magnitude, technology, and
structural transformations of a nation (Pata, 2021). Product
complexity and structural modification might damage or
improve the quality of the environment depending upon the
nature of production (Doğan et al., 2020). Economic complexity
can allow policy-makers to promote technological
advancement, research, skills, and knowledge, which enhance
environment-friendly technologies and greener goods, and
reduce environmental deterioration (Doğan, et al., 2019).
Conversely, a knowledgeable sophisticated economic
structure is often lacking in many economies, thus,
conventional technologies are utilized in the production
process, which in turn, expand energy utilization and
environmental deterioration (Shan et al., 2021).

Globalization is another significant factor that impacts
environmental degradation. The trend of globalization has
resulted in several environmental concerns, including the
depletion of ozone, overutilization of resources, and
deforestation (Kirikkaleli et al., 2021). Globalization
encourages economic activity and energy consumption,
resulting in an increase in carbon emissions. However,
through eco-friendly technologies’ inflow, globalization can
enhance environmental quality (Adebayo et al., 2020; Ahmed
et al., 2019).

Renewable energy is another significant factor that impacts
environmental degradation. Generally, renewable energy sources
are eco-friendly. The development and utilization of these
resources could potentially assist in minimizing the
dependency on fossil fuels and improving the quality of the
environment. However, the excessive use of non-renewable
energy exacerbates climate change and global warming by
increasing GHG emissions (Panait et al., 2021), indicating that
non-renewable energy emits more CO2 while renewable energy
emits less emissions.

Following the latest studies of Ahmad et al. (2021) and Pata
(2021), this model was built as follows:

CO2,it � f(GDPit, REit, ECIit, GLOit), (1)

CO2,it � ϑ0 + ϑ1GDPit + ϑ2REit + ϑ3ECIit + ϑ4GLOit + εit, (2)

Where t indicates the period of concern (1990–2018), i indicates the
cross-section (top 10 energy transition economies), ϑ indicates
parameters, ε indicates error term, CO2 depicts carbon emissions,
GDP depicts Gross Domestic Product per capita (constant 2010$),
RE depicts renewable energy usage, ECI depicts economic
complexity index, and GLO indicates globalization.

To probe the moderating effect of globalization on the
connection between economic complexity and carbon
emission, we incorporated the interaction term of economic
complexity and globalization (ECI p GLO) into Eq. 3, and the
modified model is presented as follows.

CO2,it � ϑ0 + ϑ1GDPit + ϑ2REit + ϑ3ECIit + ϑ4GLOit

+ ϑ5(ECIpGLO)it + εit, (3)

With regard to the anticipated signs of the regressors of carbon
emission, it is generally considered that increased production
contributes towards the deterioration of the environment as a
result of the increasing energy demand. Therefore, we anticipate
that there is a positive interaction between economic growth and
CO2 emissions i.e. (ϑ1 � zCO2

zGDP> 0). Renewable energy is critical in
mitigating environmental deterioration. It is regarded to be a clean and
greener energy source that meets present and future requirements.
Therefore, renewable energy is anticipated to reduce environmental
deterioration and CO2 emissions. i.e. (ϑ2 � zCO2

zRE < 0). Also, there are
different arguments about the connection between economic
complexity and CO2 emissions. Ahmad et al. (2021) revealed a
positive connection between environmental degradation and
economic complexity. Conversely, Doğan et al. (2020) discovered
that the challenges of environmental deterioration can bemitigated by
economic complexity. Therefore, we anticipate that economic
complexity will have a positive or negative impact on CO2

emissions i.e. (ϑ3 � 0< zCO2
zECI > 0). Moreover, another major factor

that influences environmental quality is globalization. By formulating
and implementing rules and regulations on sustainable trade and FDI,
globalization may benefit the environment. Also, these advanced
nations have good environmental regulations. On this notion,
globalization is expected to have a negative impact on CO2

emissions i.e. (ϑ4 � zCO2
zGLO< 0). Finally, the interaction term of

economic complexity and globalization, which indicates their joint
impact on CO2 emissions, may decrease CO2 emissions even more
because globalization can bring knowledge and capabilities to the host
nations, which in turn can boost their economic complexity level. As a
result, producing complex products can decrease CO2 emissions by
decreasing energy utilization in the manufacturing process. Therefore,
we expect that the joint impact of globalization and economic
complexity on CO2 emissions will be negative i.e. (ϑ5 �

zCO2
z(ECIp GLO< 0).

3.2 Data
We utilized the panel data from 1990 to 2018 for the top 10 energy
transition economies (Iceland, France, New Zealand, the
United Kingdom, Finland, Austria, Switzerland, Denmark,
Norway, and Sweden). Owing to the unavailability of data for
globalization and economic complexity, the period for this study
begin from 1990 and ends in 2018. The observed variables for this
study include CO2 emissions (CO2), renewable energy (RE),

Frontiers in Environmental Science | www.frontiersin.org November 2021 | Volume 9 | Article 7780884

He et al. Globalization and CO2 Emissions

140147

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


economic growth (GDP), economic complexity (ECI), and
globalization (GLO). Table 1 provides adequate information
regarding the measurement and source of data for the observed
variables.

3.3 Estimation Procedures
3.3.1 Cross-Sectional Dependence (CSD) and Slope
Heterogeneity Tests
In this age of increasing globalization, with reduced trading
restrictions, cross-sectional dependence in panel data analysis
is increasingly likely to emerge. Failure to address the issue of
cross-sectional dependence and claiming independence between
cross-sections can result in incorrect, unreliable, and biased
estimations (Adebayo and Rjoub, 2021). The Pesaran (2015)
test for cross-sectional dependency is used in this
investigation. Similarly, the assumption of a homogeneous
slope coefficient would produce misleading estimating results
without checking for heterogeneous slope coefficients (Adebayo
and Rjoub, 2021). Based on this, the study employed the Pesaran
and Yamagata (2008) test to evaluate the slope heterogeneity of
the cross-section, however, this method is a modified version of
the Swamy (1970) approach. It is crucial to evaluate the cross-
sectional dependences and slope homogeneity before the
stationarity properties of the cross-section are captured. The
equation for the slope homogeneity test are shown as follows:

~ΔSH � (N)12(2k)−1
2(

1
N

~S − k), (4)

~ΔASH � (N)12(2k(T − k − 1
T + 1

)
−1
2

(
1
N

~S − 2k), (5)

Where: ~ΔASH indicates adjusted delta tilde while ~ΔSH indicates
delta tilde.

3.3.2. Panel Unit Root Tests
The research employed the cross-sectional augmented Im,
Pesaran and Shin (IPS) and cross-sectional augmented Dickey-
Fuller tests (CADF) proposed by Pesaran (2007). The equation
for CADF is as follows:

ΔYi,t � ci + ciYi,t−1 + ci �Xt−1 +∑
p

l�0
cilΔYt−l +∑

p

l�1
cilΔYi,t−l + εit,

(6)

Where: �Yt−1 and ΔYt−l denote the lagged and first differences
averages, respectively. Also, the statistics for CIPS is derived by
averaging each CADF, which is shown in Eq. (6).

ĈIPS � 1
N

∑
n

i�1
CADFi, (7)

Where: CIPS denotes cross-sectional augmented Im, Pesaran and
Shin; CADF indicates cross-sectional augmented Dickey-Fuller
tests. These unit root approaches are categorized as the second-
generation unit root tests. These methods produce accurate
estimates in the presence of cross-sectional dependence and
heterogeneity, unlike first-generation unit root tests.

3.3.3 Panel Cointegration Test
Conventional panel cointegration test namelyMcCoskey and Kao
(1998) cointegration test and Pedroni (2004) cointegration test
produces incorrect estimates when cross-sectional dependence
and heterogeneity exist in panel data. For this case, this research
evaluates the linkage between carbon emissions, renewable
energy, economic complexity, and globalization for energy
transition economies using the Westerlund (2007)
cointegration approach, which is defined as follows:

αi(L)Δyit � y2it + βi(yit − 1 − άixit) + λi(L)vit + ηi, (8)

Where δ1i � βi(1)ϑ̂21 − βiλ1i + βiϑ̂2iandy2i � −βiλ2i
The Westerlund cointegration test statistics are presented as

follows.

Gt � 1
N

∑
N

i−1

άi

SE(άi), (9)

Gα � 1
N

∑
N

i−1

Tάi

άi(1), (10)

PT � ά
SE(ά) , (11)

Pα � Tά, (12)

Where: Ga and Gt are the group statistics whereas Pa and Pt are
the panel statistics. The hypothesis for this approach is the null
hypothesis of no cointegration against the alternative hypothesis
of cointegration.

3.3.4 Cross-Section Augmented Auto-Regressive
Distributed Lag (CS-ARDL) Test
Utilizing the approach developed by Chudik et al. (2016) known
as the CS-ARDL test, this study evaluates the long and short-term
association among carbon emission, renewable energy,
globalization, and economic complexity. This approach solves
the problem of endogeneity, unobserved common factors,

TABLE 1 | Variables, data source, and measurement.

Variable Symbol Measurement Source

Carbon emissions CO2 Metric tons per capita BP
Economic growth GDP GDP per capita (constant 2010$) WDI
Renewable energy RE Renewable energy per capita consumption (KWH) BP
Economic complexity ECI Economic complexity Index AMD
Globalization GLO Globalization index based on economic, social, and political dimensions of a country KOF

WDI, world development indicators; KOF-KOF, swiss economic institute; AMD, atlas media database; BP, british petroleum statistical review of world energy.
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heterogeneous slope coefficients, non-stationarity, and cross-
sectional dependence. Following is the CS-ARDL method:

Yit � ∑
py

i�1
πitYi,t +∑

pz

i�0
θιi1Zi,t−1 + ∑

pT

i�0
ϕι
i1Zi,t−1 + eit, (13)

In the above equation, X−
t−1 � (Y−

t−1, Z−
t−1ι)ι, The average

cross-sections are depicted by Yt and Zt respectively. In
addition, X−

t−1 represents the averages of both independent
and dependent variables. The CS-ARDL generates outcomes
robust against heterogeneity, misspecification bias,
endogeneity, mixed integration, and cross-sectional
dependence (Ahmad et al., 2021).

For robustness, we used the Common correlated Effects Mean
Group (CCEMG) estimator proposed by Chudik & Pesaran
(2015), which permits for long-term heterogeneity of factors
and tackles CSD. Eq. 14 defines the CCEMG estimator as follows:

yit � a1i + bixit + cift + αi �yit + βi �yit + eit, (14)

In the above equation, xit and yit are the observed parameters,
ai depicts the intercept, and bi depicts the coefficients of estimates
for a specific country. In addition, the unobserved parameters
with heterogeneous factors and the error term are indicated as eit.

4 PRESENTATION OF FINDING AND
DISCUSSION

Before undertaking the cointegration, the preliminary
methodology undertaken by this study is the Cross-sectional
dependence test. The outcomes (in Table 2) suggest that the
observed variables have a CSD issue. The Cross-sectional
dependence was further confirmed by the absolute mean value
from 0.551 to 0.979. The results of the Pesaran (2015) cross-
sectional dependence of all observed variables are statistically
significant, indicating the rejection of the null hypothesis against
the alternative hypothesis. The importance of cross-sectional
dependence stems from the fact that these economies are
interconnected.

The implication of this outcome suggests that any shock
experienced in a country (e.g. Sweden) with respect to the
observed variable might extend to other economies (Norway,
Denmark, Switzerland, Austria, Finland, United Kingdom,
New Zealand, France, and Iceland). The spillover effect is
caused by interdependence amongst these economies.
Thereafter, the slope homogeneity test was undertaken, and

the outcomes of this test are summarized in Table 3. The
countries selected for the study have varied rates of
development as well as technological progress. As a result, the
findings suggest that their slope coefficients are heterogeneous.
Thus, this study proceeds with determining the stationarity tests
and other methodologies that account for both these problems
(cross-sectional dependence and heterogeneity).

For the stationarity test, this study utilized the CIPS and CADF
unit root and their results are summarized in Table 4. We can
judge that all observed variables are stationary at a mixed level.
Since the stationary outcome for CIPS indicates that all observed
variables are stationary at first difference with the exception of
renewable energy and globalization, whereas similar outcomes
were established by CADF, in which all variables are stationary at
first difference with the exception of only renewable energy. The
cointegration test can be initiated, after confirming the
stationarity nature of the observed variable.

In order to determine a long-run connection, this research
utilized the Westerlund (2007) cointegration test, whereas, the
summary of the outcomes is illustrated in Table 5. The results of
Table 5 indicate that the observed parameters are related since the
null hypothesis of no cointegration is rejected in the twomodels. The
indication of this outcome uncovers the presence of a long-run
cointegration amongst the concerned variable for the two models.
The error correction term (ECT) is calculated as Pa

T . The ECT for

TABLE 2 | Pesaran (2015) Cross-sectional dependency test results.

Variables Statistic p-value Abs (corr)

CO2 19.656a 0.000 0.563
GDP 36.685a 0.000 0.979
RE 14.314a 0.000 0.568
ECI 20.119a 0.000 0.551
GLO 36.549a 0.000 0.975

adepict significance level of 0.01.

TABLE 3 | Slope homogeneity test results.

Model-1 Model-2

Test Value p-value Value p-value

~Δ 20.840a 0.000 18.507a 0.000
~Δadjusted 22.703a 0.000 20.483a 0.000

adepict significance level of 0.01.

TABLE 4 | Unit root test results.

Variable CIPS CADF

Level First-difference Level First-difference

lnCO2 −1.965 −5.967a −1.522 −3.603a

lnGDP −1.338 −3.697a −1.810 −3.531a

lnRE −2.637a −5.767a −2.896a −3.635a

lnECI −1.422 −4.893a −1.623 −3.264a

lnGLO −3.103a −6.007a −1.972 −3.764a

adepict significance level of 0.01.

TABLE 5 | Westerlund cointegration test results.

Statistic Model−1 Model−2

Value Z−Value Value Z−Value

Gt −2.685** −2.059 −2.773** −1.693
Ga −11.179 −0.548 −11.601 0.048
Pt −8.660* −3.007 −8.694* −2.496
Pa −12.313* −2.544 −11.466*** −1.296

*, ** and *** depict significance level of 0.01, 0.05 and 0.1 respectively.
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model one is −12.31329 � −0.4245 and formodel two is −11.29629 � −0.3895,
indicating that in case of imbalance in the short-term, the rate of
convergence is 43.67% for model 1 and 38.95% for model two for
1 year. Moreover, it is imperative to evaluate the impact of the
independent variables on carbon emissions in the short and long-
run. For this purpose, the CS-ARDL has been employed in this
research.

The outcomes of the CS-ARDL estimators for the two models in
the short and long-run are presented in Table 6. The association of
CO2 emissions with GDP is affirmed to be positive across all models
in both periods (long and short-run). For model 1, on average, an
upsurge of 0.263% in CO2 emissions in the short-term, is attributed
to an increase in percentage change of GDP; however, in the long-
term, the increase of GDP by 1% will increase carbon emissions by
0.150%. Also, for model 2, a 1% rise in GDPwill result in an increase
in CO2 emissions by 0.258% in the short-run; whereas, an increase of
GDP by 1%will cause an upsurge in CO2 emissions by 0.151% in the
long-run. This outcome discloses that the economic expansion in
these economies contributes to environmental degradation. Thus,
these outcomes are in line with our theoretical anticipation that
economic growth positively impacts environmental degradation. A
major contribution of economic expansion can be attributed to
energy utilization during production processes. As mentioned
earlier, such energy usage contributes to the increasing level of
environmental pollution in these countries. This perspective is
supported when the energy mix of these nations is observed
because some of these economies still rely largely on fossil fuels
for their energy needs. For instance, just to mention a few, according
to the BP (2020), the United Kingdom energy mix constitutes
79.16% of fossil fuel (39.61% oil; 36.20% gas, and 3.35% coal),
66.27% of Austria’s energy mix are fossil fuels, and Denmark’s
energy mix constitutes 68.37% of fossil fuel energy. To offset this
adverse effect of economic growth, there is a need for the industrial
or production sector to undergo a structural change for
implementing lower carbon-intensive manufacturing methods.
This outcome substantiates the study of Ramzan et al. (2021) for
Latin American economies that used the FMOLS and DOLS

approaches for the period from 1980-2017, Awosusi et al. (2021)
for Japan that used the FMOLS andDOLS approaches for the period
from 1965-2019, Odugbesan et al. (2021) for Brazil that relied on
FMOLS and DOLS approaches for the period from 1965-2019, and
Adebayo et al. (2020) for MINT economies that employed panel
ARDL approach for the period from 1980-2018.

With regards to the influence of renewable energy on carbon
emissions, a negative and significant influence was established.
Precisely, for model 1, on average, a decrease of 0.061% in carbon
emissions in the short-term is attributed to a 1% increase of
renewable energy consumed. Also, in the long-run, the increase of
renewable energy consumption by 1% will decrease CO2

emissions by 0.034%. For model 2, the reduction in CO2

emissions by 0.034% is associated with the increase in the
usage of renewable energy in the short-run. Likewise, in the
long-run, a similar effect is evident, indicating a 0.040% decrease
in CO2 emissions. This specifies that the increasing usage of
renewable energy continues to reduce environmental
degradation. The outcomes reveal that the usage of renewable
energy is beneficial in reducing the detrimental consequences of
human actions and is a useful tool for achieving sustainable
growth and the environment. This outcome complies with the
studies of Adebayo & Kirikkaleli (2021) that relied on wavelets
tools for the period from 1990Q1 to 2015Q4, Chien et al. (2021)
for Pakistan that employed QARDL for the period from 1980 to
2018, Soylu et al. (2021) for China that utilized wavelets tools for
the period from 1965 to 2019, and Ahmed et al. (2021c) for G7
countries that used the CUP-FM method for the period from
1987 to 2017.

Moreover, the findings reveal that economic complexity is
negatively related to CO2 emissions and the values of the
coefficient are 0.036 and 0.029 in the long-run, indicating that
a percentage change in economic complexity will result in the
reduction of 0.036 (model 1) and 0.029 (model 2) in CO2

emissions. Also, in the short-run, a negative influence of
economic complexity on CO2 emissions is evident. The
negative influence of economic complexity on CO2 emissions
suggests that structural shift (production processes) and
complexity of products in these economies are eco-friendly.
Precisely, the results indicate that diversifying products into
more knowledgeable and sophisticated ones improves the
quality of the environment with respect to CO2 emissions.
This is because the complex and sophisticated products often
require less energy consumption during their production (Can
and Gozgor, 2017), and in these advanced nations with
sophisticated production structures, production of less energy-
intensive products is reasonable. This validates the theoretical
basis of economic complexity and environmental degradation
nexus suggested by Can and Gozgor (2017) in a developed nation
France. Since the outcome of the economic complexity is
encouraging for environmental sustainability and also relates
to the host economy’s production process, therefore,
policymakers should take into account the roles of economic
complexity when formulating economic growth strategies and
environmental regulations. This outcome substantiates the
estimates of Doğan et al. (2020) for 28 OECD nations. They
used similar econometric approaches using the dataset for the

TABLE 6 | CS−ARDL test results.

Dependent
variable = lnCO2

Model−1 Model−2

Coefficient Z−Value Coefficient Z−Value

Short−run results — — — —

lnGDP 0.263* 3.340 0.258* 2.650
lnRE −0.061** −2.300 −0.073* −2.770
lnECI −0.064** −1.980 −0.054** −2.000
lnGLO −0.337*** −1.760 −0.368*** −1.660
ln(GLO*ECI) — — −0.095** −2.010
ECM (−1) −0.802* −11.990 −0.804* −12.640

Long−run results — — — —

lnGDP 0.150* 3.390 0.151* 2.730
lnRE −0.034** −2.300 −0.040* −2.740
lnECI −0.036** −2.030 −0.029** −1.970
lnGLO −0.219*** −1.880 −0.235*** −1.790
ln (GLO*ECI) — — −0.053** −2.080

*, ** and *** depict significance level of 0.01, 0.05 and 0.1 respectively.
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period from 1990 to 2014. However, this estimate contradicts the
outcome of Pata (2021) for the USA, Adedoyin et al. (2021) for 26
EU nations, and Chu (2021) for 118 countries. The differences in
results can arise due to the different periods under investigation,
different sample countries, and different econometric approaches
applied. Nevertheless, as discussed above, our results follow the
theoretical foundations of economic complexity in the context of
developed countries, as economic complexity is expected to
decrease environmental deterioration in developed nations
(Can and Gozgor, 2017).

Similarly, globalization negatively impacts CO2 emissions
across all models in both periods (long and short-term).
Findings in Table 6 reveal that in model 1, 0.337% decrease
in CO2 emissions is associated with a 1% upsurge in
globalization in the short-run while in the long-run, such
an increase in globalization will cause a reduction in CO2

emissions by 0.219%. For model 2, 0.235% reductions in CO2

emissions can be attributed to an increase of 1% in
globalization in the long-run while in the short run, the
reduction in emissions is 0.368%. This outcome reveals that
the pattern of globalization exerts a negative impact on
environmental deterioration in these economies. The
possible explanation is that as globalization evolves, green
technology is increasingly transferred across nations, and
polluting resources decrease (Ahmed et al., 2021). Another
possible reason is that there is a shift in comparative advantage
to economies especially the developing ones that do not have a
climate policy in place. This conclusion aligns with prior
studies, such as Yuping et al. (2021), Balsalobre-Lorente
et al. (2021), but, the studies of Chien et al. (2021) and
Adebayo et al. (2021) contradict this finding because their
studies cover a different period and different sample countries.

Finally, the impact of the interaction between globalization
and economic complexity on CO2 emissions is negatively
significant, suggesting that the joint influence of economic
complexity and globalization improves the quality of the
environment. The empirical investigation on the role of
globalization and economic complexity is novel, and it is
considered a new contribution to the environmental
literature. This offers new possibilities for the use of
globalization as a tool for achieving long-term structural
transformation in these economies. Concluded that
globalization fosters technological innovation, improves
environmental standards when effectively managed, promotes
overall productivity by boosting trade activity, and increases
economic activities through foreign direct investment and
technologically advanced transactions. These nations can
develop their economies into more sophisticated
knowledgeable manufacturing-based economies, and produce
less energy-intensive goods. This will improve environmental
quality through the openness of their economy to the rest of the
globe and achieving the desired benefits of structural change.

For the robustness analysis, the CCEMG method is employed
in this study. Table 7 presents the findings. The findings
demonstrate the validity of the results generated by the CS-
ARDL, as this approach also provided outcomes in line with
the results of the CS-ARDL.

5 CONCLUSION AND POLICY
RECOMMENDATIONS

This research evaluates the association between CO2 emissions,
GDP, renewable energy, economic complexity, and globalization
for the top 10 energy transition economies covering the period
from 1990 to 2018. This study also takes into account the joint
impact of economic complexity and globalization on carbon
emissions. The study used Pesaran (2015) CD test for
checking cross-sectional dependency, whereas, Pesaran and
Yamagata (2008) test is applied to evaluate the slope
homogeneity. The study detected the problem of CSD in the
dataset. Likewise, the model was also plagued with slope
heterogeneity. Thus, the study used a methodology that could
account for CSD and heterogeneity issues. For instance, the
research utilized the cross-sectionally augmented IPS and ADF
tests of Pesaran (2007) to assess the stationarity nature of the
concerned variables. In order to assess the long-term
interconnection amongst the variables of concern, the
Westerlund (2007) cointegration technique is employed. The
estimates for the long and short were uncovered by applying
the CS-ARDL test. Furthermore, for the robustness analysis of the
CS-ARDL estimates, the CCEMGmethod was employed. For the
cointegration approach, the outcome affirmed the presence of
cointegration amongst the considered variable. The CS-ARDL
findings indicate that GDP increases environmental degradation;
however, renewable energy and globalization reduce carbon
emissions. Also, economic complexity mitigates carbon
emissions. Moreover, the joint impact of economic complexity
and globalization decreases carbon emissions with more
intensity. From this outcome, policies channeled toward
improving renewable energy, globalization, and economic
complexity will substantially boost environmental
sustainability. The formulation of a suitable policy for
economic growth will also influence carbon emissions.

Policy Recommendation
Based on the study’s finding of a tradeoff between income and
environmental quality, it becomes critical to seek cost-effective
ways to conduct economic (income) activities that could reduce
emissions and, thereby, enhance the environmental quality. Also,
economic commitments to create a low-carbon ecosystem should
stimulate long-term investment towards the development of
clean technology for decreasing emissions of the top ten

TABLE 7 | Robustness test (CCEMG).

Dependent
variable = lnCO2

Model−1 Model−2

Coefficient Z−Value Coefficient Z−Value

lnGDP 0.281* 2.840 0.216* 2.710
lnRE −0.054** −2.010 −0.137* −2.920
lnECI −0.178* 0.061 −0.146*** −1.710
lnGLO −0.435* −4.240 −0.546** −2.290
ln (GLO*ECI) — — −0.341* −2.600
Constant −1.042** −2.470 −0.865** 2.560

*, ** and *** depict level of significance of 0.01, 0.05 and 0.1 respectively.
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energy transition economies. The economic system will
eventually decarbonize if the appropriate steps are taken.

Based on the contribution of renewable energy towards
environmental sustainability, the research suggests that these
groups of economies should continue to expand the usage of
renewable energy. This may be accomplished by increasing
investments in the production of various types of renewable
energy in the energy mix of the economies and making
renewable energy affordable and economically accessible. The
policymakers can promote the usage of renewable energy by
offering incentives for its usage, like providing price subsidies for
different forms of renewable energy. It will also encourage more
renewable energy usage in these economies. In addition, the
negative effect of renewable energy consumption on
environmental degradation suggests that all these economies
appear to be on the appropriate route regarding the objective
of achieving decarbonization and sustainable growth.
Furthermore, governments need to put aggressive efforts
towards diversifying energy sources, minimizing the reliance
on fossil fuels, and increasing the use of renewable energy.

Also, it is evident that these economies can achieve
environmental sustainability through globalization. Hence, it is
important to ensure that the upsurge in energy can be reduced by
increasing globalization. Thus, these economies should promote
interaction with the rest of the world by adopting the policy of
opening up. The rules and regulations for trade and FDI should
be designed keeping in view environmental sustainability targets.
This will help to improve the existing knowledge of
manufacturing sophisticated products. Technological inflows
from globalization and enhancement of capabilities will help
to develop complex and knowledgeable production structures.
These strategies can promote environmental sustainability in the
host economies without decreasing economic growth.

Economic complexity reduces emissions which provides a
vital option to continue developing more complex products
and reduce the production of dirty energy-intensive products.
In this way, diversifying the production basket by relying on the

production of sophisticated products will eventually decrease
environmental deterioration. Policymakers should encourage
knowledge and skill-intensive products exports for a
sustainable environment. Companies that are exporting
sophisticated products should be offered lucrative tax
exemptions and subsidies. This will encourage them to utilize
greener energy sources. Hence, the government of these
economies can boost the exports of high-value-added
commodities and sophisticated items to decrease carbon
emissions.

The focus of this current research is restricted to the top ten
countries in terms of energy transition and just a few parameters
have been taken into consideration when assessing the influence
of globalization and economic complexity on carbon emissions.
Future research might expand the model by incorporating other
macroeconomic variables like financial development and
economic policy uncertainty. City and state-level assessments
will also be beneficial for more accurate policy consequences.
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The current empirical study addresses the recent economics of Saudi Arabia such as the
uncertainty of economic growth and dependence on oil export. For this purpose, labor,
capital, oil price, terrorism, military expenditure, tourism, and exports are added to the
analysis. ARDL long-run and short-run analyses are used, and the results of the study have
revealed that labor is negatively related to economic growth, which suggests that efforts
should be done to reduce dependence on international labor through the installation of
production facilities in those countries where labor is cheap. Also, it is noted that capital,
tourism, and non-oil exports enhance economic growth, whereas oil price is the main
problem for the economic growth of the country. These results suggest that the
diversification of exports to non-oil products is a good strategy to boost economic
growth. Alongside, domestic tourism should be promoted to enhance its share in
economic activities. The current study helps the policy makers to open new earning
avenues such as enhanced tourism sectors and modernized industries which help in
technology exports.

Keywords: sustainable economic growth, terrorism, tourism, exports, Saudi Arabia

INTRODUCTION

This article is designed to understand the contribution of key determinants to the economic growth
of Saudi Arabia. There is no uniform way to measure the economic growth of a country, but some
prime factors have been identified to affect the economic growth in Saudi Arabia. This article reviews
the economic trajectories of Saudi Arabia since 2014 considering the issues of labor, capital,
terrorism, tourism, oil prices, exports, and military expenditure; however, other macroeconomic
factors are determinants of the overall economic performance. The factors are shaped by the
prevailing economic scenarios to understand the mechanism between the said factors and economic
growth in Saudi Arabia.

The economy of Saudi Arabia highly depends on oil, but the relationship is asymmetrical, which
varies across time, macroeconomic conditions, business cycle, military activities etc. Saudi Arabia has
introduced Saudi Vision 2030, a national transformation program to test economic boost by
inducing more in equity energy and observe a beneficial relationship between the real economy
and oil effect (Aina et al., 2019; Jawadi and Ftiti, 2019). The fiscal balances are based on oil price,
which is a prime factor in economic growth (Ali Ibrahim and Sonal Devesh, 2019). Moreover the
sustainable fiscal policy and budget is concerned with the volatility of oil prices (El Mahmah and
Kandil, 2019). A remarkable research has been espied in oil-based economies to understand the
liaison between oil prices and economic growth and found that all the sectors of an economy are
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interdependent with oil prices. Moreover, it is investigated that
increased oil prices boost the revenue from household, and other
sectors showed a positive trend in the economic growth. Saudi
Arabia is generating positive revenue from changes in oil prices
and ultimately recycled in public capital spending (Gonand et al.,
2019). On the contrary, the increase in oil prices has a significant
positive effect on inflation in the long run; this exerts a challenge
to monetary policy. So, the inflationary effect is considered a
matter of concern for policy makers as this creates depression in
economy (Nusair, 2019), which reduces the demand of oil. In
such a scenario, the oil consumption turns downward, and
resultantly, the export of oil-exporting countries shrinks
(Sarwar et al., 2018).

The critical juncture of the pre- and post-engagement period
of military has been discussed along with other colliding factors.
Saudi Arabia is passing through a post-cold war period with Yemen
along with the terrorism issue. Due to security reasons, the
government spent 60 million dollars on the purchase of arms from
the United States due to the conflict with Iraq and Yemen (Akcapa,
2019). There has been a strong positive relationship between terrorism
and military expenditure having an impact on the economy. Both the
instrumental variables show a positive association, and an increase in
terrorism leads to a rise in the military expense of the government to
induce peace in the country. Consequently, the government allocates
more funds to the defense sector, which affects the overall economy.
The nexus between a terror-free region and expansion in the tourism
industry has been found by empirical investigation; peace promotes
tourism by attractingmore tourists to the country.Moreover, tourism,
terrorism, and military expenditure are considered interlinked factors
that influence the economy simultaneously (Kollias and Papadamou,
2019). It has been observed in several empirical investigations that
military expenditure has a positive influence on the economic growth,
regardless of measurement techniques, growth rate, and
government size.

Based on religious values, Saudi Arabia is among the most
visited places that attract Islamic tourism which leads to increased
economic activity. However, a major portion of tourism income
comprises pilgrims and religious visitors and keeps on increasing
that boosts economic growth; consequently, the per capita
income increases (Liro et al., 2018; Parks et al., 2019). Saudi
Arabia has redesigned and modernized the cities by involving
skilled labor to attract more tourists. The construction of new
buildings, amusement parks, and new style malls attracts people
to visit Saudi Arabia. The urbanization along with the religious
places allures tourists other than Muslims (Mandeli, 2019).
However, Saudi Arabia has started a concept of smart cities to
manage increasing population along with attracting tourists to
visit these places other than religious activities. The concept of
smart cities pertains to Saudi Arabia Vision 2030 to boost
economic development and growth (Doheim et al., 2019).

Moreover, the economy of Saudi Arabia is mainly dependent
upon exports. Since 2006, Saudi Arabia has been among the top
five members of exports with India and a major partner for
remittances. The major economic components of Saudi Arabia
economic growth are labor force, trade and commerce, and
energy supplies. Saudi Arabia exports were 5134.63 million
U.S. dollars during 2016–17 (Kumaraswamy and Quamar,

2018). The non-oil exports of Saudi Arabia are around 16
percent to 50 percent of gross domestic product (GDP).

The study has a significant contribution in existing literature;
previous studies consider the role of oil and exports in Saudi
Arabia’s economic growth, whereas we emphasize that military
measures and tourism are equally important for sustainable
economic growth. The importance of military expenditure cannot
be neglected as it shrinks the terrorist activities and safeguards the
tourism sector (Waheed et al., 2020). It gives contradicting signals to
foreign investors: 1) The country is dealing with terror activities;
however, there is a strong evidence of uncertainty in the country,
which decreases the investment activities. 2) On the other hand, the
significant military measures wipe out the terrorism activities and
provide an opportunity for safe havens for foreign investments.
However, we combine the economic indicators and military
measures to investigate its impact on the economic growth of
Saudi Arabia. The findings are important for policy makers to
achieve sustainable economic growth. More importantly, the
significance of military expenditure and the tourism sector needs
to be addressed for shaping the long-term economic plans.

LITERATURE REVIEW

Successful theorization of the Solow growth model presented by
Solow (1956) has highlighted the importance of labor and capital
in economic growth. Later, the factors have been extended by
researchers (Durlauf et al., 2001; Sarwar and Alsaggaf, 2021;
Shahbaz et al., 2017; Shahzad et al., 2021a; Shahzad and Qin,
2019; Solow andWan, 2006;Waheed et al., 2020), which confirms
the importance of the exchange rate, foreign direct investment,
interest rate, money supply, etc. The model was found with an
exponential curve to labor supply. However, a full capital stock is
required to employ the labor in the community. The possible
growth patterns also include usage of labor and accumulation of
capital that is beneficial to fulfill capital requirement for the next
period. This capital accumulation spreads on economic and
political departments such as military, tourism, extraction of
oil, and labor. The human capital is positively correlated with
economic growth (Zukime et al., 2004). Thus, the same concept
has been applied to Saudi Arabia, focusing on productivity of
labor by making demand and supply side compatible as designed
by the knowledge-based economic framework (Shahabadi et al.,
2017). Moreover the government creates more employment
opportunities to engage human capital and is focused on the
development of labor to boost the economic growth as well as
focus on health-care issues to satisfy the labor and get increased
productivity (Malik and Awadallah, 2013; Al-Hanawi et al., 2019;
Amirat and Zaidi, 2019).

In the recent decade, shocks have been observed in oil prices
due to the global economic crisis. Circumstantial evidence was
found to confirm that it has adversely affected the GDP growth
rate (Algahtani, 2016). As Saudi Arabia is an oil-rich country, the
relationship does exist between revenue from oil and tourism,
investing in human resource, smooth running of financial
markets, fight against terrorism, and economic stability; there
has been a strong causal relationship (Akacem, 2019). Moreover, it is
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evident that oil-rich states sponsor more terrorism attacks; mostly, the
wars continue for conquering oil. So, there are two types of activities:
one is economic and political development, and second, to fight for the
protection of oil reserves. Amechanism has been investigated between
oil prices and terrorism. The local and foreign investors hesitate to
invest their funds in financial markets due to a threat about terrorism,
and the economic development is affected by this cycle (Lee, 2018).
However, the Saudi economy has decided to be diversified under the
regulations set inVision 2030 to avoid the issues that create depression
in financial markets. The financial market of Saudi Arabia shows a
positive behavior as rebalancing the portfolios and has become more
attractive for foreign as well as local investors. This investment
behavior stimulates the economic growth of Saudi Arabia. The
diversified portfolios attract capital and increase GDP (Jawadi and
Ftiti, 2019), although the global crisis crunch that fluctuates the oil
prices in the global market finally hit the bond market of the
United States (Balcilar et al., 2019). In 2015, Saudi Arabia had
recorded a deficit of the current account with 8.7 percent and in
2016, 4.3 percent, whereas the fiscal deficit was recorded at 14.8
percent of GDP in 2015, and it was 12.9 percent in 2016, 9.3 percent in
2017, and decreased to 4.6 percent of GDP in 2017. However, this
deficit did not expose an alarming situation to the Saudi Arabian
economy. The year 1999was considered a blessed year for economy as
the debt was 102.9 percent of GDP before a sharp decline in oil prices
in 2014, and after that, 1.5 percent of decline was shown. It rose in
2016 to 13.1 percent, in 2016 to 17.2 percent, and in 2018 to 21
percent. Moreover, the structure of the entire regime is a question
mark for Saudi Arabia (Faudot, 2019).

The issue of terrorism is negatively correlated to economic
growth (Bayar and Gavriletea, 2018). Moreover, military
expenditure increased with this issue that reduced the economic
activities. Many other factors, indirectly involved, such as bank
lending, investments, exchange rate, money supply, inflation, and
interest rates are affected due to terrorism in the country. These factors
are major contributors to economic growth (Paul and Bagchi, 2019).
Terrorism is positively correlated with military expenditure and
negatively associated with economic growth (Coutts et al., 2019).

The correlation coefficients of the Benoit theory (Bashir et al.,
2021; Battaglino, 2013; Feridun, 2014; Frederiksen and Looney,
1983, 1985; Gottheil, 1974; Grobar and Porter, 2007; Looney and
Frederiksen, 1988; Magazzino et al., 2021a; Magazzino et al.,
2021b; Magazzino and Mele, 2021; Mele et al., 2021; Shahzad
et al., 2021b; Zaman, 2019) give the relationship between military
expenditure and GDP growth, rather this theory has become
infamous to differentiate between devolved and developing
countries but presents comprehensive results as spending more
on military declines the economic growth. Meanwhile, it gives a
boost by spending more on human capital and stops capital
accumulation. The two economic factors, namely, capital and
human capital boost the economic growth. Even it was not
attractive for the government to invest more on military,
increasing terrorism made it foremost. Tourism is positively
correlated to per capita income, economic growth, and
expansion in economic activities and capital formation but
negatively associated with tourist arrival, emission, energy
consumption, and military expenditure (Nepal et al., 2019).
Moreover, tourism is also associated with increased risk of

terrorism and military expenditure that is negatively correlated to
economic growth (Fareed et al., 2018). Azam, 2020 reported a
significant and negative relationship between military expenditure
and economic growth for non-OECD countries. Nugroho and
Purwanti, 2021 reported an insignificant relationship between
military expenditure and economic growth.

Moreover, Saudi Arabia is a high-indexed crude oil exporter in
the world that boosts the GDP growth (Dike, 2013). A bidirectional
relationship has been found between exports and economic growth of
Saudi Arabia as exports boost foreign exchange and affect the
exchange rate. However, the magnitude is different according to
countries and products. Moreover, the local exporters used to
enjoy the spillover effect, and also found a bidirectional
relationship with exports to India during the post-liberalization
period in 2014 (Alkhateeb et al., 2016). The Saudi Arabian
economy is taking competitive advantage to dates exports as these
are considered best in the world. The economic growth of Saudi
Arabia is strongly associated with the exports of dates all over the
world (Almodarra and Saghaian, 2016). Moreover, the Saudi
Arabian economy is growing along with the increasing
population. The generation gap created a difference of
magnitude between economic growth and exports. Vision
2030 also covers this difference. Sixty percent of Saudi
Arabian population is under 30 years of age the makes the
preferences of export different, but still exports make a huge
share in GDP growth. Saudi Arabia is included in the 20 largest
economies of the modern world mainly due to oil exports, so
foreign companies consider the cultural and demographic
segments while having business (Aichner and Shaltoni, 2019).
The per capita income of Saudi Arabia mainly depends upon oil
export share in GDP. Now, it has started exporting solar energy
because of huge potential of generating solar energy. There has
been found a sharp increase in economic growth due to this
advanced activity of Saudi Arabia (Zubair et al., 2019). Rasool
et al. (2021) empirically examined the significance between
tourism and economic growth in BRICS countries. Naseem
(2021) confirmed the significant relationship between tourism
and Saudi Arabia’s economic growth.

We have noticed that a number of studies investigated the
important factors of economic growth, and most of them
provided the significant and positive impact of oil and exports.
On the contrary, some of the previous research studies concluded
the negative association of terrorism and military expenditure,
whereas we highlighted that dependence on oil creates
uncertainty to achieve sustainable economic growth. However,
Saudi Arabia should have to explore more avenues to generate
income, such as diversification of exports and boosting the
tourism sector. Another important justification, which we
believe, is the positive association between military
expenditure and economic growth, indicating that higher
military expenditure reduce terrorist events and transmit a
signal of strong law enforcement within the country. However,
through higher military expenditure, a safe environment can be
guaranteed to the tourists. Considering the aforementioned
arguments, we attempt to investigate these missing gaps and
validation of our hypothesis by using a number of econometric
estimations.
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DATA AND METHODOLOGY

Models
The study attempts to examine the impact of oil price fluctuation
and militancy on Saudi economy by introducing some remedy
measures (e.g. tourism and exports) to attain sustainable
economic growth. For this purpose, we use the growth model
by Solow, 1956 which incorporates the role of labor and capital in
the economic growth process, which is mentioned in Eq. 1:

Y � f(L, K) . (1)

The reason to use oil price is prominent; Saudi Arabia mainly
relies on oil exports to run economic activities. However, the
surge in oil price is beneficial for Saudi economy during a demand
push scenario which leads toward economic boom. On the
contrary, fluctuation in oil prices distracts the oil-exporting
economies and makes it harder to attain sustainable economic
growth (Waheed et al., 2020). It was evident in the global financial
crisis of 2008 and oil price war in 2014 which hit the Saudi
economy. In the aforementioned context, it is more than
important to analyze the role of oil on oil-exporting
economies. Eq. 1 is extended by using the oil price (OP)
variable, as shown in Eq. 2:

Y � f(L, K, OP) . (2)

Saudi Arabia is also suffering terror activities and Yemen war;
however, we inspect the impacts of such militant activities on
Saudi economy. In one view, higher military expenditure is
caused by war activities or counter terrorism which transmits
negative signals about economic activities; in turn, the inflow of
foreign investments turns downward (Manamperi, 2016). In the
other view, the increase in military expenditure helps control the
terror aggression or war-mongering activities (Ismail, 2017).
Considering these theories, we attempt to explore the impacts
of terrorism on economic activities, and the role of military
expenditure neutralizes the adverse consequences of terrorism
on economic activities. In Eq. 2, we incorporate the terrorism
(TERROR) and military expenditure (ME). Eq. 3 is given as
follows:

Y � f(L, K, OP, TERROR, ME) . (3)

Although Saudi Arabia is an oil-rich country which contains
tremendous foreign exchange reserves, it is unable to achieve
long-run economic growth. On the one hand, the current study
tries to provide the substantial reasons for such failure as well as
propose significant measures to achieve sustainable economic
growth. Previously, the Saudi Arabian government has focused
less on the tourism industry,1 creating less opportunities for
foreigners to visit Saudi Arabia. In the current regime, the

government has been taking aggressive actions to spread the
tourist activities and is investing huge amount on infrastructures
which adds to the tourism activities. However, we examined that
tourism activities are helpful to reach sustainable economic
growth. In Eq. 3, we augment the tourism (TOUR) variable.
Eq. 4is given as follows:

Y � f(L, K, OP, TERROR, ME, TOUR) . (4)

Exports are considered the main source of earning for a
country which boosts the foreign reserves; however, the
emerging economies are more concerned to expand the export
net. The previous equation is extended by exports (X), as
mentioned in Eq. 5:

Y � f(L, K, OP, TERROR, ME, TOUR, X) . (5)

We transform all the aforementioned equations by using the
natural log of variables; the five models of the study are given as
follows2:

Model 1

lnY � βo + β1ln L + β2ln K + ε. (6)

Model 2

lnY � βo + β1ln L + β2ln K + β3ln OP + ε. (7)

Model 3

lnY � βo + β1ln L + β2ln K + β3ln OP + β4ln TERROR

+ β5lnME + ε. (8)

Model 4

lnY � βo + β1ln L + β2ln K + β3ln OP + β4ln TERROR

+ β5lnME + β6ln TOUR + ε. (9)

Model 5

lnY � βo + β1ln L + β2ln K + β3ln OP + β4ln TERROR

+ β5lnME + β6ln TOUR + β6ln X + ε, (10)

where
lnY, lnL, lnK, lnOP, lnTERROR, lnME, lnTOUR, and lnX are
the natural logs of economic growth, proxied by GDP (constant
2010 US$). Labor and capital are measured by total labor force and
gross fixed capital formation (current US$), respectively. Oil price is
calculated as crude oil prices; West Texas Intermediate (WTI),
terrorism, and military expenditure are measured as the number of
terror attacks and military expenditure (current USD), respectively.
Tourism indicated that the international tourism, receipts (current
US$), and exports are proxied by exports of goods and services
(current US$). ε indicates the error term with normal distribution.

1The focus was limited to religious tourism, which is also very restricted. However,
in such environment, the tourism sector has not contributed to the gross domestic
product (GDP). Even the country has plenty of tourism spots which can be a point
of attraction for local and foreign tourists (e.g., ancient places, mountains, deserts,
and coral sea points). Despite all this, the tourism sector contributes only 9.3
percent to GDP (https://mt.gov.sa/en/TourismInvestment).

2As followed by Farooq et al. (2019), Sarwar et al. (2021), Sarwar and Alsaggaf
(2019), Sarwar and Alsaggaf (2021), Waheed et al. (2018), (2020).
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The data use for econometric analysis consists of the period of
1971–2018. The data of GDP (constant 2010 US$), total labor
force, gross fixed capital formation (current US$), number of
attacks, military expenditure (current USD), international
tourism, receipts (current US$), and exports of goods and
services (current US$) are collected from World Development
Indicators, whereas crude oil price data are gathered from British
Petroleum (BP) statistics. See Appendix Table A1 for variables,
definitions, and sources of data.

ESTIMATION STRATEGY

Stationarity Test
Initially, we applied the classical unit root tests: augmented
Dickey–Fuller (ADF) and Phillips–Perron (PP) tests which are
tested on level, as well as on first difference. The main drawback
of these traditional unit root tests is the non-accommodating role
of structural breaks which needs to be considered while using
long period data. To overcome this issue, we used the
Clemente–Montanes–Reyes unit root test, proposed by
Clemente et al. (1998). The test is based on Perron and
Vogelsang (1992), which utilized two structural breaks in the
mean of series. The null hypothesis of the test claims that series
have a unit root with structural break(s), whereas the alternate
hypothesis claims they have stationary with breaks(s). Another
advantage of this test is that it is not required to find the prior
breaks, which makes it more useable and convenient.

Bayer–Hanck Combined Cointegration
Approach
To examine macroeconomic variables’ long-run relationships, a
variety of cointegration approaches exist in the applied economics
literature. Ideally, the unit root properties of the variables must be
examined prior to proceeding to the cointegration method. This
helps select the suitable cointegration test for the empirical model
for a reliable empirical result. A number of approaches to the
cointegration exist, such as those in Engle et al. (1987), Johansen (
1991), and Phillips and Ouliaris (1990).

Due to the properties of explanatory power, these
cointegration approaches can result in ambiguous pragmatic
findings. A new cointegration approach known as the
combined cointegration approach was developed later by
Bayer and Hanck (2009) to increase the power of the
cointegration analysis. The outcomes of the previous analysis
cointegration are combined by this test (Johansen, Phillips and
Ouliaris, Boswijk, and Banerjee) and along with that, Fisher’s
F-statistics have been provided so that the practical outcomes
could be more final, decisive, and consistent. If the Bayer–Hanck
approach is to be used, then the order of integration has to meet
certain requirements, that is, I (1). By rejecting the null hypothesis
that no cointegration exists, if the computed F-statistic exceeds a
critical value 4; the reverse applies for the acceptance of the null
hypothesis. In order to compute Bayer–Hanck cointegration,
Fisher used the following formula, as mentioned in Eq. 11
and Eq. 12:

EG − JOH � −2 [ln(PEG) + ln(PJOH)], (11)

EG − JOH − BO − BDM � −2 ln[(PEG) + (PJOH) + (PBO)
+ (PBDM),

(12)

where PEG, PJOH, PBO, and PBDM denote the p-values of
different characters. To determine whether two variables are
cointegrated, Fisher’s F statistic is used. If Fisher’s F statistic is
exceeded, the Bayer–Hanck critical bounds; the null hypothesis
could be rejected and cointegration between the variables could
be favored.

ARDL Bound Testing Approach
In order to test the relationship of long run, among resource
abundance, growth of economics, capital, education, and
financial development, a model of autoregressive distributed lag
(ARDL) has been introduced by Pesaran et al. (2001). There are
many benefits of cointegration that are tested by Pesaran et al.
(2001) over the models of cointegration that are of a traditional
level, for instance, Granger causality of Engle et al. (1987) and
Johansen (1991) test of cointegration, relating to the integration
order. When the variables are examined to be inactive at I(1), I(0),
or I(1)/I(0), then this method is relevant. Based on a general-to-
specific modeling framework (Laurenceson and Chai, 2003), the
bound testing model developed by ARDL employs enough lags to
capture the process of generating data. From the tests of ARDL
bounds, a transformation of simple linearity can be used to extract
the dynamic correction model of unobstructed error. Empirical
results can also be reliably obtained for small samples using this
approach. By using the UECM (unrestricted error correction
model), the short-run dynamics and long-run equilibrium are
combined without sacrificing any long-run information. In this
approach, the vectors of cointegration are identified that result from
different vectors of cointegration that take place in the empirical
model. The ARDL framework permits the use of one of various
optimal numbers of lags for different variables in order to calculate
the ARDL F-statistic to observe the extent to which the variables are
cointegrated. Using an empirical model to accommodate a dummy
variable, this cointegration test permits capturing structural break
information in a series. Here are the estimated models of
cointegration using ARDL bound testing, as in Eqs 13–17:

ΔYt � α1 + α2Yt−1 + α3Lt−1 + α3Kt−1 +∑n

v�1 β1vYt−v

+∑n

v�0 β2vL t−v +∑n

v�0 β3vK t−v + δT, (13)

ΔYt � α1 + α2Yt−1 + α3Lt−1 + α3Kt−1 + α4OPt−1 +∑n

v�1 β1vYt−v

+∑n

v�0 β2vL t−v +∑n

v�0 β3vK t−v +∑n

v�0 β4vOP t−v + δT,

(14)

ΔYt� α1+α2Yt−1+α3Lt−1+α3Kt−1+α4OPt−1+α5TERRORt−1

+α6MEt−1+∑n

v�1β1vYt−v+∑n

v�0β2vL t−v+∑n

v�0β3vK t−v

+∑n

v�0β4vOP t−v+∑n

v�0β5vTERROR t−v+∑n

v�0β6vME t−v

+δT,
(15)
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ΔYt � α1 +α2Yt−1 +α3Lt−1 +α3Kt−1 +α4OPt−1 +α5TERRORt−1

+α6MEt−1 +α7TOURt−1 +∑n

v�1β1vYt−v +∑n

v�0β2vL t−v

+∑n

v�0 β3vK t−v +∑n

v�0β4vOP t−v +∑n

v�0β5vTERROR t−v

+∑n

v�0 β6vME t−v +∑n

v�0β7vTOUR t−v +δT,
(16)

ΔYt � α1 +α2Yt−1 +α3Lt−1 +α3Kt−1 +α4OPt−1 +α5TERRORt−1

+α6MEt−1 +α7TOURt−1 +α8Xt−1 +∑n

v�1 β1vYt−v

+∑n

v�0 β2vL t−v +∑n

v�0β3vK t−v +∑n

v�0β4vOP t−v

+∑n

v�0 β5vTERROR t−v +∑n

v�0 β6vME t−v

+∑n

v�0 β7vTOUR t−v +∑n

v�0β8vX t−v +δT,
(17)

where Δ shows the difference operator; δT represents the error
term; α2, α3, α4, α5, α6, α7, and α8 represent long-run
coefficients, and β1, β2, β3, β4, β5, β6, β7, and β8 are error
correction dynamics.

RESULTS AND DISCUSSION

Descriptive Statistics
Results regarding the descriptive statistics of the study variables
are presented in Table 1. It can be seen that the highest mean
value (26.580) corresponds to economic growth, whereas the
lowest mean value (0.75) is for terrorism. Alongside, tourism has
the highest volatility (10.66) and economic growth proves to be
the least volatile with the value of the standard deviation 0.39.
Values of skewness show that some variables are negatively
skewed whereas some are positively skewed. In this regard,
economic growth, capital, oil prices, military expenditure, and
exports are skewed negatively whereas labor, terrorism, and
tourism are positively skewed. Additionally, the kurtosis value
shows that capital, terrorism, military expenditure, and exports
series are not distributed normally because the kurtosis value of
these variables is more than three. According to the correlation
matrix, we found a strong association among sets of variables. We
see that the correlation among variables is positive and above 0.5
which shows a significant correlation between variables.

Unit Root Analysis
Table 2 represents unit root analysis which confirms the
stationarity of the series. Although there are many different
unit root tests; ADF and PP tests of unit root analysis without
breaks are used in this study. As we can see that variable military
expenditure is stationary at a level according to both ADF and PP,
whereas tourism and exports are stationary at a level according to
PP only. Labor, capital, oil price, and terrorism are stationary at
the first difference.

The Clemente–Montanes–Reyes unit root analysis with breaks
is reported in Table 3. The innovative outlier (IO) model shows
that changes take place rapidly and allow for a break in the slope
only, but the additive outlier (AO) model shows that changes take

place gradually and allow for a break both in the slope and
intercept, as we can see that t-statistics for all study variables
report that the IO model is more significant than the AO model.
This shows that the series is more probably to exhibit breaks that
take place gradually rather than rapidly. This test suggests different
instances with multiple breaks in the observed data. All the
variables are significant at a 1 percent level of significance
except labor which is significant at 5 percent in both models.
All these variables are stationary at the first difference in the IO
model as well as in the AOmodel. This implies that shocks do have
a permanent influence on the future development of the series.

The findings of unit root tests validate that the application of
ARDL is the best fit for empirical analysis; however, we have to
examine the cointegration. We find a mixed order of integration
of all studied variables. Overall, it can be concluded that
stationary outcomes of all observed variables are a mix of level
I (0) and the first difference I (I) which forces us to apply the long-
run analysis of integration.

Cointegration Analysis
Table 4 illustrates that all the variables have strong cointegration.
According to the results, null hypothesis is rejected which
confirms that the long-run relation among dependent and
independent variables exists. This test was used to confirm the
long-run relation between observed variables, but this test does
not give any information regarding breaks occuring in the series.
So to solve this, we used the ARDL bound test to investigate
structural breaks in the series. According to Table 5, the results
show that the value of F-statistics are greater than upper bound,
so there exist cointegration among all variables in the presence of
breaks in the series during the time period from 1960 to 2020.
ARDL bound cointegration shows that the results are reliable and
consistent because it confirms the robustness of cointegration
analysis.

Empirical Estimations
Long-Run Analysis
Empirical findings of long-run analysis are presented in Table 6,
which illustrate that Model 1 is a slow-growth model, labors
positively, and significantly affects economic growth at a 1
percent level. However, the relationship between capital and
growth is statistically insignificant and negative. Hence, it can
be said that in the slow-growth model, only labor explains the
change in the economic growth of Saudi Arabia. InModel 2, the oil
price is added to the basic slow-growth model, and it can be seen
that both labor and capital have a positive and significant impact
on economic growth, whereas the oil price is significantly and
negatively related to economic growth at a 5 percent level. This
result is consistent with the results of Hathroubi and Aloui,(2021)

Nowwe turn our attention toModel 3, which is an expansion of
Model 2, by adding military expenditure and terrorism. In this
model, the effect of labor on economic growth gets insignificant;
however, both capital and oil price significantly affect economic
growth, but the effect of capital is positive and the oil price effect is
negative. The effect of military expenditure as well as terrorism is
insignificant in Model 3. In Model 4, tourism is added to Model 3
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to check if it has any effect on the economic growth of the country.
Here, both capital and oil prices affect economic growth
significantly at a 1 percent level, and the effect of capital is
positive whereas the effect of oil prices is negative again.
Alongside, tourism is affects the economic growth positively
and significantly at a 5 percent level which is aligned with the
findings of Nouri Kouchi et al. (2018); Waheed et al. (2020).
However, the effect of capital, terrorism, and military expenditure
is insignificant in this model.

Model 5 is the last model where all study variables are
incorporated in a single model to check their joint effect on
the economic growth of Saudi Arabia. According to this model,
labor is significant, but its impact on economic growth is negative,
which is similar to Najeb (2014) and Nguyen (2018). The
coefficients of capital are significant and positive, which are in
line with Sarwar et al. (2017); Shahbaz et al. (2017). Oil prices are
significantly and negatively related to the economic growth at 1

percent level, which confirms the results of Waheed et al. (2020).
However, the impact of terrorism, military expenditure, and
tourism is insignificant. In Model 5, exports show a significant
and positive sign at a 1 percent level which suggests that increase
in exports increases the economic growth of the country. Waheed
et al. (2020) also concluded the same type of association between
non-oil exports and economic growth in Saudi Arabia.

Short-Run Analysis
In short-run analysis, the findings of Model 1 report the
significance of the labor coefficient. The positive relationship
indicates that a significant surge in labor leads to increase in
the economic growth, whereas the capital is insignificant, which
questions the applicability of the slow-growthmodel. In the case of
Model 2, oil price is included in model 1 and according to the
results, the capital has a significant and positive impact on
economic growth, at the 1 percent level. The coefficients of
labor and oil price are insignificant, which suggests that both of
these variables do not explain the variations in economic growth.

In Model 3, two more variables, namely, military expenditure
and terrorism are added to Model 3. The effect of labor is
insignificant; however, capital and oil price significantly
affected GDP, where the effect of capital is positive as well as
significant at the 1 percent level whereas oil price has a negative
and significant coefficient at the 10 percent level, which reports
that the change in oil prices fluctuates the economic indicators
negatively. The results of oil prices are similar to those of Sarwar
et al. (2017); Shahbaz et al. (2017); Blazquez et al. (2021).
Alongside, both terrorism and military expenditure are
insignificantly related to economic growth, reporting that
terrorism has not affected the economic process of Saudi
Arabia. The findings of this study are contradicting those of
Bayar and Gavriletea (2018); Shahzad et al. (2019. One of the

TABLE 1 | Descriptive statistics and correlation matrix.

Variable Y L K OP TERROR ME TOUR X

Obs 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00
Mean 26.58 15.56 24.42 3.84 0.75 23.54 7.11 24.93
Median 26.59 15.52 24.26 3.89 0.00 23.64 0.00 24.79
Maximum 27.26 16.45 26.00 4.71 4.82 25.19 23.42 26.71
Minimum 25.58 14.77 21.73 2.56 0.00 19.97 0.00 21.73
Standard deviation 0.39 0.46 0.96 0.58 1.23 1.12 10.66 1.14
Skewness −0.17 0.25 −0.38 −0.38 1.97 −1.54 0.81 −0.57
Kurtosis 2.84 2.14 3.55 2.43 6.27 5.80 1.66 3.57
Jarque-Bera 0.29 1.99 1.77 1.80 52.38 34.65 8.85 3.26
Prob 0.87 0.37 0.41 0.41 0.46 0.51 0.31 0.20

Correlation

Y 1.000
L 0.912 1.000
K 0.923 0.804 1.000
OP 0.549 0.406 0.781 1.000
TERROR 0.619 0.693 0.527 0.123 1.000
ME 0.848 0.821 0.892 0.703 0.493 1.000
TOUR 0.789 0.836 0.747 0.489 0.610 0.589 1.000
X 0.940 0.862 0.953 0.757 0.476 0.917 0.768 1.000

Notes: Y represents the economic growth, L and K represent labor and capital, OP shows oil price, TERROR and ME are used for terrorism and military expenditure, and TOUR and X are
tourism and exports.

TABLE 2 | Unit root analysis without break.

Variable At level 1st difference

ADF P-P ADF P-P

Y −2.100 −2.037 −5.226*** −5.226***
L 0.802 1.012 −2.215*** −0.962**
K −2.714 −2.569 −3.856*** −4.822***
OP −2.602 0.287 −2.249** −6.598***
TERROR −0.070 −2.827 −8.932*** −9.085***
ME −3.867** −3.828** −3.412 −3.745**
TOUR −0.547 −6.605*** −0.547 −6.605***
X −2.363 −4.172*** −2.791 −4.172***

Notes: Y represents the economic growth, L and K represent labor and capital, OP
shows oil price, TERROR and ME are used for terrorism and military expenditure, and
TOUR and X are tourism and exports.
***,**,* the level of significance at 1 percent, 5 percent, and 10 percent.
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reasons for this insignificance can be the immense increase in
military expenditure to counter the terrorism which prevented
the negative shocks of terrorism.

Model 3 is expanded to form Model 4 by just adding tourism
to examine the role of tourism in the Saudi economy in short-
run. The results suggest that labor is significantly and positively
related to economic growth at a 5 percent level, whereas capital
has a positive and significant impact on economic growth at a 5
percent level. However, the impact of oil prices on economic
growth is negative as well as significant at the 5 percent level. In
the case of terrorism, the results are again insignificant which
proves that terrorism in Saudi Arabia is not an economic issue
for the country. Likewise, military expenditure also does not
affect the economic growth significantly. However, the effect of

tourism is significantly positive on economic growth at the 5
percent level.

Finally, in Model 5, one more variable, the export of non-
petroleum products is added to Model 4 to check the overall
impacts of all these variables on the economic growth of Saudi
Arabia. According to the results, labor is insignificantly related to
economic growth whereas both capital and oil price is significantly
related to economic growth at the 1 percent level; however, capital is
positively affecting economic growth, whereas the effect of oil price
is negative. This result is consistent with the study of Al Mahish,
2016. In the case of terrorism, the coefficient is insignificant which
again shows that terrorism is not halting the economic growth of the
country in the short run as well. The effect of military expenditure
on economic growth is positive and significant at the 5 percent level.

TABLE 4 | Bayer–Hanck combined cointegration.

Estimated model EG-JOH EG-JOH-BO-BDM Lags Cointegration

Y � f (L, K) 11.13 33.61 5 Yes
Y � f (L, K, OP) 21.06 82.08 5 Yes
Y � f (L, K, OP, TERROR, ME) 57.23 167.76 5 Yes
Y � f (L, K, OP, TERROR, ME, TOUR) 55.59 62.98 5 Yes
Y � f (L, K, OP, TERROR, ME, TOUR, X) 57.05 112.41 5 Yes
Significance Level
1 percent 15.845 30.774
5 percent 10.352 19.761
10 percent 8.301 15.938

TABLE 5 | ARDL Bound Cointegration.

Estimated model Optimal lag length F-statistics

Y � f (L, K) (1, 0, 3) 3.271
Y � f (L, K, OP) (1, 0, 2, 0) 3.524
Y � f (L, K, OP, TERROR, ME) (3, 0, 1, 4, 1, 3) 5.507
Y � f (L, K, OP, TERROR, ME, TOUR) (3, 0, 1, 4, 1, 4, 0) 6.196
Y � f (L, K, OP, TERROR, ME, TOUR, X) (4, 3, 2, 4, 4, 3, 4, 4) 2.893
Critical values
Significance level Lower bounds I(0) Upper bounds I(1)
1 percent 2.730 3.900
5 percent 2.170 3.210
10 percent 1.920 2.890

TABLE 3 | Clemente–Montanes–Reyes unit root analysis with breaks.

Variable Innovation outlier (IO) Additive outlier (AO)

At level 1st difference At level 1st difference

t-statistics Time break t-statistics Time break t-statistics Time break t-statistics Time break

Y −3.948 2002 −6.311*** 1974 −3.835 2003 −6.460*** 1974
L −4.247*** 2009 −5.373** 2009 −2.041 1998 −3.199** 1997
K −4.756** 2003 −6.892*** 1999 −4.610** 2003 −6.652*** 1974
OP −3.120 1998 −8.225*** 1974 −3.136 1998 −8.378*** 1974
TERROR −4.884** 2014 −9.756*** 2005 −4.937** 2013 −9.805*** 2012
ME −6.032 2004 −7.022*** 1974 −5.319*** 2004 −7.059*** 1974
TOUR −0.591 2002 −30.903*** 2003 −1.454 2007 −7.084*** 2004
X −4.705** 2002 −5.012*** 1974 −4.263 2002 −5.251*** 1974

Notes: Y represents the economic growth, L and K represent labor and capital, OP shows oil price, TERROR and ME are used for terrorism and military expenditure, and TOUR and X are
tourism and exports.
***,**,* the level of significance at 1 percent, 5 percent, and 10 percent.
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The impact of tourism on economic growth is significant and
positive according to short-run analysis supporting tourism-led
growth hypothesis. In this regard, the Saudi economy should attract
religious tourism by giving better facilities and needs serious
reforms in this sector. This result is consistent with result of
Fahimi et al., 2018. Exports significantly and positively affect
economic growth at a 1 percent level meaning it validates
hypotheses which state that export leads to growth.

DISCUSSION

Although the labor force is considered a major factor for the
economic growth of any country; however, in the current study,
the effect of labor gets negative in both the long run as well as
short run in the last model when all variables are added to the
equation. This result is contrary to many studies including those
by Alodadi and Benhin (2015); Aljebrin (2017). The reason
behind this negative effect of labor on economic growth could
be the expensive labor force. As it is a known fact that themajority
of labor in Saudi Arabia come from other countries which is
expensive, as they usually move to other countries in search of
better remunerations. However, when companies pay more
toward the remunerations, their production cost is increased
automatically which adversely affects the economic growth.
Hence, it is the high cost of labor that decreases the economic
growth of Saudi Arabia.

The relationship between oil price and economic growth is
significant as well as negative in both the long run and short

run. One plausible justification for this negative relationship is the
fact that the Saudi economy is heavily dependent on oil exports. It is
noted that the majority of the revenue comes from oil and
petroleum products; however, oil prices are very volatile, which
is a negative factor for Saudi Arabia because in recent years, oil
prices declined heavily, and being an oil exporter, Saudi Arabia
suffered a lot. For example, the oil price in 2014 declined sharply
due to low demand by China and other developing countries as well
as a decline in the value of the U.S. dollar along with the efforts of
the Saudi government to pressurize the United States and Canada to
abandon oil extraction due to high costs. This decline reduced the
value of exports of the country which are mainly oil and petroleum
products, and ultimately, economy suffers. Hence, oil price volatility
badly affects the Saudi economy by decreasing the value of its oil
exports (Waheed et al., 2020).

The current study witnessed that both terrorism and military
expenditure are not an issue for the economy of Saudi Arabia.
Although since the formation of the kingdom, terrorism proves to
be an issue in one form or another, now the insignificance of
terrorism can be attributed to multiple efforts done by the
government of the country. Increased military expenditure is
one of these efforts as the government has increased its
spending toward the security of the country, including the
purchase of arms and the establishment of the army. Besides
this, a rehabilitation program for prisoners is also put in place
to change the overall mindset of terrorists. Also, a legislative system
of the country is also revised to combat the illegal activities along
with the campaigns and seminars to make people aware of the
effects of their activities on the country’s security. It is also observed

TABLE 6 | ARDL long-run and short-run analyses.

Long-run analysis Model 1 Model 2 Model 3 Model 4 Model 5

L 0.934*** 0.273*** 0.191 0.065 −0.691**
K −0.089 0.338*** 0.459*** 0.502*** 0.137
OP −0.138** −0.317*** −0.375*** −0.561***
TERROR −0.011 −0.007 −0.006
ME 0.032 0.047 0.173
TOUR 0.008** 0.014
X 0.451***
constant 14.048*** 14.746*** 12.918*** 13.699*** 20.715***

Short-run analysis Model 1 Model 2 Model 3 Model 4 Model 5

L 2.272** 0.650 1.352 3.374** −1.398
K 0.050 0.296*** 0.249*** 0.288*** 0.252***
OP −0.040 −0.084* −0.233*** −0.475***
TERROR 0.019 0.069 0.026
ME 0.023 −0.087 0.135**
TOUR 0.028*** 0.011***
X 0.409***
ECM −0.408*** −0.884*** −0.873*** −0.478*** −1.939***

Diagnostic analysis

Test F-statistic F-statistic F-statistic F-statistic F-statistic
χ2NORMAL 0.627 0.823 1.008 6.284 0.157
χ2SERIAL 5.491 4.408 0.923 1.270 3.086
χ2ARCH 0.012 2.666 1.247 1.248 0.195
χ2RESAY 3.427 9.648 13.956 9.220 0.338

Notes: Y represents the economic growth, L and K represent labor and capital, OP shows oil price, TERROR and ME are used for terrorism and military expenditure, and TOUR and X are
tourism and exports.
***,**,* the level of significance at 1 percent, 5 percent, and 10 percent.
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that military expenditure affects economic growth positively in the
short term; however, in the long term, its effect gets insignificant.
One important point to explain this relationship is, as in the start,
when military expenditure increases, it affects the economic
growth positively because security conditions get improved, and
the tourism sector flourished due to the building of trust by the
tourists. However, it is also a fact that a high level of spending on
themilitary could affect the economy adversely but, in our case, the
insignificant effect of military expenditure in the long run can be
attributed to oil price volatility. Alongside, American and British
companies which are having large military contracts with Saudi
Arabia are required to invest a specific percentage in high-tech
projects in the country to help the economy combat the negative
effects of increased military expenditure. Hence, this way, Saudi
Arabia managed the negative impact of terrorism and increased
military expenditure on the economy.

The impact of tourism on economic growth is positive in both
the long and short term. The fact behind this favorable impact is
that Islamic tourism due to Hajj and Umrah pilgrims is one of the
major sources of Saudi GDP because every year, almost 2 million
people come to visit the Grand mosques as well as the Prophet’s
mosque. These people spend millions of dollars during their visit
which adds to the revenue. Alongside, the employment rate
increases in this sector through the creation of direct jobs
which is surely a positive factor for any economy. The impact
of exports on economic growth is positive in the long as well as
the short run which is due to the fact that exports of non-oil
products are in favor of the country due to high oil price volatility.
The diversification strategy from oil to non-oil exports is
beneficial because relying only on oil exports could halt the
economy in case of a sudden drop in oil prices. Alongside,
non-oil exports help in environmental protection through less
emission of greenhouse gases. The results of the study are in favor
of environmental protection along with Saudi Vision 2030.

CONCLUSION

The main motive behind the current study is to examine the role
of labor, capital, oil prices, terrorism, military expenditure,
tourism, and exports in the economic growth of Saudi Arabia.
For the purpose of analysis, the ARDL approach is used to check
the long-term and short-term associations. The results suggest

that labor actually decreases the economic growth due to high
production costs resulting from costly international labor. It is
also noted that capital significant contributors to the Saudi
economy however oil prices are resulted in decreased
economic growth due to high volatility. Alongside, terrorism
and military expenditure did not show any impact on the
economic growth, whereas tourism and exports prove to be
the beneficial factors for the economy of the country.

The aforementioned findings shed light on important policy
implications including advice for the Saudi government to
diversify its exports from oil to non-oil products to reduce
the negative impacts of price volatility of oil. This will not only
enhance the economy but also the environment of the country.
Also, as costly labor is increasing the production costs and
reducing the revenues, it is recommended that the government
should support industries to install their production
facilities in countries where local labor can be hired at a low
rate. This will reduce the production costs along with the
establishment of an international presence of Saudi
products. Alongside, prompt measures should be taken to
decrease terrorism and military expenditure ahead of time
before they become trouble for economic progress. Also,
instead of fully depending on international and religious
tourism, domestic tourism should also be promoted through
advertisement, etc. It is also recommended that the
technological sector should be given attention to
manufacturing technically advanced products to be exported
to diversify the exports to non-oil products.
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APPENDIX

Table A1 | Definitions and sources of variables

Variable Definition Source

Y GDP (constant 2010 US$) https://databank.worldbank.org/
L Labor force, total https://databank.worldbank.org/
K Gross fixed capital formation (current US$) https://databank.worldbank.org/
OP Crude oil prices: West Texas Intermediate (WTI) https://www.bp.com/en/global
TERROR Number of attacks https://databank.worldbank.org/
ME Military expenditure (current USD) https://databank.worldbank.org/
TOUR International tourism, receipts (current US$) https://databank.worldbank.org/
X Exports of goods and services (current US$) https://databank.worldbank.org/
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Repercussions of Sustainable
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This research aimed to assess and implement the long- and short-run relationship of
agriculture and environmental sustainability with control variables. Purposely, this research
consolidated theoretical and conceptual principles to create a systematic structure in
agriculture for the development of both sectors, i.e., agricultural and the environment. On
this ground statement, this research was motivated to contemplate the relationship
between carbon dioxide emission, agricultural production, gross domestic product,
renewable energy consumption, and foreign direct investment using annual data series
of Latin American and Caribbean countries from 1971 to 2018. Autoregressive distributed
lag (ARDL) was used as an econometric methodology to examine the relationship among
the variables. Agriculture is the most vulnerable sector in Latin American and Caribbean
countries, and the economy is heavily dependent on it. The main results of this research
indicated that agriculture and CO2 emissions were positively related to each other for the
long and short run, which means that agricultural activities increased the CO2 emission
levels. At the same time, the control variables showed mixed associations with
environmental degradation as gross domestic product (GDP) was positively significant
and renewable energy consumption was negatively significant. The error correction (ECt−1)
term was negatively significant, confirming the long-run relationship and the speed of
adjustment from short- to long-run equilibrium. Agricultural production and GDP led to
increments in CO2 emissions, while renewable energy consumption negatively contributed
to toxic emissions. The speed of adjustment in Latin American and Caribbean countries
was nippy. It required 2.933 periods for the transformation from the short periodic phase to
the long term. A comprehensive approach is the research debate rigorously and holistically
based on divergent sectors of an economy and their relationship with environmental
sustainability. The econometric method, symbolic system, and conceptual existence were
designed originally.

Keywords: sustainable agricultural productivity, foreign direct investment, renewable energy, ARDL approach,
environmental sustainability, Latin American and Caribbean region
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INTRODUCTION

The Earth’s weather undergoes significant alterations as the
world’s climate alters. An increase in carbon dioxide and other
radioactive greenhouse gases in the atmosphere may cause
substantial changes in the global climate, leading to
devastating repercussions on the world’s ecosystems (Warrick,
1988). The amount of carbon dioxide produced in Latin America
has increased. According to the Carbon Dioxide Information
Analysis Center (CDIAC), Argentina, Brazil, Mexico, and
Venezuela make about 90% of the world’s carbon dioxide
emissions. Among the top 20 nations with the largest CO2

emissions from fossil fuels, Mexico and Brazil account for
52.7% of the 2007 regional emissions (Marland, 2008).

The climate is directly or indirectly affected by emissions of
greenhouse gases, which in turn influence agricultural
productivity cycles. The recently released Intergovernmental
Panel on Climate Change (IPCC) assessment of global
agricultural yield found that climate change poses numerous
hazards (Intergovernmental Panel on Climate Change 2019).
Global warming and changes in climate are unquestionably
affecting agricultural productivity. The atmospheric carbon
dioxide rise, climate change, and related precipitation have a
deleterious influence on agricultural growth and output. One
cannot consider the effect of a single factor on productivity. It is
highly difficult to forecast the repercussions of the interactions of
carbon dioxide enrichment, temperature rise, rainfall, and soil
nutrients on the environment. Carbon dioxide (CO2) levels in the
atmosphere can immediately impact crops and have indirect
effects via climate change. US-produced crops are crucial to
our country’s food supply and worldwide distribution. The
United States provides almost one-quarter of all worldwide
grains, such as rice, wheat, and corn, as the largest supplier.
Extreme weather conditions, rising temperatures, and increasing
CO2 levels may influence harvest yields. The effect of a higher
temperature on every particular crop depends on the crop’s ideal
growth and reproduction temperature. Although warming may
be beneficial in some regions, some crops will grow better there,
or farmers may be able to change to different crops cultivated in
warmer regions. If the temperature is too hot, the crop’s yield
will drop.

Today, the two greatest obstacles of humanity are a lack of
economic sustainability and environmental degradation (Aye and
Edoja, 2017). Following the Kaya identity, the total CO2

emissions that contribute to global warming are influenced by
foreign direct investment (FDI), renewable energy use, and
economic development. As the most important economic
development engine, investment and overseas trade have made
significant contributions to the rapid rise of the economy.
However, there is also evidence that FDI and increased foreign
trade contribute to environmental pollution (Ren et al., 2014).
The primary mechanism for industrial development and
economic progress is FDI. Technological transfer, greater
competitiveness, and new jobs will make FDI an obvious
choice. However, the existence of FDI in a country is not
always without complications. For example, the presence of
FDI in the massif will result in the construction of new

factories, which may have detrimental environmental
consequences.

Meanwhile, numerous plans, such as the Kyoto Protocol and
the Paris Agreement, have promoted renewable energy usage as a
means of mitigating climate change problems (Nguyen and
Kakinaka, 2019). Economic growth and a growing need for
energy are increasing, and some of the major fuel sources are
coal, oil, and natural gas. Energy use and per capita income are
closely linked, which has led to the worsening of the environment
(Hasnisah et al., 2019). The associations between environmental
quality and economic development have been discussed
thoroughly.

The distinctiveness of this research lies in its exploration of the
knowledge regarding the agricultural production, renewable
energy consumption, economic development, FDI, and
environmental sustainability of 18 Latin American and
Caribbean (IBRD and IDA) countries (hereafter IBRD and
IDA countries). The maximum possible panel data from 1971
to 2018 are approached for analytical purpose. Existing research
has mainly focused on renowned developed and developing
countries, but the IBRD and IDA countries have not been
discussed. After Asia, these regions receive the greatest capital
inflows to least developed countries (LDCs), accounting for
around 30% of the total FDI inflows to LDCs (UNCTAD,
2011). Emerging countries and developing economies also
primarily contributed to environmental degradation. They are
also crucial in the discussion to reduce pollution and toxic
emissions thoroughly. Primarily, this research focused on
measuring the periodic nature of the relationship between
variables, whether long run or short run. Secondly, this study
determined the sectorial impact on a sustainable environment in
line with agriculture. The salient purpose of this research was to
urge focusing on significant development sectors such as gross
domestic product (GDP), renewable energy consumption (REC),
and FDI. The econometric methodology provides ease of
measurement, and the autoregressive distributed lag (ARDL)
method was selected for the analysis before and after checking
the reliability of the time series.

LITERATURE REVIEW

Global warming has become a challenge not only for human
survival but also for other habitats. The development and stability
of an individual economy are based on trade, investment
opportunities, capital flows, and cultural ties (Gyamfi et al.,
2021; Murshed et al., 2021; Nathaniel et al., 2021). The
agricultural industry produces massive greenhouse gas (GHG)
emissions, which significantly contribute to climate change and
global warming. Thus, agriculture is both a victim of and a
contributor to climate change. Agriculture is a contributor to
GHG emissions and is sensitive to GHG release (IPCC 2007). The
World Bank (2013) stated that between one-fourth and one-third
of the world’s total GHG emissions are generated by agriculture,
from both on-farm operations, i.e., approximately 10%–12% of
global emissions, and land use and land cover changes to
cropland, including an additional 12%–20% (Mulatu et al.,
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2016; Ahmed et al., 2021; Bekun et al., 2021; Chishti et al., 2021).
According to Malhi et al. (2021), increased CO2 levels resulted in
improved crop fertilization and decreased energy requirements
from heat (Eshete et al., 2020). It was concluded that agricultural
activities are a major contributor to GHG emissions (30% overall)
because of the use of chemical fertilizers, pesticides, and animal
manure. Increased food consumption due to a growing global
population, increased demand for dairy and meat products, and
the intensification of agricultural processes are expected to
contribute to continued increases in this rate.

In contrast, greenhouse gases such as carbon dioxide (CO2)
contribute to climate change and global warming and
significantly impact the sustainability of agricultural
production systems. This does not yet consider the GHG
emissions associated with the use of pesticides, the
environmental cost of which is largely unrecognized. Figure 1
shows the relation between agricultural productivity and climate
change.

Over the last few decades, much research has been conducted
into the relationship between economic growth and CO2

emissions. Many countries are confronted with a major
challenge: ensuring sustained economic growth while also
protecting the environment. The study of Kasperowicz (2015)
hypothesized that the long-term relationship between GDP and
CO2 emissions is negative since new low-carbon technologies will
allow output levels to be met at lower levels of CO2 emissions in
the long term. However, they also believed that there is a positive
link between GDP and CO2 emissions in the short run since quick
production growth could be realized with higher energy use via
the existing technologies, which would expand the capacity of the
economy and CO2 emissions (Gyamfi et al., 2021; Murshed et al.,
2021; Nathaniel et al., 2021). According to the findings, basic
equity capital market (ECM) estimations suggested that, in the
long run, the GDP-to-CO2 emissions relationship is negative as

new low-carbon technologies will help to achieve the same
production levels at lower CO2 emissions. However, in the
short run, the relationship is positive as the quick production
boost is made possible through the use of existing energy
technologies, which then triggers CO2 emissions to rise
(Kasperowicz, 2015). Multiple studies (Tucker, 1995; Chang,
2010; Fodha and Zaghdoud, 2010; Niu et al., 2011; Shahzad
et al., 2021c) have empirically investigated the linear relationship
between carbon dioxide emissions and economic growth (GDP).
The results of the empirical analysis have shown that a causal
relationship exists between carbon emissions, the amount of
energy used in producing electricity, coal, and oil, and the
nation’s GDP (Gyamfi et al., 2021; Murshed et al., 2021;
Nathaniel et al., 2021). Meanwhile, the study of Niu et al.
revealed that, in contrast to underdeveloped countries with no
direct connection between carbon emissions and GDP, the
United States showed a strong association between the two.

Of course, like renewables, other forms of energy have their
trade-offs and associated debates. Despite the many studies on the
relationship between CO2 emissions and energy consumption,
almost all use total energy consumption as a proxy for energy
consumption. In contrast, studies that focus on the types of
energy consumed are still scarce. Therefore, two categories of
energy are used in restricted studies: renewable energy and non-
renewable energy. Additionally, this research used panel data
methods to evaluate the effects of oil and gas consumption on
carbon dioxide emissions in 20 Organization of Islamic
Cooperation (OIC) countries. The most important study
finding was that, over the long term, increased national
productivity causes greater environmental damage than
previously thought (Shaari et al., 2020; Shahzad et al., 2021a;
Shahzad et al., 2021e). Conventional energy production cannot
keep up with the increased demand due to the increasing demand
for energy in numerous industrial sectors. In this regard, to

FIGURE 1 | Agricultural productivity and climate change.
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reduce dependency and reliance on old sources and improve
economic performance, energy from renewable sources has
emerged as an option. In other words, researchers have studied
the link between economic growth and environmental quality by
looking at the effects of non-recycled materials in their empirical
studies (Bölük and Mert, 2014; Dogan and Seker, 2016; Irandoust,
2016; Jebli and Ozturk, 2016; Yang et al., 2018; Shahzad et al.,
2021b). According to the high, the rising use of RE will decrease
CO2 emissions and enhance the quality of the environment
because it cuts down on energy usage. Meanwhile, Bölük and
Mert (2014) found that energy derived from renewable sources is
the most efficient at reducing emissions by 50% compared to
energy obtained from traditional sources (Nathaniel et al., 2021).

The present age is the age of globalization, making the world a
borderless territory and enhancing the feasibility of exchanging
goods and services. The trending globalization enormously
affected the development and growth of the country by
considering FDI. With the rapid growth of FDI knowledge,
the governments of developed and developing countries have
provided an investment-friendly environment. There is limited
literature on the relationship between FDI and pollution for Latin
America. Most of the publications have focused on finding
empirical evidence against or favoring the pollution haven
hypothesis (Cole and Ensign, 2005; Barbier and Hultberg,
2007; Waldkirch and Gopinath, 2008; MacDermott, 2009;
Staats and Biglaiser, 2012; Shahzad et al., 2020; Naseem et al.,
2021). As a result of migration, lower environmental standards
have been implemented in countries that have become havens for
polluting companies (Copeland and Taylor, 1994). Levinson and
Taylor (2008) analyzed how regulatory costs affected trade flows
and found that industries with the highest cost increases had the
greatest rise in net imports. The study of Shahzad et al. (2021e)
discovered that large amounts of foreign capital are critical to
industrial adjustment and economic growth in industrial
countries. They found that global carbon emissions have
decreased in response to emission reduction policies, although
such policies have been weakened by carbon leakage. Indeed, one
question that arises from the increasing influx of FDI into
developing countries is whether it has any environmental
impact (Zeng and Eastin, 2012; Mohsin et al., 2020; Naseem
et al., 2020). Therefore, research on the effect of FDI on carbon
emissions is necessary. Existing literature has not addressed the
IBRD and IDA countries mainly; meanwhile, they have the highest
contribution to global warming. The deforestation and land
utilization activities of these countries have become the reason
for the environmental decline. The industrial and residential
sectors of IBRD and IDA countries are globally considered
environmental decay elements. This research will focus on
selected sectors of the economy and their impact on the
environment to fill the literature gap and contribute to existing
research for the holistic purpose of saving the environment.

The evolution of the model indicators is presented in
Literature review, then an econometric analysis is performed,
and the regression equation parameters are estimated in Data
description and econometric methodology. The research
assumptions are presented and tested next in Empirical results.
Finally, the conclusions of the paper, i.e., Discussion, are

summarized by the authors’ recommendations, study
limitations, and future research implications.

DATA DESCRIPTION AND ECONOMETRIC
METHODOLOGY

Data description
This research deals with yearly data series of the CO2 emissions,
agricultural production (AGP), GDP, REC, and FDI of the IBRD
and IDA countries. The IBRD and IDA are the International
Bank for Reconstruction and Development and the International
Development Association, respectively. The analytical data series
were extracted from the World Bank (WB) from 1971 to 2018.
The official website of the WB provides data at different scales,
so the data specifications of this research are presented in
Table 1.

Econometric model
The linear logarithmic form of the main model examining the
relationship between CO2, AGP, GDP, REC, and FDI is presented
below.

CO2t � α0 + α1AGPt + α2GDPt + α3RECt + α4FDIt + εt (1)

In Eq. 1, CO2t is representative of the environment concerning
time. The constant term is represented as a coefficient with
specific independent variables. The term is archetypal of
regression error. The variables in uppercase are shown the
series in their natural log. The assumption of the main model
is that the increasing trend in independent variables will lead to
an increase in environmental degradation or an increase in CO2

emissions. In Figure 2, the complete flowchart of the econometric
methodology used in this research article is presented.

The bounds testing model
Equation 1 presents a long-run relationship according to the
advanced econometric approach, which should incorporate the
short-run dynamic adjustment. As a solution to that issue, Engle
and Granger (1987) presented an error correction model. The
error correction model is given below.

ΔCO2t � β0 +∑m

i�1 β1iΔCO2t−i +∑m

i�0 β2iΔAGPt−i

+∑m

i�0 β3iΔGDPt−i +∑m

i�0 β4iΔRECt−i

+∑m

i�0 β5iΔFDIt−i + cεt−1 + μt (2)

In Eq. 2, is the change in the variables, is the speed of
adjustment parameter from short- to long-run equilibrium,
and is an error correction term for one lagged period. The
error correction term is estimated from Eq. 1 residual. The
econometric method of Engle and Granger is required for
establishing cointegration that the variables integrated of
order one, I(1), and the error term integrated of order zero,
I(0). The bounds test for cointegration check is divided into
three parts, cointegration, inclusive, and no cointegration,
which denote exceeding F-statistics than the upper bound,
equal or in between the upper and lower bounds, and below
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the lower bound, respectively. If any data series are not
stationary, we used the cointegration method proposed by
Pesaran et al. (2001) and Engle and Granger (2001). The
more advanced econometric approach is known as the
autoregressive distribution lag (ARDL).

Autoregressive distribution lag
The ARDL combines the two steps of Engle and Granger (1987)
into one by replacing the term in Eq. 2 with its equivalent form
from Eq. 1. In Eq. 3, the term is substituted by a linear
combination of lagged variables. The ARDL model measures
two sets of critical values. This econometric approach accurately
measures the significance level with or without trend for a small
sample between 30 and 80 annotations.

The following Eq. 3 is a combination of the short- and long-
run models. The coefficients from to are representative of the
short-run model, while the are inferred to estimate the long-run
relationships that are normalized on.

ΔCO2t � β0 +∑
m

i�1
β1iΔCO2t−i +∑

m

i�0
β2iΔAGPt−i +∑

m

i�0
β3iΔGDPt−i

+∑
m

i�0
β4iΔRECt−i +∑

m

i�0
β5iΔFDIt−i + β6CO2t + β7AGPt

+ β8GDPt + β9RECt + β10FDIt + μt
(3)

Equation 3 above was further transformed as:

TABLE 1 | Descriptions of the variables used in the model.

Symbol Explanation Source

CO2 CO2 emissions (metric tons per capita) World Bank
AGP Agriculture, forestry, and fishing, value added (% of GDP) World Bank
GDP GDP (current US$) World Bank
REC Renewable energy proportion (% of total energy supply) CEPALSTAT/IEA statistics
FDI Foreign direct investment, net inflows (% of GDP) World Bank

AGP, agricultural production; GDP, gross domestic product; REC, renewable energy consumption; FDI, foreign direct investment; IEA, International Energy Agency.

FIGURE 2 | Flowchart of the econometric methodology.
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ΔCO2t � β0 +∑m

i�1 β1iΔCO2t−i +∑m

i�0 β2iΔAGPt−i

+∑m

i�0 β3iΔGDPt−i +∑m

i�0 β4iΔRECt−i

+∑m

i�0 β5iΔFDIt−i + λECt−1 + μt (4)

In Eq. 4, the one period lagged error correction term and is the
parametric coefficient of the EC term (Pesaran et al., 2001;
Shahzad et al., 2021d; Zhang et al., 2021). The negative sign
with the EC term represents the speed of adjustment and
confirms the cointegration among the selected variables.
Generally, the cointegration approach of Pesaran et al. (2001)
is used to attain the results accurance than other single
cointegration procedures. The ARDL bounds test is used in
the analytical process due to its authenticity and accuracy
for cointegration. An extra F-test was included in the
ARDL bounds test on the lagged levels of the independent
variables. This cointegration method is comparatively better
than the other methods in three divergent aspects: 1) there is
no need for same order integration of variables; thus, the
integration of the underlying variables at I(1), I(0), or mixed
has no issue running the bounds cointegration test; 2) the small
and finite data can be accurately analyzed using the ARDL
cointegration approach; and 3) the unbiased estimation of the
long-run model can be assured by applying the ARLD technique.
This model is also beneficial in terms of forecasting and
disentangling the long-run relationships from the short-run
dynamics. Furthermore, the series bound does not affect the
accuracy of the results under this econometric model by
automatic fixation.

EMPIRICAL RESULTS

The results of the augmented Dickey–Fuller (ADF) and
Phillips–Perron (PP) tests are contained in Table 2. These
stationarity tests have confirmed the significance of the series
at constant and first difference. The mixture of the series
integration levels is in support of the application of ARDL
for further analysis. Except for renewable energy consumption,
all variables were integrated at first difference with a 1%
significance level. The renewable energy consumption results
were integrated at first difference under the stationarity tests
and a level under the Phillips–Perron test at 1% significance
level.

The results of lag length selection are presented in Table 3. Lag
length selection does not have hard and fast rules. As per the
dependence of the regressed variables on the predictor variable or
the regressor, lag 1 was automatically selected. The analytical data
deal with series analysis, so selection criteria were also exercised
to include lags in the model. The log-likelihood had the highest
value (−366.7609) at first lag, while the final prediction error
(FPE; 47.16959), Akaike information criterion (AIC; 18.03459),
Schwarz criterion (SC; 19.25108), and Hannan–Quinn (HQ;
18.48572) showed the lowest values with a 1% significance level.

The results of the bounds test are displayed in Table 4, which
presented the periodic relationship of the variables. Spurious
results were avoided by the mixture integration level of the results
of the ADF and PP tests. The F-statistics (5.6821) and t-statistics
(−4.4987) of bounds were higher than the tabulated values (5.06
and −4.60) with the same lag selection order. The significance of
the F-statistics and t-statistics at the 1% level confirmed the long-
run relationship among the variables. It failed to reject the
alternative hypothesis that cointegration exists in the data series.

The short-run ARDL model is implied to check the short-term
relationship among selected variables (Mohsin et al., 2020; Naseem
et al., 2020). The results are presented in Table 5 showing
the automatic different lag selection for the variables. Except for
GDP, the rest of the variables were checked at the difference of 1.
CO2 emissions and renewable energy consumption showed a 1%
significance level with a negative sign, while all the other variables
at a whole different level showed 1% and 5% significance, except for
FDI. As per the assumption of Engle and Granger (2001), the EC
term was negatively significant at a 1% level with a value of
−0.3710. The short-run error correction was 37.10%, which was
unhurried and required 2.933 periods tomove from short- to long-
run equilibrium. The significance of the F-statistics at the 1% level
has confirmed the fitness of the model.

The long-run ARDL model estimation results are contained in
Table 6 which revealed that agriculture and GDP positively affect
CO2 emissions. Agricultural consumptions are prodigious
emitters of ammonia (NH3), but crop processing is involved in
other emissions. Therefore, farming activities and GDP were both
declared as CO2 emission enhancers. On the other hand,
renewable energy consumption is negatively affected by CO2

emissions (Ahmed and Shimada, 2019; Koengkan and Fuinhas,
2020; Shahzad et al., 2022). Renewable energy is leading as an
environment-friendly energy production and consumption
source. The analytical process also confirmed the fundamental

TABLE 2 | Unit root test using the augmented Dickey–Fuller (ADF) and Phillips–Perron (PP) tests.

Variables ADF (constant) PP (constant) Interpretation

Level First difference Level First difference

CO2 −2.0691 −6.6456* −2.0794 −6.6448* I(1)
AGP −1.4280 −7.5350* −1.6768 −7.8381* I(1)
GDP 2.9107 −4.3669* −0.3805 −5.5924* I(1)
REC −2.3346 −3.8158* −2.9638** −5.0047* I(0)
FDI −1.2047 −8.6442* −1.0327 −8.6573* I(1)

AGP, agricultural production; GDP, gross domestic product; REC, renewable energy consumption; FDI, foreign direct investment.
*, **, and *** represent the 1%, 5%, and 10% levels of significance, respectively.
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purpose of renewable energy: it mitigates CO2 emissions and
boosts the environment’s quality. FDI behaved insignificantly
toward CO2 emissions. FDI develops the financial position of an
individual country, which helps augment the quality of the
environment. Especially in this age, if any government wants
to obtain international support in national projects and attract
FDI, it would first focus on environmental quality. To attain
ecological sustainability and reduce global warming, developed
IBRD and IDA countries provide financial support to developing
countries for environmental quality in individual sectorial
growth. The analytical presentation of this research also
confirmed that agriculture and GDP positively contribute to
CO2 emissions, while renewable energy is negatively
subsidized (Rehman et al., 2019; Sharma et al., 2021).

The results of the post-diagnostic tests are accessible in
Table 7. The stability and normality tests included serial
correlation (Breusch–Godfrey Lagrange multiplier, LM),
heteroscedasticity [(Breusch–Pagan–Godfrey and autoaggresive
conditional heteroskedasticity (ARCH)], residual normality
(Jarque–Bera), and model correction (Ramsey regression
equation specification error test, RESET) tests. All variables
were free from serial correlation and heteroscedasticity and the
model was correctly specified. The normality test was significant,
and the value for Jarque–Bera was greater than 3, which means
the residuals were abnormally distributed (Mohsin et al., 2021;
Sarfraz et al., 2021). The residual distribution had a minor effect
on the accuracy of the results when the data series covered an
immense data span.

DISCUSSION

The rapid increase of global warming is accelerating the
disappearance of snow covers and causing a rise in sea levels,
which is an alarming worldwide environment (Adebayo et al.,
2021; Ahmed et al., 2021; Baloch et al., 2021). The IBRD and IDA
regions also contribute via precipitation patterns, the quick
melting of the Andean tropical glaciers, and the unpredictable
intensive weather-changing events in these areas. Greenhouse
gases are a uniparous force behind the climatic changes and rising
trend of global warming. Greenhouse gases, especially CO2, are
driven by human activities, and consequently, the whole planet is
facing the damages. This research aimed at studying specific

TABLE 3 | Optimal lag length selection based on the Akaike information criterion (AIC) for the cointegration test.

Lag LogL LR FPE AIC SC HQ

0 −535.1928 NA 31,725.36 24.55422 24.75697 24.62941
1 −366.7609 290.9278* 47.16959* 18.03459* 19.25108* 18.48572*
2 −358.4519 12.46353 105.4261 18.79327 21.02350 19.62035
3 −342.0521 20.87247 175.7631 19.18419 22.42817 20.38721
4 −306.5483 37.11763 139.6434 18.70674 22.96446 20.28571

LR, likelihood ratio; FPE, final prediction error; SC, Schwarz criterion; HQ, Hannan–Quinn.
*, **, and *** represent the 1%, 5%, and 10% levels of significance, respectively.

TABLE 4 | Bounds test results.

Test statistic Value Significance level I(0) I(1)

F-bounds test
F-statistic 5.6821* 10% 2.45 3.52
Lag selection order [1,0,0,0,0] 5% 2.86 4.01

2.50% 3.25 4.49
1% 3.74 5.06

T-bounds test
t-statistic −4.4987* 10% −2.57 −3.66
Lag selection order [1,0,0,0,0] 5% −2.86 −3.99

2.50% −3.13 −4.26
1% −3.43 −4.60

*, **, and *** represent the 1%, 5%, and 10% levels of significance, respectively.

TABLE 5 | Estimated short-run coefficients based on Akaike information
criterion (AIC).

Variables Coefficient SE t-Statistic Probability

ECM regression: Case 3: unrestricted constant and no trend
C 1.3196* 0.4121 3.2017 0.0026
D[CO2(−1)] −0.3710* 0.0824 −4.4987 0.0001
D(AGP) 0.0316* 0.0109 2.8865 0.0062
D(GDP) 2.72E−05* 8.33E−06 3.2663 0.0022
D(REC) −0.0329** 0.0125 −2.6170 0.0124
D(FDI) 0.0099 0.0211 0.4680 0.6422
CointEq (−1) −0.3710* 0.0664 −5.5841 0.0000
F-statistic 31.18247*

SE, standard error; ECM, equity capital market.
*, **, and *** represent the 1%, 5%, and 10% levels of significance, respectively.

TABLE 6 | Estimated long run coefficients based on Akaike information
criterion (AIC).

Variables Coefficient SE t-Statistic Probability

Levels equation: Case 3: unrestricted constant and no trend
AGP 0.0854** 0.0346 2.4672 0.0179
GDP 7.34E−05* 1.76E−05 4.1681 0.0002
REC −0.0887** 0.0333 −2.6585 0.0111
FDI 0.0267 0.0583 0.4574 0.6497

SE, standard error; AGP, agricultural production; GDP, gross domestic product; REC,
renewable energy consumption; FDI, foreign direct investment.
*, **, and *** represent the 1%, 5%, and 10% levels of significance, respectively.
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economic drivers concerning time andmeasuring their impact on
environmental harms, either mitigating or boosting them up. The
main results of this research indicated that agriculture and CO2

emission are positively related to each other for the long and short
run, which confirmed the upward contribution behavior of the
agriculture sector in the CO2 emissions graph. At the same time,
the control variables were positively and negatively associated
with environmental degradation. The error correction (ECt−1)
term was negatively significant, confirming the long-run
relationship and speed of adjustment from short- to long-run
equilibrium (Gyamfi et al., 2021; Murshed et al., 2021).
Renewable energy consumption leads to reductions in CO2

emissions, while agriculture and GDP positively contribute to
toxic emissions. The negative contribution of renewable energy
consumption in environmental degradation was very apparent.
Global awareness about eco-friendly developments in IBRD and
IDA countries is contributing to efforts to mitigate CO2 emissions
from deforestation and the consumption energy of sources. The
speed of adjustment in IBRD and IDA countries was nippy. It
required only 1.33 periods for the transformation from the short
periodic phase to the long term. The research findings indicated
the two leading sectors, i.e., GDP and FDI, as environmentally
damaging, which pointed out that the unambiguous economic
efficient system with positive climate change will exceed the
action cost. This research also declared the economy’s positive
contributors and eco-friendly sectors, such as renewable energy
consumption and production (Ahmed et al., 2021; Bekun et al.,
2021; Chishti et al., 2021; Paramati et al., 2022). This research
suggests that state handlers should focus on eco-friendly sectors
to enhance the financial position of their countries and sort out
the problems and uncertainties of other sectors. The global needs
at present are rapid changes for the environment, which can be
attained by avoiding GHG concentration sectors for triggering
the enormous and irreversible eco-damages. Domestic policies
and their implications on environmental sustainability are the
most important things (Nathaniel et al., 2021). The governments
and civil societies of the IBRD and IDA regions should be
knowledgeable in managing the potential costs of
environmental sustainability with economic development in a
global context.

CONCLUSION AND POLICY
RECOMMENDATION

The World Bank (WB) collaborates by including new states for
development purposes every year to attain specific goals. The

IBRD and IDA have offered different types of projects and loans
to enhance the quality of the environment. To achieve
environmental sustainability goals, the WB promotes and
assists middle-income countries. Global warming and intensive
weather conditions make the world realize the importance of a
sustainable environment and ecological habitats. The president of
the WB, Jim Yong Kim, conversed about the development of
IBRD and IDA countries. These countries must adopt green
productive technologies and enhance the effective structure to
reduce poverty, improve the quality of education, and promote
critical advancement in environmental quality. This research
demonstrated that the Latin American and Caribbean (IBRD
and IDA) region’s ecological sustainability is affected by AGP,
GDP, REC, and FDI for the short and long run. The analytical
portion of this research has approached the maximum possible
data sample from 1971 to 2020. The data series was extracted
from the official website of the WB.

This research revealed a positive long-run relationship
between CO2 emissions and GDP and REC, while a negative
relationship with AGP and FDI. The short-run behavior and the
nature of the relationship between the dependent and
independent variables are unpredictable. Sometimes, individual
countries are focused on the environment and critically inspect
some sectors. Hence, they work on the environment, but
sometimes ignore it; this is why the positive and negative
signs are not sustainable. The error correction (ECt−1) fulfills
the basic assumptions of a negative sign, which confirmed the
long-run relationship among the variables and also declared the
period of adjustment speed. The adjustment speed of the variables
from short- to long-run equilibrium was 37.10%, and required
2.933 periods, which is a decently fast adjustment speed. The
post-diagnostic tests confirmed the accuracy of the results and the
fitness of the model. This research guides researchers,
policymakers, governments, and environmentalists in reducing
toxic emissions from specific sectors in order to enrich the quality
of the environment. The WB has offered financial and technical
assistance to developing and developed countries to better the
environment, enhance the quality of life, standard of education,
and health and to reduce poverty by increasing production
resources. The WB also assists global countries by providing
advice, designed policies, platform for research and analysis, and
sustainable technological development. Environmental
sustainability is the need of the present day. If global countries
do not work on it now, may be shortly, there will be no pure air
available for breathing and running normal life.

In this research, the most significant constraint was the limited
data period due to the unavailability of data. Divergent

TABLE 7 | Diagnostic statistics.

Diagnostic statistics test F-statistic p-value Results

Breusch–Godfrey LM 0.4297 0.6537 No problem of serial correlations
ARCH 2.8018 0.1013 No problem of heteroscedasticity
Ramsey RESET test 0.6323 0.4312 Model is specified correctly
Jarque–Bera 84.4875* 0.0000 Estimated residuals are not normal

LM, Lagrange multiplier; RESET, regression equation specification error test; ARCH, autoaggresive conditional heteroskedasticity.
*, **, and *** represent the 1%, 5%, and 10% levels of significance, respectively.
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environmental factors would have to be left out due to data
discretion. In this research, only the ARDL cointegration
approach was used for analytical purposes. Researchers can
extend the econometric methods by applying different
cointegration methods and comparing them in future research.
Some websites such as CEPALSTAT provide expected figures
until the year 2100, which can visualize the current and future
environmental sustainability. The predicted data can also help
divide the research into three periods, i.e., pre-industrial
development, industrial development, and expected future
post-industrial stage.
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Testing Environmental Kuznets Curve
in the USA: What Role Institutional
Quality, Globalization, Energy
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and Remittances can Play? New
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This study intends to examine the validity of the Environmental Kuznets Curve (EKC) in the
United States of America (USA), considering the vital role of macroeconomic variables,
such as economic growth, institutional quality, globalization, energy consumption, financial
development, urbanization, and remittance from 1985 to 2020. The impact of positive/
negative shock in a regressor on CO2 emissions keeps other regressors unchanged and
has been investigated using the novel dynamic stimulated autoregressive distributed lag
(ARDL) model. The empirical findings revealed the positive impact of economic growth and
negative impact of the square economic growth on environmental degradation in the
short- and long term. It indicates the validity of the EKC hypothesis in the case of the USA.
Moreover, financial development, energy consumption, globalization, remittances inflow,
and urbanization reduce the environmental quality. On the contrary, institutional quality
improves the environmental quality by reducing CO2 emissions. The appropriate
recommendations to design the inclusive economic-environment national energy policy
were proposed.

Keywords: financial development, remittances inflow, economic growth, institutional quality, globalization

INTRODUCTION

During the previous decades, especially since the 90s, cases of worstening situations start to arise,
such as the circumstances of global warming for environmental quality due to uncontrolled
greenhouse gas emissions, have been at their all-time high. The rise in the Earth’s temperature
and unexpected climate variations result from burning fossil fuels in excess, which produce
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greenhouse gases in the form of an abundance of carbon dioxide
(CO2) and other related poisonous gases, i.e., methane, nitrous
oxide, and the gases from sulfur hexafluoride, etc. Additionally,
fluorinated gases are the leading cause of Ozone layer depletion.
These pollutant energies will become a cause of severe
environmental issues in the future which may influence energy
and power policies.

This empirical study is based on the discussion of the
environmental degradation of one of the six superpowers,
and one the most developed countries–the United States of
America, which comprises 52 well-developed states. The GDP
of the US is ranked first globally. And it ranks eighth in gross
domestic product per capita. Due to its highly developed
economy, the USA has to face the effects of energy
pollutants and carbon emissions, which are mainly caused
by the financial sector, economic activity, urbanization rate,
industrialization speed, and the utilization of advanced
technology (Khan et al., 2019a).

Remittances (REM) boost the economy and are prominent as
a significant cash flow and income source (Kandil and Mirzaie,
2008; Meyer and Shera, 2017). The inflow of REM accelerates FD

and economic growth (EG), raises the Energy Consumption-(EC)
demand in agricultural, manufacturing, and industrial sectors,
and increases carbon emissions. Using the non-linear type of
autoregressive distributed lag (NARDL) model, Neog and Yadava
(2020) demonstrated the direct asymmetric relationship between
REM and CO2 with other harmful emissions. In contrast, Ahmad
et al. (2019) assumed that the inflow of REM, which occurs in five
different stages, positively but indirectly links to CO2 emissions
through Economic Growth-(EG) and EC.

Financial development (FD) is another crucial variable studied
in this research. It is a dynamic causation method of accelerating
economic growth, leading to enhanced clean energy consumption
and degradation of the environment (Shahzad and Qin, 2019).
Therefore, the lack of appropriate environmental regulations in
this sector may elevate the scale of energy pollution, degrade the
environment, and cause uncontrollable carbon emissions.
Charfeddine and Kathia (2019), showed the few reasons due
to which the rate of renewable energy consumption (REC) and
percent of Financial Development (FD) per unit of Economic
Growth (EG) and level of average emissions of CO2 changed for
24 countries in the distinct climatic regions of the Middle East

TABLE 1 | Summary of related studies.

Ref Region Variables Methodology Impact of explanatory variables on
environmental quality

Zhang et al.
(2021b)

Malaysia CO2, GDP, FD,
GCF, URB

Maki cointegration, FMOLS, DOLS,
wavelet coherence, gradual shift
causality test

GDP (+), GCF (+), URB (+)

Adebayo and
Rjoub (2021)

Argentina CO2, GDP, REC, TO Wavelet statistical tools REC (−) in the medium and long term. TO (−) in the
medium term. EC (−), GDP (−) in the short and long
term

Kirikkaleli and
Adebayo (2021)

Worldwide CO2, GDP, TI, REC, FD FMOLS, DOLS, CCR, Bayer and Hanck
cointegration, frequency-domain
causality tests

GDP (−), TI (−), REC (+)

Akadiri and
Adebayo (2021)

India CO2, GDP, EC, REC,
FGLOB

NARDL Desired change in FGLOB (+)
The positive shock in EC (−)
The negative shock in EC (+)
Desired shock in FD (−)
The positive shock in GDP (−)
REC (+)

Adebayo and
Kirikkaleli (2021)

Japan CO2, GDP, TI, REC,
GLOB

Wavelet statistical tools GDP (−), FD (+), REC (+) in the short and medium-
term

Shan et al. (2021) Top seven decentralized
fiscally OECD members

CO2, GDP, FiD, IQ,
CPIE

CS-ARDL CPIE (+), IQ (+), FiD has an inverted U-shaped
relation, GDP (−)

Pata and Caglar
(2021)

China CO2, GDP,GDP
2, HC,

REC, GLOB, EF, TO
Augmented ARDL GLOB (−), TO (−), GDP (−), HC (+)

Ahmed et al.
(2020)

China CF, EF, GDP, NR, URB Bayer-Hanck cointegration, ARDL NR (−), URB (−), GDP (−), HC (+)

Khan Z. U et al.
(2020)

Brazil, Russia, India, China CO2, GDP, REM,
EC, FDI

CCEMG, FMOLS REM (−), FDI (−), EC (−)

Wawrzyniak and
Doryń (2020)

93 EMDE CO2, GDP,GDP
2, REC,

REM, FF, FDI, IQ
GMM FF (−), REC, REM, FDI (no impact), IQ (+)

Ahmad et al.
(2019)

China CO2, REM NARDL The positive shock in the REM (−), the negative
shock in the REM (+)

CF, carbon footprint; CPIE, CPI-based energy price; ECGL, economic globalization; EF, ecological footprint; FDI, foreign direct investment; FF, fossil fuel consumption; FGLOB, financial
globalization; FiD, fiscal decentralization; GCF, gross capital formation; HC, human capital; INNV, innovation; NR, natural resource rent; PLGL, political globalization; REC, renewable
energy consumption; REM, remittance; SCGL, social globalization; TI, technological innovation; TO, trade openness; TRD, trade; CCEMG, common correlated effect mean group; CCR,
canonical cointegrating regression; CS-ARDL, Cross-section augmented auto-regressive distributed lags; DARDL, dynamic autoregressive distribute lag; DOLS, dynamic ordinary least
square; FMOLS, fully-modified ordinary least square; GMM, generalized method of moments; NARDL, non-linear autoregressive distributed lag; EMDE, emerging market and developing
economies.
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and North Africa (MENA) from the year 1980–2015 (Shahzad
et al., 2021a). Guo et al. (2019) confirmed a negative impact of
change in Finacial Development (FD), share trading, and stock
marketing on CO2 emissions in the provinces of China from
1997to 2015.

Ehigiamusoe and Lean (2019) showed the FD’s direct and
adverse impact on CO2 with other harmful gases emissions in a
data set of panel types for 122 countries (Sharma et al., 2021).
Tamazian and Rao (2010) indicated the positive impact of FD on
the environmental and climatic zone-specific qualities for the
BRICS countries (Brazil-BR, Russia-RU, India-IN, China-CN,
and South Africa-SA) (Wang et al., 2021a). However, Ahmad
et al. (2018) showed an inconclusive result when involving the
changes of Financial Development-(FD) on CO2 with harmful
gasses emission in countries like China (Bashir et al., 2021).
Acheampong (2019) declared that Financial Development-(FD)
tends to increase CO2 type harmful gas emission in a panel data
set for around 46 African countries by moderating EC and EG
(Shakoor et al., 2020).

EG is still another crucial factor in environmental sciences.
Keeping this in view, we observe that FD and EG serve as direct
indicators for environmental degradation. Gökmenoğlu and
Taspinar (2016) presented the positive and, in some cases,
negative impacts of Energy Consumption-(EC) and Economic
Growth-(EG) on Turkey’s CO2 plus other harmful gasses
emissions, respectively. The EKC is meant to measure the role
and impact of economic growth factors on the deterioration of
climatic conditions and environmental quality. Much research
has been done, and models are designed to illustrate the
inclination and declination in the EKC hypothesis curve
(Rafique et al., 2021).

For instance, Ur Rahman et al. (2019) and Rahman et al.
(2019) validated the highly famous EKC type of hypothesis for
measuring the environmental quality in Pakistan, which shows
the U-shaped type of curves with a specific relationship between
the Economic Growth-(EG) and its drivers on the qualities of the
environment with a significant degradation in environmental
resources (Bashir et al., 2020).

Urbanization (URB) is a prominent indicator influencing
CO2 and other carbon-emitting gas emission and causing
variation in the condition of the environment (Doğan et al.,
2020). Pata (2018) pointed out that growth in URB and
industrialization leads to more outstanding FD and EG that
are the leading causes of CO2 emissions. URB stimulates the
energy demand in the residential and industrial sectors (Lee
et al., 2018). Kwakwa and Alhassan (2018) claimed that
adopting energy-efficient technology can moderate the
environmental impact of EC (Ghazouani et al., 2020).
Salahuddin et al. (2019) showed the bidirectional causal and
logical relationship between URB and CO2 with other harmful
gasses emission. Sun and Huang (2020) explored an inverted
U-shaped trend linking URB and CO2 with other gas emissions
(Fatima et al., 2021).

Shahbaz et al. (2015) showed a significant and positive link
between the trend of globalization (GLOB) and the climatic
change in terms of environmental degradation. Phong (2019)
as well reported a positive significant accord between a GLOB

and the emission of CO2 with other harmful gasses, while
others showed an insignificant relationship between them
(Destek and Sarkodie, 2019; Xu et al., 2018; Olowu et al.,
2018; Haseeb et al., 2018; Shahbaz et al., 2018a; Paramati et al.,
2017). Lamla (2009), Shahbaz et al. (2018b), Shahbaz et al.
(2018c) explained the trade-GLOB-CO2 emissions nexus in
detail. However, scant empirical work has been done to
investigate the possible effects of this factor. Tamazian and
Rao (2010) explained that globalization increases low emission
production by changing industrial sectors and introducing
eco-friendly technologies in the production and
manufacturing sectors.

Farzanegan andMarkwardt (2018) opined that CO2 emissions
could be controlled by enhancing the quality of institutions in the
MENA region. Solarin et al. (2017) showed the crucial role of
institutional quality (IQ) on CO2 with other harmful gasses
emissions in Ghana. Le and Ozturk (2020) designed the EKC
type of model for around 74 emerging markets and developing
economies (EMDEs) from 1990 to 2014 to evaluate the impact of
IQ on CO2 emissions. Their findings revealed that IQ decreases
environmental quality. Shah et al. (2019) determined that the
lower the IQ, the lower the development process, the higher the
CO2 and other carbon-emitting gasses emissions (Shahzad., 2020;
Shahzad et al., 2020).

Therefore, This study contributes to the literature in two
aspects: 1) To achieve a high level of author practice and
knowledge, it is one of the first and foremost studies which
attempts to evaluate the rate of change for the measuring the
impact of most macroeconomic drivers of CO2 emissions, such as
EG, IQ, GLOB, EC, FD, and REM, in the case of the USA, from
1985 to 2020 (Shahzad et al., 2021b). 2) Unlike previous studies
that used different traditional econometric models, this study
employs a newly dynamic autoregressive distributed lag
simulation model, which is more efficient in results
estimation and prediction through graphs in both the short
and long run.

LITERATURE REVIEW

The relationship between economic growth and environmental
quality has been widely investigated since the 1990s. Initially, this
relationship was derived from the seminal work of Simon
Kuznets in 1955. He showed that income inequality increases
along with income growth, stabilizes at a certain threshold, and
then decreases, indicating the inverted-U-shaped relationship
between these two variables (Kuznets, 1955). Inspired by this
concept, environmental economists have postulated the
relationship between income growth and environmental
degradation. For instance, Grossman and Krueger examined
the relationship between economic growth and sulfur dioxide
and carbon dioxide emission concentrations as environmental
pollutants. Their results confirmed an upward trend of pollutants
as per capita income increased to a certain level and then a
downward trend with high-income levels (Grossman and
Krueger, 1991). In 1992, Shafik and Bandyopadhyay
demonstrated a U-shaped relationship between environmental
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pollution and economic growth (Shafik and Bandyopadhyay,
1992). Panayotou evaluated the relationship between
deforestation and air pollution as environmental degradation
and economic growth in developing and developed countries
and called it the Environmental Kuznets Curve (EKC); his results
confirmed the inverted-U shaped relationship in both groups of
countries with a different turning point (Panayotou, 1993). The
most related recent studies are illustrated in Table 1.

DATA AND METHODOLOGY

Data
Based on some previous facts and the latest available data, this study
further applies the methods of investigations for measuring the
changes with the environmental impact of the institutional quality
(IQ), the financial development (FD), urbanization (URB), remittance
(REM) within the EKC hypothesis for the USA from 1985 to 2020.
The data onCO2with other carbon-emitting gasses emission, FD, EG,
and REM are retrieved from the World Bank (2020). IQ is gathered
from the International Country Risk (ICRG) database ICRG (2021),
GLOB is collected from KOFGI Index (Dreher 2006), EC is taken
from the World Bank (2020) and BP (2020). The description of
variables, units, and sources is listed in Table 2.

Methodology
The empirical approach for this study has been undertaken in line
with earlier pragmatic studies that researched the effect of economic
factors (independent variables) on the dependent variable of CO2 and
other carbon-emitting gasses emission using the dynamic
autoregressive distribution lags simulation (DARDLS) approach.
Several academics have studied the independent variables. For
instance, Khan et al. (2019b) considered GLOB, EC, FD, URB,
and EG. Sarkodie et al. (2019) reviewed EC, Food, and EG.
Nwani and Omoke (2020) analyzed EG, EC, GLOB, and Bank
Credit. Khan M. I. et al. (2020) examined EG, Foreign Direct
Investment (FDI), EC, Domestic Credit, and the Stock market.
Danish and ULUCAK (2021) scrutinized biomass energy
consumption. Zhang et al. (2021a), Zhang et al. (2021b)
considered human capital, natural resources, and EG. Abbasi et al.
(2021) measured URB, EC, Industrial Growth, and EG. Islam et al.
(2021) investigated EG, Trade, EC, URB, GLOB, FDI, and
Innovation. This study scrutinizes the relationship of the
considered left side dependent and the figured right side

independent variables, which can also be incorporated in the form
of Eq. 1.

CO2t � β0 + β1 IQt + β2 GLOBt + β3 FDt + β4 ECt + β5 EGt

+ β6 EG
2
t + β7 REMt + β8 URBt + εt (1)

Where β0 is constant, IQ stands for institutional quality; GLOB
presents globalization; FD exhibits financial development; EC is
energy consumption; EG and EG2 are economic growth and
square of economic growth, respectively; REM shows remittance;
URB is urbanization; β1 − β8 indicate the independent variables’
coefficients, εt is a white noise error term (Pata and Isik, 2021).
The research design is illustrated in Figure 1.

As can be seen in Figure 1, conducting the dynamic ARDLmodel
requires taking several steps that would be explained as follows:

1. Checking the variables are stationary/identifying the optimal lag
length/specifying the ARDL model. Testing the models for
stationary among various variables is essential to avoid
spurious regression-related problems. Like the ARDL model,
the DARDL model can be estimated if the dependent variable
is stationary at the first level, and regressors/control variables are
stationary at a different level or the first level of difference or both
(Oryani et al., 2021a). In this study, whether the variables are
stationary has been checked using the famous Augmented Dicky
Fuller (ADF) test; the other is Phillips-Peron (PP). The null
hypotheses indicate the unit root in time series against the
alternative, which shows the variable is stationary. As the
second step, the optimal lag length must be identified. There
are several criteria to select, such as Schwarz information criteria
(SIC), Hannan-Quinn information criteria, Akaike information
criterion (AIC), Adjusted R-squared, and final prediction error
(FPE). The model with the lowest criteria value or the largest
R-squared value is selected as the bestmodel. Itmust be noted that
in a sample of up to 60 observations, the FPE and AIC are the
most appropriate criteria over others (Shahbaz ft al., 2018). In the
next step, considering the identified optimal lag length, the ARDL
model could be specified.

2. Checking the residuals’ diagnostic tests. The diagnostic statistics
are applied to check the results’ reliability. In this regard, the
residual normality, heteroscedasticity, and serial correlation have
been checked.

3. Cointegration test (Bounds Test). Followed by Pesaran et al.
(2001), the first step in applying the DARDL model is

TABLE 2 | Variable description.

Acronym Variables Unit

CO2 Carbon dioxide emissions Measured as millions of tons per capita
IQ Institutional quality Measured by using principal component analysis (PCA) in terms of bureaucracy quality, democratic accountability,

corruption, political stability, and law and order
FD Financial development Measured as a % of GDP of domestic credit provided by banks to the private sector
EC Energy consumption Measured as a % of the total of fossil fuel energy consumption
REM Remittance Measured as a % of GDP of personal remittances received
EG Economic growth Measured as annual % of GDP growth
GLOB Globalization Measured by using PCA considering economic, social, and political aspects
URB Urbanization Measured as a % of annual population growth
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estimating the long-run cointegration of the unconditional but
the linear correction model, also known as by its short form
(ULCM) using another model of the ARDL with its different
bounds for testing approach as shown in (Eq. 2):

Δ(y)t � α0 + θ0(y)t−1 + θ1(x1)t−1 +/ + θk(xk)t−1
+∑

p

i�1
(αi)Δ(y)t−i +∑

q1

i�1
(β1i)Δ(x1)t−i +/

+∑
qk

i�1
(βk−i)Δ(xk)t−i + εt (2)

Where Δ signifies the first differential operator; y indicates the
dependent variable (CO2 emissions) and x1, /, xk shows
explanatory variables, which includes IQ, GLOB, FD, EG, EG2,
REM, and URB; p and qk present the optimal lag length of the
dependent and explanatory variables, respectively. θ1 − θk and
β1 − βk stand for long and short-term coefficients. Long-run
cointegration between variables studied is tested and available for
using the F-statistics bounds test for validity and compare with
the upper fixed and lower fixed critical bound for establishing the

test proposed by Pesaran et al. (2001). The null against alternative
hypotheses is considered for testing the F-statistics is as follows:

H0: θ1 � / � θk � 0

H0: θ1 ≠/≠ θk ≠ 0

Three possible results by comparing the calculated F-statistics
and proposed upper and lower bounds tests are as follows:

• F − statistics > critical value of the upper bound,
implying the long-run cointegration

• F − statistics< critical value of the lower bound,
indicating the lack of the long-run type of cointegration

• The calculated F-statistics falls in the lower and upper limits
of bound; it is a kind of inconclusive. However, the negative
and significant error correction coefficient can confirm the
long-run cointegration (Oryani et al., 2021b).

4. Error correction model (ECM). Suppose the cointegration
between the investigated variables is established. In that
case, the proper ECM estimates in the second phase
indicate the speed of adjustment of deviation from short-

FIGURE 1 | Research design.
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run toward long-run equilibrium. Therefore, the short-run
model is presented in Eq. 3

Δ(y)t � α0 + θ0(y)t−1 + θ1(x1)t−1 +/ + θk(xk)t−1
+∑

p

i�1
(αi)Δ(y)t−i +∑

q1

i�1
(β1i)Δ(x1)t−i +/

+∑
qk

i�1
(βk−i)Δ(xk)t−i + η1ECTt−1 + εt (3)

Where φ1–φ9 present the short-term relationship among
variables studied. The ECT must be negative and significant to
adjust any shock in the short run toward the long-run
equilibrium.

5. Checking parameters’ stability and appropriateness of
functional form. The appropriateness of the specified short-
run model is checked by conducting the Ramsfy Rfgrfssipn
Fquatipn Spfsifisatipn Frrpr Tfst (RFSFT). Finally, the
Sumulativf Sum pf Rfsursivf Rfsiduals (SUSUM) tfst
and Sumulativf Sum pf Rfsursivf Rfsiduals pf Squarf
(SUSUMSQ) tfst are applied to check the stability of the
parameters.

6. Dynamic ARDL with corrected simulations. The initial
models suggested by Jordan and Philips (2018) emerged
and were developed by the replica of the DARDL model
to overcome the problems inhibited in the traditional ARDL
model in examining the short and long-run interlinkages
among variables. According to Jordan and Philips (2018),
Sarkodie et al. (2019), Khan et al. (2019a), and Danish and
ULUCAK (2021), the new DARDL model is an effective
method to stimulate and examine both short and long runs to
measure the levels of shocks. It can automatically organize
the graph, which shows the changes in the regressor and their
impact on regressand, by keeping the other independent
variables constant. The DARDL model is shown in Eq. 4:

Δ(y)t � α0 + θ0(y)t−1 + θ1(x1)t−1 +/ + θk(xk)t−1 + β1Δ(x1)t
+/ + βkΔ(xk)t + η1ECTt−1 + εt

(4)

TABLE 3 | Descriptive statistics and correlation matrix.

CO2 FD EC EG EG2 GLOB IQ REM URB

Mean 18.20 51.55 85.07 2.62 9.05 76.58 0.98 0.03 0.93
Std. Dev. 1.91 4.13 1.87 1.50 6.23 4.92 0.38 0.01 0.24
Minimum 13.56 44.37 81.28 −2.54 0.01 67.87 0.26 0.03 0.43
Maximum 20.18 59.78 88.30 4.75 22.60 82.32 1.55 0.05 1.39
Correlation
CO2 1.00 — — — — — — — —

FD −0.04 1.00 — — — — — — —

EC 0.93 0.11 1.00 — — — — — —

EG 0.37 −0.23 0.378 1.00 — — — — —

EG2 0.49 −0.21 0.50 0.81 1.00 — — — —

GLOB −0.68 0.008 −0.83 −0.36 −0.43 1.00 — — —

IQ 0.51 −0.22 0.62 0.45 0.57 −0.85 1.00 — —

REM −0.19 −0.12 −0.44 −0.29 −0.30 0.76 −0.70 1.00 —

URB 0.82 −0.43 0.70 0.24 0.39 −0.63 0.57 −0.23 1.00

TABLE 4 | Unit root tests.

Variable Dickey-Fuller test Phillips-Perron test

t-statistic Outcome t-statistic Outcome

CO2 1.828 — 1.918 —

FD −1.416 — −1.935 —

EC −0.072 — −0.039 —

EG −3.555*** I (0) −3.503*** I (0)
EG2 −3.150*** I (0) −3.086** I (0)
GLOB −1.849 — −1.862 —

IQ −1.947 — −1.747 —

REM −3.848*** I (0) −3.748*** I (0)
URB 0.454 — −0.207 —

CO2 −4.489*** I (1) 4.484*** I (1)
FD −2.977** I (1) −3.083** I (1)
EC −5.524*** I (1) −5.529*** I (1)
GLOB −5.374*** I (1) −5.411*** I (1)
IQ −5.988*** I (1) −6.614*** I (1)
URB −3.201** I (1) −3.211** I (1)

***, ** significant level presented at 1 and 5%, respectively.

TABLE 5 | ARDL model-bounds test.

Test-statistic Value K

F-statistic 5.30 8

Critical–value for bounds

Significance I0 Bound I1 Bound
10% 1.951 3.064
5% 2.228 3.391
2.5% 2.482 3.72
1% 2.794 4.14
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Where β and θ refer to long-run and short-run coefficients,
respectively.

RESULTS AND DISCUSSIONS

Table 3 shows the descriptive statistic of investigated variables
and their correlation. From Table 3, we see GLOB and EC have
the utmost mean and SD. Accordingly, the lowest mean and
SD was related to remittances.

As illustrated in Table 3, the negative relationship between
CO2 emissions and FD (−0.044), GLOB (−0.676), and REM
(−0.816) is verified. As expected, EC (0.926), URB (0.816), IQ
(0.503), EG2 (0.488), and EG (0.366) positively impact CO2

emissions, in descending order. Table 3 presents the stationary
results for unit root tests of Dickey-Fuller and Phillips-Perron.
According to Table 4, none of the variables are stationary at the
second difference. In other words, the dependent variable is
integrated of order one [I (1)], and regressors are mutually
stationary at the level or the first difference; therefore, the
possibility of employing the ARDL model is verified. Based on
the different lag length criteria, the maximum lag length of 1 is
identified.

The results of F-statistics to check the validity of long-run
cointegration between two different variables are reported in
Table 5.

From Table 5, the cointegration exists between the dependent
variable and regressors since the calculated F-statistics exceed the
critical value of the upper bound test at all significant levels.
Table 6 presents the results of the DARDL simulation model to
evaluate the impact of positive and negative shocks in each
independent variable on the dependent variable. From
Table 7, EG and EG2 impact CO2 emissions positively and
negatively in the short and long run, respectively, supporting
the inverse U-shaped relationship between environmental
degradation and income. This result is in line with Jun et al.
(2021) for selected South Asian economies.

The study further applied the fully-modified format of
ordinary least square, also known for its short form (FMOLS)
technique; the authors empirically designed the model to present
the results and show how REC, GLOB, and EG impact CO2

emissions. The validity of EKC has been confirmed in the study of
Haseeb et al. (2018) for BRICS countries. The results have verified
the positive change in the impact of FD on CO2 with other carbon
gasses emissions in the short run for the considered model and
the long run to support the extension of the model. Indeed, a 1%
increase in FD raises CO2 with other carbon gasses emissions
about 0.69 and 0.27% in the long and short run, respectively. This

TABLE 6 | Diagnostic test.

Test Results

ARCH Prob. Chi-Square 0.74
Breusch-Godfrey Prob. Chi-Square 0.13
Ramsey Reset Test F-statistic 0.31

TABLE 7 | Dynamic ARDL simulations (simulation: 5,000).

Variables Coef. Std. Err. T P>t

L1_CO2 −0.5037 0.1573 −3.2017 0.0029
FDt 0.6906 0.1696 4.0729 0.0003
Fi FDt−1 0.2701 0.0208 13.0139 0.0000
ECt 0.1968 0.0712 2.7639 0.0090
ECt−1 0.7358 0.1752 4.1997 0.0002
EGt 0.6699 0.0742 9.0241 0.0000
EGt−1 0.8710 0.1049 8.3052 0.0000

EG2
t

−0.2263 0.0156 −14.5138 0.0000

EG2
t−1 −0.8784 0.0212 −41.4388 0.0000

GLOBt 0.8162 0.1041 7.8414 0.0000
GLOBt−1 0.1224 0.0479 2.5537 0.0152
IQt −0.1766 0.0811 −2.1785 0.0362
IQt−1 −0.2961 0.1049 −2.8233 0.0078
REMt 10.2523 0.7633 13.4309 0.0000
REMt−1 54.6186 0.9584 56.9918 0.0000
URBt 1.2386 0.5359 2.3111 0.0268
URBt−1 1.4376 0.1609 8.9345 0.0000
Constant −6.1881 0.7096 −8.7207 0.0000
R-square 0.8704
F (17, 17) � 6.72 Prob > F � 0.0001

Variables with t indicates the long-run effect while t−1 indicates the short-run results;
L1_CO2 emission indicates the ECT term.

FIGURE 2 | The plot of the cumulative sum of the recursive residuals and
the plot of cumulative sum of recursive residuals of square.
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finding consists of Haseeb et al. (2018), which showed the positive
impact of FD on environmental degradation.

However, it contradicts Zaidi et al. (2019) for Asia Pacific
Economic Cooperation countries (APEC). The study further
focused on testing the dynamic relationship between CO2 with
other harmful gasses emission, GLOB, and FD, considering
energy intensity (EI) and EG within the EKC framework.
Their results demonstrated that FD improves environmental
quality. EC is positively linked to CO2 with other carbon
gasses emissions in the short and long run. Indeed, a 1%
increase in EC harms the environment about 0.2% in the long
run, while the impact is higher in the short-run (0.74%). This
result is similar to the findings of Haseeb et al. (2018).

GLOB degrades the environment in the short run and long
run. As a matter of fact, a 1% increase in globalization increases
CO2 and other carbon gas emissions by about 0.82 and 0.12% in
the short and long run, respectively. This result aligns with Jun

et al. (2021), which verified the positive impact of GLOB on CO2

with other carbon gasses emissions. However, it contradicts the
results of Zaidi et al. (2019). From empirical findings, IQ has been
negatively linked with CO2 and other carbon gas emissions in the
short and long run. A 1% increase in institutional quality
reduces CO2 with other carbon gasses emissions by about 0.18
and 0.30% in the short term and long run, respectively. This
outcome is opposite to Teng et al. (2021) in 10 economies.
They explored the impact of electricity consumption (ELC),
FDI, EG, REC, IQ, and GLOB on CO2 and other carbon gas
emissions. Their results demonstrated that the REC improves
environmental quality. However, on the contrary, FDI, ELC,
IQ, and EG increase CO2 emissions. Moreover, the results
confirmed GLOB’s positive and negative impacts on CO2

emissions reduction in the long and short run. It is
commensurate with the findings of Salman et al. (2019)
regarding Indonesia, Thailand, and South Korea. They

FIGURE 3 | Financial development and carbon dioxide emission. The average prediction value has been exhibited via dots, while the CI at 75, 90, and 95% have
been shown by the dark blue to the light blue lines, respectively.

FIGURE 4 | Energy consumption and carbon dioxide emission. The average prediction value has been exhibited via dots, while the CI at 75, 90, and 95% have
been shown by the dark blue to the light blue lines, respectively.
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analyzed the impact of IQ on the emissions-growth nexus.
However, they have incorporated TO and EC into the model.
Their results confirmed the desirable effects of IQ on
environmental quality.

REM deteriorates the environment in the short and long run.
Notably, its negative impact on the environment in the short run
(54.7%) is higher than in the long run (10.3%). This result aligns
with Wang et al. (2021b) for India, the Philippines, Egypt,
Pakistan, and Bangladesh. Incorporating EG, FD, industrial
value-added, and agricultural value-added, they have examined
the environmental impacts of the REM. The results confirmed the
positive effects of received REM on environmental quality.
However, improving the FD leads to a higher level of CO2

with other carbon gasses emissions. However, it conflicts with
Usman and Jahanger (2021) results for the 39 countries
worldwide. They investigated the environmental impacts of
FDI, IQ, FD, REM, and TO from 1990 to 2016.

The results verified the positive impacts of REM in the
5th–70th quantiles, and it becomes negative at the 80th−95th.
Moreover, their results verified the existence of the EKC
hypothesis. As expected, the results show the positive impact
of URB on CO2 emissions in the short and long run. Indeed, a 1%
increase in URB leads to a 1.4 and 1.5% increase in CO2 emissions
in the long and short run, respectively. Indeed, CO2 emissions
could be affected by URB through energy efficiency, final EC
structure, and EG. This result contradicts the findings of Raggad
(2018), which investigated the existence of EKC and short-run for
the considered model and long-run to support the extension of
the model for presenting the relationship among EG, EC, CO2

emissions, and URB in Saudi Arabia. His results confirmed the
negative impact of URB on CO2 emissions. However, it confirms
the findings of Ali et al. (2019) and Liu and Bae (2018) for
Pakistan and China, respectively. The results confirmed the
positive effects of URB on environment degradation in short

FIGURE 5 | Economic growth and carbon dioxide emission. The average prediction value has been exhibited via dots, while the CI at 75, 90, and 95% have been
shown by the dark blue to the light blue lines, respectively.

FIGURE 6 | Economic growth square and carbon dioxide emission. The average prediction value has been exhibited via dots, while the CI at 75, 90, and 95% have
been shown by the dark blue to the light blue lines, respectively.
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and long run in Pakistan. Moreover, the results for China
confirmed the negative environmental impacts of URB.
Indeed, a 1% increase in CO2 emissions is caused by a 1%
increase in URB. Finally, the perfectness of the model is
checked by conducting the residual diagnostic test (Table 6).

ARCH and Breusch-Godfrey tests are employed to check the
estimated heteroscedasticity and serial correlation of each model.
From the results, the estimated model is free of heteroscedasticity
and serial correlation problems. The robustness of the results
is examined through the CUSUM and CUSUM squares
(Figure 2).

From Figure 1, since the continuous line, which shows the
plots of the CUSUM and CUSUM squares placed within the
upper and lower critical bounds (dashed line), the consistency of
the parameters and the lack of structural break is proved at a 5%

confidence level. The impact of positive and negative changes in
independent variables on the dependent variable is illustrated in
Figures 3–10.

The impulse response plot of FD and CO2 with other carbon
gasses emissions is depicted in Figure 3. It demonstrates the
positive link between a 10% increase in FD and CO2 and other
carbon gas emissions in the short and long terms. However, a 10%
decrease in FD negatively affects the CO2 with other carbon
gasses emissions and improves environmental quality.

Figure 4 shows the 10% positive and negative shocks in EC
and their impacts on CO2 and other carbon gas emissions. As
illustrated in the first graph, a 10% increase in EC is positively
linked to CO2 and other carbon gas emissions in the short and
long run. However, a 10% decrease in the short run has a
positive effect, but EC improves the environmental quality

FIGURE 7 | Institutional quality and carbon dioxide emission. The average prediction value has been exhibited via dots, while the CI at 75, 90, and 95% have been
shown by the dark blue to the light blue lines, respectively.

FIGURE 8 |Globalization and carbon dioxide emission. The average prediction value has been exhibited via dots, while the CI at 75, 90, and 95% have been shown
by the dark blue to the light blue lines, respectively.
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through CO2 and other carbon gas emission reduction in the
long run.

Figure 5 exhibits the impact of positive and negative shocks in
EG on CO2 and other carbon gas emissions. In the short run, a
10% boost in EG lowers the CO2 and other carbon gas emission
while it degrades the environment in the long term. Contrarily, a
10% decrease in EG does not affect the CO2 and other carbon gas
emissions in the short run. At the same time, it improves
environmental quality in the long run.

The impulse response plot of EG2 and CO2 with other carbon
gasses emissions is depicted in Figure 6. A 10% boost in EG2 does
not link to the CO2 and other carbon gas emissions in the short
run, while it affects the long run negatively. Indeed, promoting
the EG2 relieves environmental degradation in the long run.
However, a 10% reduction in EG2 degrades the environment
in the short run and improves it in the long run.

Figure 7 shows how CO2 and other carbon gas emissions can
be affected by positive and negative shocks in IQ. The negative
effect of a 10% increase in IQ on environment degradation in the
short run is revealed from the first graph. While in the long term,
a 10% increase in IQ diminishes the environmental quality. The
second graph validates the positive effects of a 10% decrease in IQ
on CO2 and other carbon gas emissions in the short and long run.
However, it is noteworthy the positive impact of the reduction in
IQ, in the long run, is higher than the increase in IQ.

The impulse response plot of GLOB and CO2 with other
carbon gasses emissions is presented in Figure 8. A 10% increase
in GLOB is positively linked to CO2 and other carbon gas
emissions in the short and long run. However, the positive
impact of the increase in GLOB on CO2 and other carbon gas
emissions is dominant over the same reduction in GLOB.
Nevertheless, on the contrary, a 10% reduction in GLOB

FIGURE 9 |Remittances and carbon dioxide emission. The average prediction value has been exhibited via dots, while the CI at 75, 90, and 95% have been shown
by the dark blue to the light blue lines, respectively.

FIGURE 10 | Urbanization and carbon dioxide emission. The average prediction value has been exhibited via dots, while the CI at 75, 90, and 95% have been
shown by the dark blue to the light blue lines, respectively.
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improves the environmental quality in the short run and harms
the environment in the long run.

The positive and negative effects of REM on CO2 and other
carbon gas emissions are shown in Figure 8. A 10% increase in
REM, in the short run, influences the CO2 and other carbon gas
emission negatively. Contrarily, it degrades the environment in
the long run. The inverse conclusion is accurate for the case of
reduction in REM. Indeed, a 10% decrease in REM has positive
and negative impacts on CO2 and other carbon gas emissions in
the short and long run, respectively.

The impulse response plot of URB and CO2 and other carbon
gas emissions is presented in Figure 10. It can be revealed that a
10% increase in the independent variable (URB) has positive
impacts on CO2 and other carbon gas emissions in the short and
long run. Contrarily, a 10% decrease in URB improves
environment quality in the short and long run.

CONCLUSION AND RECOMMENDATIONS

This study scrutinized the environmental impact of economic
growth, institutional quality, globalization, energy consumption,
financial development, and remittance within the EKC
framework in the United States of America from 1985 to 2020
(based on the latest data availability). The ADF and PP unit root
test results verified the probability of applying the ARDL model,
implying that the dependent variable is stationary at the first
differences and explanatory (control) variables are integrated of
order (0) or (1) or a mixture of both. The maximum lag length
was identified based on the different criteria. The F-bounds
testing approach proposed by Pesaran et al. (2001) confirmed
the cointegration between dependent and regressors (control
variables) in the long term. Moreover, the impact of positive
and negative shocks in each regressor (control) variable on the
dependent variable, keeping other variables unchanged, was
investigated using the novel stimulated dynamic ARDL model.
The residuals diagnostic test, Ramsey REST test, CUSUM, and
CUSUMSQ results confirmed the robustness and parameter
stability of the selected model.

The results affirmed the EKC hypothesis in the USA since
economic growth is positively linked to CO2 emissions in the
short and long term. In contrast, the economic growth square is
linked negatively to the environmental degradation indicator.

Based on this finding, energy consumption, financial
development, globalization, remittance, and urbanization
increase pollution in the USA while the institutional quality
improves the sustainable environmental quality there. These
results have practical policy implications for the government
and policymakers as follows:

• Energy consumption boosts CO2 emission directly and
indirectly through urbanization and remittances. Indeed,
the positive CO2 emissions-urbanization nexus indicates
environmental side effects of the growing urban population.
Therefore, the government must switch from conventional

fuels to renewable sources to meet the increasing energy
needs of the population, control the environmental side
effects of burning fossil fuels, and achieve sustainable
development goals and improve energy security and
efficiency. For instance, the government could provide
research and development incentives in green and
renewable energy by waiving a portion of R&D costs.
Furthermore, according to the role of globalization in
boosting CO2 emissions, the government needs to
consider this an effective economic tool to formulate and
design an inclusive environment-economic national energy
policy. Moreover, considering the positive impact of
economic growth and the inevitable role of financial
development in financing mechanisms, the government
must prioritize environmental quality and maintain
economic growth in designing financial restructuring
packages. In this regard, the government must facilitate
and support conducting eco-friendly energy projects. The
CO2 emissions-urbanization nexus is positive.

• The positive impact of institutional quality on
sustainable environmental quality showed that the
government could control CO2 emissions by
enhancing the institutional quality by diversifying the
energy mix (increasing the share of renewable energy
sources) and providing better economic freedom and a
business environment.

• One of the major limitations of this study is that dynamic
ARDL simulations model can only be used for one
country that has time-series data, the scope of this
study can be further enhanced by using the
applications of dynamic ARDL simulations with a
panel data model to predict the positive and negative
shock through graphical representation. This study did
not cover all elements of environmental degradation that
impact the environment, further studies can be
conducted by including socioeconomic factors and
technological elements.
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Although a number of studies have been conducted on the environmental Kuznets curve
(EKC) and the pollution halo hypothesis (PHH), few researchers have assessed the scope
in the light of the BRICS— Brazil, Russia, India, China, and South Africa—nations.
Therefore, the current research assesses the income-induced EKC as well as the role
of technological innovation and renewable energy consumption utilizing a dataset
stretching from 1990 to 2018. The present research utilized the novel method of
moments quantile regression (MMQR) developed by Machado and Silva (2019) to
assess these interrelationships. The empirical outcomes from the MMQR affirmed an
inverted U-shaped interrelationship between CO2 emissions and economic growth across
all quantiles (first to ninth) for the BRICS nations, thus confirming the presence of the EKC
hypothesis. Furthermore, we affirmed the PHH, thus confirming the negative
interrelationship between globalization and ecological footprint across all quantiles (first
to ninth). Moreover, it was found that renewable energy use plays a vital role in curbing the
emissions of CO2 across all quantiles (first to ninth), while no evidence of significant
connection was established between technological innovation and ecological footprint
across all quantiles. In addition, the Granger causality outcomes revealed a feedback
causality between income and ecological footprint, while a unidirectional causality was
established from globalization and renewable energy use to ecological footprint.

Keywords: ecological footprint, renewable energy consumption, technological innovation, method of moment
quantile regression, carbon neutrality

INTRODUCTION

The world is now dealing with various climatic concerns and deteriorating ecological conditions.
This is due to the increasing ecological challenges that are arising as a result of changing lifestyles and
economic practices (Essien et al., 2019; Vaseashta et al., 2020). According to BP data, global total CO2

emissions from fossil energy reached 33,890.8 million tonnes in 2018, up from 11,190 million tonnes
in 1965. In 2018, the average annual CO2 growth rate increased by 2.0%, the highest rate in the
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previous 7 years (British Petroleum, 2021). Climate change
presents a danger to people’s lives and livelihoods. Pollution
and extreme weather events, which are frequently observed, cause
substantial threats to human beings (Farooq et al., 2019;
Vaseashta et al., 2020; Adebayo and Kirikkaleli, 2021;
Akhayere and Kavaz, 2021; Fareed et al., 2021). In this regard,
it is important to enhance public knowledge about environmental
issues; otherwise, the risks and threats connected with climate
change, which are expected to increase in the coming years, will
have devastating implications for human safety and health.

Technological innovation (TI) plays a critical role in curbing
emissions, while also helping in energy conservation. In addition,
TI plays a critical role not only in the efficient use of conventional
energy sources but also in the utilization of renewables (Shahzad
et al., 2020; Wang et al., 2021). Moreover, TI can help in the
expansion of renewable energy consumption (REC). TI also
improves REC ability, therefore increasing the total supply of
REC to fulfill future energy demand. Because of the continually
increasing need for energy, it is a well-recognized fact that REC
will be the most important source of energy in the future, as well
as an ecologically friendly one. The importance of REC in
addressing the challenge of energy security while also reducing
GHG emissions is well understood. It offers an extra, non-
exhausting source of energy that needs to be encouraged for
sustainable growth (Alola et al., 2021; Pata, 2021c; Fatima et al.,
2021; Kirikkaleli and Adebayo, 2021). Recent increases in REC
output appear to be the result of government initiatives, as well as
a significant drop in the cost of renewable energy technology as
the demand for energy increases. We discovered a wealth of
literature on the influence of REC on ecological degradation in
the BRICS—Brazil, Russia, India, China, and South
Africa—countries. To mitigate the CO2 emissions in these
countries, the majority of prior research has recommended
that the percentage of REC in the overall energy mix should
be increased (Alola, 2019; Banday and Aneja, 2019; Khattak et al.,
2020; Pata, 2021a; Awosusi et al., 2021; Doğan et al., 2021; Usman
and Makhdum, 2021).

The role of TI in curbing CO2 emissions is well documented in
the current literature, although it has not been given significant
consideration. There are few studies on the effect of TI on
ecological deterioration. For instance, the studies of Khan
et al. (2020) and Rjoub et al. (2021) found that TI aids in
curbing the emissions of CO2. On the other hand, some
studies have found a positive interconnection between TI and
deterioration of the environment, such as Ghazouani et al. (2021),
Soylu et al. (2021), Su et al. (2021), Udemba et al. (2021), and
Paramati et al. (2022) for Chile and Adebayo and Kirikkaleli
(2021) for Japan, who established a positive interrelationship
between TI and environmental deterioration. In addition, studies
such as those by Garrone and Grilli (2010) and Santra (2017) have
reported insignificant interrelationships between ecological
deterioration and TI.

Globalization refers to the creation of new markets and the
interconnectedness of the global economy through trade, finance,
and FDI (Adebayo and Acheampong, 2021). Globalization
facilitates trade by lowering tariffs and taxes to boost exports
and assisting industries in exporting or importing the necessary

inputs for product promotion and development (Shahbaz et al.,
2018a). Over the years, a significant number of studies have been
conducted on the effect of globalization on the environment;
nonetheless, the available research presents contradictory
conclusions on this topic. For instance Shahbaz et al. (2018a)
found that globalization causes an increase in the demand of
energy in 12 nations, whereas globalization has a negative impact
on the consumption of energy in the United Kingdom and the
United States. Likewise, the research found that for the vast
majority of nations studied, there was no substantial
relationship between globalization and energy use.
Globalization, on the other hand, is producing a decrease in
energy consumption in the Swedish economy, according to Rjoub
et al. (2021). In separate research for Turkey, Kirikkaleli et al.
(2021) examined the globalization–environmental deterioration
connection and discovered a positive link between globalization
and ecological footprint from 1990 to 2006. Following the
ongoing debate, the present research assesses the effect of
globalization, technological innovation, renewable energy use,
and economic growth on the ecological footprint in the BRICS
economies utilizing a dataset from 1990 to 2018.

Based on the following factors, the current analysis focuses
solely on the BRICS nations: 1) unlike several other developing
nations, the BRICS have experienced a rapid transition from
ecological surplus to ecological deficit, primarily due to the
nations’ extraordinary development over the previous decade.
The BRICS nations generate 21% of the world’s gross domestic
product (GDP), and the overall populace accounts for 41% of the
global population, with US$4 trillion in foreign currency reserves
(Pata, 2021c). More importantly, the “BRICS” GDP rose from
US$2,187 to US$16,266 billion from 2005 to 2016. As a result of
its rapid economic progress, the countries now consume more
than 40% of world energy, making them an important
contributor to worldwide CO2 emissions (Juan Lin et al.,
2021). As a result, robust policies are necessary to
comprehend the ecological repercussions of this economic
progress in order to fix the BRICS countries’ present
trajectory. 2) Notwithstanding the region’s renewable energy
(RE) prospects, the BRICS nations largely rely on fossil fuels
to satisfy their energy consumption, thus posing severe ecological
concerns. In addition, the countries’ biocapacity has dwindled as
a result of their pursuit of economic progress. The BRICS nations
are currently at a decision point in terms of new environmental
measures, rendering the region an interesting case study for
researchers seeking to understand the interrelationship
between globalization, technological innovation, renewable
energy use, income, and ecological footprint. Furthermore, the
findings of this research will aid policymakers in developing
robust policies to combat the deterioration of the environment.

This research adds to the current knowledge in three ways:
based on the aforementioned debates and concerns. Firstly, as far
as we know, this is the first attempt to use the innovative “method
of moments quantile regression” (MMQR) for the BRICS nations
to investigate the interrelationship between globalization,
technological innovation, income, renewable energy
consumption, and ecological footprint. Secondly, this research
adds to the minimal number of studies that have used MMQR

Frontiers in Environmental Science | www.frontiersin.org December 2021 | Volume 9 | Article 7960832

Dingru et al. Towards Carbon Neutrality in BRICS

187194

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


(Machado and Santos Silva, 2019). By combining this technique
with fixed effects, it will become easier to obtain a practical
understanding of the interrelationship’s heterogeneity. This
technique also allows for heterogeneous income–emissions
linkages at different conditional quantile distributions, which
are not captured by traditional mean regressions.
Subsequently, a thorough examination of the environmental
Kuznets curve (EKC) hypothesis in the BRICS nations will be
conducted. Thirdly, in the context of the EKC hypothesis for the
BRICS countries, this research utilizes technological innovation
to model globalization–income–environment connection. The
evaluation of the EKC hypothesis at various quantiles is
conducted for myriad of reasons: 1) to compare and contrast
conditional mean evaluations; because of the stronger conditional
quantiles, these analyses are prone to misinterpretation of the
effects of outliers arising from endogenous factors (Ike et al.,
2020; Shahzad et al., 2021); 2) the quantile regression is
particularly convincing in the context of panel regression
because it has an extra logical use; and 3) because of the
exogenous factors’ distributional effects on the endogenous
factors at different quantile ranges. On the other hand, the
conditional mean estimate is incapable of capturing the entire
distributional influence of income on emissions. It is therefore
easier to characterize the diverse effects of groups of
heterogeneous cross-sections in this manner.

The next section presents a synopsis of related studies. Data,
Model Specification, and Methodology presents data and the
method, which is followed by the Findings and Discussion, and
then finally the Conclusion and Policy Path presented.

LITERATURE REVIEW

This section reveals studies conducted on the impact of
technological innovation, economic growth, renewable energy
usage, and globalization on ecological footprint. Over the years,
several studies have been conducted regarding these
interconnections; however, their findings are mixed based on
the methodologies applied, timeframe, and country/countries of
investigation. For example, the research of Danish et al. (2019) on
the emissions–growth interconnection utilizing the
autoregressive distributed lag (ARDL) approach from 1971 to
2014 in China shows that increase in ecological footprint (ECF) is
caused by a 1% upsurge in GDP. Moreover, the study of Uddin
et al. (2016) on the drivers of ECF in 22 countries utilizing a
dataset between 1961 and 2011 and the ARDL technique
disclosed that an upsurge in GDP caused an upsurge in ECF.
The research also affirmed the EKC hypothesis. Likewise,
utilizing dataset from 1990 to 2017, Ulucak and Bilgili (2018)
scrutinized the effect of income of ECF in high-, middle-, and
low-income nations from 1990 to 2016 using the CUP-BC
models, and their findings showed that a 1% rise in income
contributes to an upsurge in ECF. Their outcome also confirmed
the EKC hypothesis. Furthermore, the study of Udemba (2020)
reported a positive ECF–GDP association in Nigeria utilizing
ARD and a dataset from 1971 to 2017. Likewise, the research of
Destek and Sinha (2020) affirmed a positive interrelationship

between ECF and growth in 24 selected nations from 1980 to
2014. The investigators used panel ARDL, and their outcomes
unveiled a U-shaped interrelationship between ECF and income.
Moreover the study of Magazzino et al. (2020) on the
emissions–growth interconnection in South Africa unveiled
that economic growth triggers environmental degradation.
Moreover, the studies of Mele et al. (2021), Ulucak and Yucel
(2021), Adebayo and Rjoub (2021) Magazzino et al. (2021), and
Magazzino et al. (2020) also reported a positive association
between economic growth and environmental degradation.
Recently, scholars have started to look into the
interrelationship between TI and environmental degradation
utilizing various proxies of environmental degradation such as
CO2 emissions, load factor, ecological footprint, and biocapacity.
However, mixed findings have surfaced from these investigations.
For instance, utilizing data from 1984 to 2016, Ahmad et al.
(2020) scrutinized the TI influence on ECF in China. Their
empirical outcome disclosed that TI plays an important role in
mitigating ECF in China. Likewise, the study of Adebayo and
Kirikkaleli (2021) in Japan utilizing wavelet tools between 1990
Q1 and 2015 Q4 shows that, in all frequencies, there is an in-
phase (positive) coherence between TI and environmental
degradation in Japan. Moreover, the research of Kirikkaleli
and Adebayo (2020) using the global economy and dataset
from 1990 to 2018 reported a negative coherence between TI
and emissions, which demonstrates that an upsurge in TI curbs
emissions. Similarly, the study of Khan et al. (2020) on drivers of
ecological degradation for G-7 economies using the CS-ARDL
and AMG reported that TI plays a major role in abating emissions
in the G7 nations.

On the connection between ecological footprint and renewable
energy utilization, significant studies have been conducted by
prior scholars. For instance, the study of Pata (2021c) on the effect
of REC on ECF in the United States between 1980 and 2016 using
ARDL disclosed that the ECF–REC interrelationship is negative,
which demonstrates that REC aids in curbing ECF. Similarly, the
research of Nathaniel et al. (2021) on the ECF–REC
interconnection in BRICS economies utilizing datasets from
panel techniques disclosed that, in order to abate emissions in
BRICS nations, REC is an essential variable. Likewise, Usman and
Makhdum (2021, p. 2) assessed the ECF–REC interaction in the
BRICS-T economies from 1990 to 2018 using CS-ARDL and
Dumitrescu and Hurlin (DH) causality approaches, and their
outcomes disclosed that REC aids in enhancing the sustainability
of the environment. Similarly, the study of Xue et al. (2021)
reported negative interrelationships between ecological footprint
and REC in South Asian nations from 1990 to 2018 utilizing panel
techniques. Moreover, the studies of Yuping et al. (2021) and
Rjoub et al. (2021) for Argentina and Sweden, respectively,
confirmed the negative emissions–REC interrelationship.

Regarding the interrelationship between ecological footprint
and globalization, mixed findings have surfaced in the literature.
For instance, the study of Yuping et al. (2021) on the
emissions–globalization association in Argentina utilizing data
from 1980 to 2018 disclosed that an upsurge in globalization aids
in curbing emission levels in Argentina, which validates the
pollution–halo–hypothesis. Likewise, the study of He et al.
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(2021) in Mexico from 1990 to 2018 assesses the
emissions–globalization connection utilizing dual gap and
ARDL. The empirical outcome from the research disclosed
that globalization improves the quality of the environment.
Furthermore, utilizing quantile regression, the study of Rjoub
et al. (2021) in Sweden uncovered a negative
emissions–globalization interrelationship. On the contrary, the
study of Kirikkaleli et al. (2021) for Turkey using a dataset from
1980 to 2016 and fully modified ordinary least square (FMOLS)
and dynamic ordinary least square (DOLS) approaches affirmed a
positive emissions–globalization connection. Similarly, the
research of Adebayo and Kirikkaleli (2021) in Japan on the
emission–globalization nexus showed that globalization
mitigates the quality of the environment.

The present study distinguishes itself by providing a robust
analysis of the effect of economic growth, technological
innovation, renewable energy consumption, and globalization
on ecological footprint for the case of BRICS nations within the

framework of advanced econometric methodologies including
the method of moment quantile regression, fixed effects ordinary
least squares (FE-OLS), DOLS, and FMOLS. Scrutinizing the
combination of these methodologies aids to tap into the
innovation of the methods, thereby informing robust estimates
that support proactive policy directions.

DATA, MODEL SPECIFICATION, AND
METHODOLOGY

Data
The current empirical research assesses the effect of technological
innovation and renewable energy use on the ecological footprint
in BRICS nations as well as the role of globalization and income.
The research utilized panel data for BRICS stretching from 1990
to 2018. The information of data utilized and their source are
presented in Table 1. Furthermore, the trend analysis flow is

TABLE 1 | Variables of the study.

Symbol Description Measurement unit Source

ECF Ecological footprint Ecological footprint (global hectares per capita) GFN
GLO Globalization KOF index of globalization consists of mainly three parameters (economic, political, and social) KOF
REC Renewable energy consumption Percentage of total final energy consumption WDI
GDP Economic growth Per capita GDP (constant 2010 US$) WDI
TI Technological innovation Addition of patent resident and non-resident OECD

FIGURE 1 | Flow of analysis.
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depicted in Figure 1. Table 2 presents the variables’ descriptive
statistics. TI mean (89,816.73) is the highest, which ranges from
3,140.000 to 1,542,002. This is followed by GDP (5,919.155),
which ranges from 575.5016 to 11,993.48, globalization (GLO)
(41.96485), which ranges from 14.74376 to 58.69128, REC
(26.28307), which ranges from 3.180,500 to 58.65286, and ECF
(2.984,167), which ranges from 0.761,262 to 6.836,081. The
skewness revealed that GDP and GLO are negatively skewed
while ECF, TI, and REC are positively skewed. The JB value
revealed that all the variables with the exemption of GDP do not
conform to normality. This outcome supports the use of non-
linear technique such as MMQR.

Theoretical Underpinning and Model
Specification
This research assesses the interrelationship between ECF and its
drivers, such as economic expansion (GDP), TI, GLO, and REC in
the case of BRICS nations. In line with the studies of Kirikkaleli
et al. (2021) and Shan et al. (2021), the model specifications are
illustrated as follows:

ECFit � β0 + β1GDPit + β2GDP2
it + β3RECit + β4TIit + β5GLOit

+ εit

(1)
where ECF, GDP, REC, TI, GLO, t, and ε, represent ecological
footprint, economic growth, renewable energy, technological
innovation, globalization, times (1990–2018), and error time,
respectively. Furthermore, β1, β2, β3, β4, and β5 illustrate the
coefficient of the parameters. All indicators are transformed to
natural logarithms and expressed in per capita. Following the
renowned Paris Climate Agreement (PCA, 2016), governments
all over the world are attempting to engage in environmentally
friendly technology in order to minimize CO2 emissions.
Environmentally related technology innovation decreases
emissions while also enhancing the productivity of businesses
and the economy (Solarin et al., 2017; Bekun et al., 2019). Every
nation aims to expand its economy. However, most nations
favor growth at the expense of the environment. Therefore,
expansion in growth is followed by an upsurge in ECF.
Moreover, after achieving the level of growth, individuals
will have more purchasing power to buy more eco-friendly
products (β1 � αECF

αGDP> 0 and β2 � αECF
αGDP2 > 0 ). Renewable energy

technology uses pure and cleaner sources of energy that are

sustainable and meet existing and future demands, which is
the theoretical foundation for the negative association between
renewable energy usage and ecological footprint (Pata, 2021a).
Renewable energy usage is predicted to impact ecological
footprint negatively, based on the arguments presented above
(β3 � αECF

αREC< 0). Technological innovation is a strategy used by
businesses to achieve economic efficiency in the manufacturing of
goods. Technological innovation is the utilization of resources
more efficiently while lowering related environmental costs. As a
result, technological innovation is expected to impact ECF
negatively (β4 � αECF

αTI < 0). In the empirical model of ECF, we
incorporate GLO. Globalization can enhance competitiveness by
expanding the flow of services and goods, thereby posing a serious
danger to the ecosystem. As a result, we anticipate a positive
impact of GLO on ECF (β5 � αECF

αGLO> 0). On the other hand, the
influence of GLO can impact ECF negatively if it is eco-friendly
(β5 � αECF

ααGLO< 0).

Empirical Methodology
For comparative purposes, we employ DOLS, FE-OLS, and
FMOLS. We used the MMQR approach, which enables us to
examine the various effects of independent variables across
multiple quantiles. Driscoll and Kraay standard errors, which
are resilient to general types of cross-sectional dependency and
autocorrelation up to a given lag, are added to the FE-OLS
method. Heterogeneity problems with discrepancies in means
between cross-sections and differences in cross-sectional
modification to the cointegrating equilibriums of the
conditional distribution of CO2 emissions, beneficial for a
more rigorous evaluation of the empirical interrelationship,
are the pivotal significant concerns in estimating dynamic
cointegrated panels, as emphasized by Pedroni (2004).
Pedroni’s FMOLS model incorporates individual intercepts
and permits for varied serial correlation characteristics of
error processes among individual panel members; therefore,
it addresses these concerns appropriately. Kao and Chiang
(2001) expanded the DOLS estimator to panel data settings,
and premised on Monte Carlo simulations, the DOLS
estimate was shown to be impartial when contrasted to both
the OLS and the FMOLS estimators in finite samples.
Endogeneity is also controlled via the DOLS estimator,
which augments lead and lagged differences to decrease
endogenous feedback.

Because prior estimate approaches had drawbacks, a panel
quantile regression methodology was used to investigate the
distributional and heterogeneous effect across quantiles (Ike
et al., 2020) The fundamental work by Koenker and Bassett
(1978) established the panel quantile regression technique.
Unlike frequent least-squares regressions, which produce
estimates of the conditional mean of the endogenous variable
pertaining to certain values of the independent factors, quantile
regressions are used to estimate the conditional median or a
variety of different quantiles of the response variables subject to
certain values of the exogenous variables. Quantile regressions are
more resistant to outliers in the estimation process. Aside from
that, it is the most useful when the conditional means of two

TABLE 2 | Descriptive statistics.

ECF GDP TI GLO REC

Mean 2.984167 5,919.155 89,816.73 41.96485 26.28307
Median 2.967835 6,183.905 24,382.00 43.56841 20.16080
Maximum 6.836081 11,993.48 1,542,002 58.69128 58.65286
Minimum 0.761262 575.5016 3,140.000 14.74376 3.180500
Std. dev. 1.472398 3,661.255 249,475.1 10.39779 18.22402
Skewness 0.280969 −0.063756 4.244346 −0.564924 0.166170
Kurtosis 2.436593 1.746569 21.03429 2.763739 1.488819
Jarque–Bera 3.825595 9.590233 2,400.315 8.049776 14.46447
Probability 0.147667 0.008270 0.000000 0.017865 0.000723
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variables have a weak or non-existent connection (Binder and
Coad, 2011).

Nevertheless, we used the (Machado and Santos Silva, 2019)
MMQR with fixed effects in this investigation. While a quantile
regression is resilient against outliers, it does not account for
unobserved variability across individuals in a panel. The MMQR
technique allows for the identification of conditional
heterogeneous covariance effects of CO2 emission drivers by
enabling individual effects to influence the whole distribution
rather than just moving means. When the panel data model is
integrated with individual effects and the model has endogenous
explanatory variables, the MMQR estimation approach is
especially useful. The MMQR method is also straightforward
since it produces non-crossing regression quantile estimates. For
a framework of the location-scale variation, the conditional
quantiles QY (τ|X) are estimated as follows:

Y it � αi +Xit′β + (δi + Zit′ Y)Uit (2)

The probability P {δI + Zit′Y> 0} � 1. (α, β’, and δ, Y′)′ are the
parameters to be estimated. The discrete i fixed effects are
nominated by (αi, δi), i � 1,. . ., n, and k-vector of recognized
elements of X is indicated by Z, which are differentiable
conversions with component known by:

Zl � Zl(X), l � 1, ..., k (3)

For any fixed Xit is distributed independently and identically,
and it is time independent (t). Uit is distributed independently
and similarly across individuals (i) and across time (t) and is
orthogonal to Xit and normalized to fulfil the moment criteria in
Machado and Silva (2019), which do not entail stringent
exogeneity, among many other things. The following is
implied by Eq. (5).

Qy(τ|Xit) � (αi + δi q(τ)) +Xit′β + Zit′Yq (τ) (4)

In Equation 4, vectors of independent variables are denoted
by Xit; i.e., economic growth, renewable energy, technological
innovation, and globalization. The quantile distribution of the
dependent variable Yit (for instance, CO2 emissions) is illustrated

by Qy(τ| Xit), which is unveiled as conditional on the location of
independent variable and Xit′ . –αi (τ) ≡ αi + δiq(τ) is the scalar
coefficient, which is indicative of the quantile-τ fixed effect for
individual i. The individual effect does not denote an intercept
shift, unlike the usual least-square fixed effects. The parameters
are time-invariant whose diverse effects are permitted to vary
across quantiles of the endogenous variable’s conditional
distribution. The τ-th sample quantile is calculated by solving
the following optimization problem: Y q(τ) indicates the τ-th
sample quantile.

min qΣiΣtρτ(Rit − (δi + Zit′Y)q) (5)

where ρτ(A) � (τ − 1)AI{A≤ 0} + TAI {A> 0} indicates the
check function.

FINDINGS AND DISCUSSIONS

Cross-Sectional Dependence and Slope
Heterogeneity Outcomes
This section of the paper presents the research findings based on
the methodologies applied in the Data, Model Specification, and
Methodology. As an initial test, we assess the cross-sectional
dependence (CSD) and slope heterogeneity (SH) before
scrutinizing drivers of ecological footprint in BRICS
economies. In the model, the null hypothesis is rejected based
on the values of delta tilde (Δ̂) and adjusted tilde (�Δadj)
(Table 3). In this empirical study, we employed heterogeneous
panel estimators predicated on this discovery.

The CSD findings are shown in Table 4, and the results show
that the null hypothesis of CSD is refuted at a level of significance
of 1%. This indicates that there is a strong CSD between the
variables under consideration. Taking into consideration SH and
CSD in panel estimates assists policymakers in legitimizing the
diverse ecological externalities associated with the indicators and,
as a consequence, assists them in formulating well-structured
policies.

Stationarity Test Outcomes
In this empirical analysis, we utilized second-generation unit root
tests, which take into account both heterogeneity and cross-
sectional dependence. CADF and CIPS are reliable when there
is cross-sectional dependence and heterogeneity issues. The
outcomes of the CIPS and CADF (Table 5) unveiled that all

TABLE 3 | Slope heterogeneity test.

(Δ̂) p-value (Δ̂adj) p-value

9.708* 0.000 10.901* 0.000

Note: *p < 0.01.

TABLE 4 | CSD test outcomes.

Tests ECF GDP GLO TI REC

Breusch–Pagan LM 45.413* 237.31* 223.89* 101.30* 130.37*
Pesaran-scaled LM 7.9187* 50.828* 47.828* 20.415* 26.915*
Bias-corrected scaled LM 7.8294* 50.739* 47.739* 20.326* 26.826*
Pesaran CD 3.0543* 15.350* 14.904* 5.5301* 10.103*

Note: *p < 0.01.

TABLE 5 | CIPS and CADF tests.

CIPS CADF

Variable Level Δ Level Δ

ECF −2.663 −3.153* −1.245 −4.614*
GDP −1.828 −2.879*** −1.841 −3.407***
GLO −2.389 −3.264* −2.541** −4.850*
REC −1.801 −4.094* −2.303 −3.972*
TI −2.569** −5.971* −1.602 −5.496*

Note: *p < 0.01, **p < 0.05, and ***p < 0.10.
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the variables are I (1). This implies that all the variables (ECF,
GDP, TI, GLO, and REC) are stationary at first difference. This
knowledge helps in choosing suitable techniques for assessing the
drivers of ecological footprint in BRICS economies.

Westerlund Cointegration Outcomes
The present research proceeds by assessing the long-run
interrelationship between ECF and GDP, GLO, REC, and TI
utilizing the Westerlund (2007) cointegration. The outcomes of
the Westerlund test (Table 6) unveiled that in the long run, there
is an association between ECF and GDP, GLO, REC, and TI.
Therefore, we reject the null hypothesis of “no cointegration” in
the model.

Long-Run Estimator (FMOLS, DOLS, and
FE-OLS) Outcomes
We proceed by assessing the effects of GDP, TI, GLO, and REC
on ECF using long-run estimators (FMOLS, DOLS, and FE-OLS),
the results of which are presented in Table 7. We observe that the
effect of GDP on ecological footprint is significant and positive.
This demonstrates that keeping other indicators constant, a 1%
upsurge in GDP in the BRICS causes ecological footprint by
2.243% ∼ FMOLS, 2.0637% ∼ DOLS, and 2.1837% ∼ FEOLS,
respectively. This shows that an increase in GDP in the BRICS
economies contributes to the degradation of the environment.
Moreover, the effect of GDPSQ on ecological footprint is negative
and significant. This observation indicates that keeping other
indicators constant, a 1% upsurge in GDPSQ leads to a decrease
in ecological footprint by 0.1022% ∼ FMOLS, 0.1184% ∼ DOLS,
and 0.1329% ∼ FEOLS, respectively, when other factors are held
constant. This research confirms the U-shaped interrelationship
between environmental deterioration and economic growth. This
means that emissions increase at first, but then drop as per capita
GDP grows over time. This outcome complies with the studies of
Saint et al. (2021) for the BRICS nations, Akinsola et al. (2021) for
Indonesia, Bandyopadhyay and Rej (2021) for India, and Gao
et al. (2021) for the Mediterranean region.

Moreover, we found a negative interrelationship between REC
and ECF. This illustrates that keeping other factors constant, a 1%
upsurge in REC leads to a decrease of 0.2854% ∼ FMOLS,
0.2772% ∼ DOLS, and 0.2633% ∼ FEOLS in ecological
footprint. Thus, mitigation of ecological footprint is caused by
an upsurge in renewable energy usage consumption. This result is
unexpected given the fact that renewable energy technology uses
pure and cleaner sources of energy that are sustainable and can
meet existing and future demands, which is the theoretical

foundation for the negative ecological footprint–renewable
energy use interrelationship. This outcome aligns with the
studies of Pata et al. (2021) for China and Shahzad et al. (2022).

Furthermore, the research shows a negative and insignificant
interconnection between TI and ECF. This implies that TI does
not play a vital role in curbing the degradation of the
environment. This outcome shows that the TI level in the
BRICS economies is not sufficient to improve the quality of
the environment. The research of Adebayo and Kirikkaleli
(2021) on the emissions–innovation interrelationship in
Japan between 1990 Q1 and 2015 Q4 as well as the research
of Udemba et al. (2021) in Chile from 1990 to 2018 reported the
same result.

Lastly, we observed a negative and significant ECF–GLO
interrelationship in the BRICS nations. This observation
indicates that keeping other indicators constant, a 1% upsurge
in globalization leads to a fall in ecological footprint by
0.3467% ∼ FMOLS, 0.3536% ∼ DOLS, and 0.3488% ∼ FEOLS,
respectively, when other factors are held constant. Therefore,
globalization aids in abating the deterioration of the environment.
This outcome corroborates the findings of Koengkan et al. (2020)
and Rjoub et al. (2021) for Sweden.

Method of Moment Quantile Regression
Outcomes
The present research takes a step further by assessing the
influence of income, globalization, technological innovation,
and renewable energy on ecological footprint at different
quantiles. We employed MMQR to assess the drivers of
ecological footprint at various quantiles of ecological footprint.
The MMQR is presented in Table 8. We observed that in all
quantiles (first to ninth), the effect of GDP on ecological footprint
is positive; although the positive effect is more pronounced in the
higher quantiles of ecological footprint. This demonstrates that in
all quantiles, an upsurge in GDP caused an increase in ecological
footprint. Furthermore, the present research validates the EKC
hypothesis across all quantiles (first to ninth). In the lower and
higher quantiles, the negative effect of economic growth squared
is evident, although the influence is more pronounced in the
higher quantiles of ecological footprint distribution. The studies
of Khan et al. (2020), Alhassan et al. (2020), and Ike et al. (2020a)
validated this outcome.

Moreover, across all quantiles (first to ninth), we observed a
negative influence of REC on ecological footprint, which
demonstrates that REC mitigates ecological footprint across all
quantiles (first to ninth). Renewable energy technology uses pure
and cleaner sources of energy that are sustainable and can meet

TABLE 6 | Westerlund (2007) outcomes.

Statistics Value Z-value p-value

Gt −3.130 −2.128 0.017**
Ga −7.331 1.156 0.876
Pt −7.668 −3.192 0.001*
Pa −8.777 −0.449 0.327

Note: *p < 0.01 and **p < 0.05.

TABLE 7 | FMOLS, DOLS, and FE-OLS outcomes.

GDP GDPSQ REC TI GLO

FM-OLS 2.2439* −0.1022* −0.2854* −0.0402 −0.3467**
D-OLS 2.0637* −0.1184** −0.2772** −0.0279 −0.3536***
FE-OLS 2.1837* −0.1329*** −0.2633** −0.0322 −0.3488**

Note: *p < 1%, **p < 5%, and ***p < 10%.
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existing and future demands, which is the theoretical foundation
for the negative ecological footprint–renewable energy use
interrelationship in all quantiles (first to ninth). This outcome
substantiates the finding of Pata (2021c). Moreover, a negative
ECF–GLO interrelationship was seen in all quantiles (first to
ninth). The negative interrelationship between globalization and
environmental impact is due to the fact that globalization via
trade also enables technical advancement and increased
economic activity. The studies of Koengkan et al. (2020) for
Latin America and Rjoub et al. (2021) for Sweden validated the
negative environmental deterioration and globalization
interrelationship. Lastly, we observed no significant
interconnection between technological innovation and
ecological footprint in the BRICS economies across all

quantiles (first to ninth), and the result was affirmed by the
studies of Ahmad et al. (2020) and Udemba et al. (2021).

Comparison for All the Estimators (MMQR,
FMOLS, DOLS, and FE-OLS)
Figure 2 shows a comparison of the estimated coefficients for all
specifications employed, including MMQR, DOLS, FMOLS, and
FE-OLS. The MMQR coefficient method is heterogeneous and
produces a dynamic image across all quantiles, whereas the
coefficients of FMOLS, DOLS, and FE-OLS are stable.
Figure 2 depicts that the coefficients of globalization grow
from the lower to upper quantiles, indicating that more
globalization is beneficial to the environment. Furthermore,

TABLE 8 | Outcomes of the MMQR.

Variables Location Scale Lower quantile Middle quantile Higher quantile

– – – 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

GDP 2.4065* 0.2919 1.9674* 2.1834* 2.2234** 2.2666* 2.3571*** 2.4935* 2.5956* 2.7577* 2.9479**
GDPSQ −0.1215* −0.0223 −0.0879* −0.1044* −0.1075** −0.1166*** −0.1177** −0.1289* −0.1360* −0.1484* −0.1630**
REC −0.2921 −0.0086 −0.2996* −0.2987* −0.2976* −0.2963*** −0.2936** −0.2895** −0.2865* −0.2816* −0.2760**
TI 0.0122 0.0716 −0.0955 −0.0624 −0.0369 −0.0058 0.0120 0.0340 0.0459 0.0538 0.0590
GLO −0.3486 −0.0067 −0.3587** −0.3537** −0.3528* −0.3420*** −0.3497** −0.3465* −0.3442* −0.3404** −0.3360**

Note: *1%, **5%, and ***10% significance level.

FIGURE 2 | Graphical representation of coefficient estimates for all variables across all quantiles, obtained from all four estimator.
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the MMQR technique shows that the coefficients of economic
growth are increasing upward, indicating that the increase in
economic growth is wreaking havoc on the environment. In
contrast, the coefficients of renewable energy consumption
have significantly reduced the negative impacts of economic
activities on society and the environment by giving logical
answers that assist policymakers in making decisions that can
lead to ecologically friendly progress. As a result, when analyzing
all panel estimators to provide an inclusive demonstration of
connection across variables, it is clear that MMQR is an excellent
and efficient approach.

Causality Outcomes
The current paper explores the causality between ecological
footprints and its drivers utilizing the Dumitrescu and Hurlin,
(2012) causality test. The causality test unveiled feedback causal
interconnection between GDP and ECF, which illustrates that
GDP can forecast ECF and ECF can forecast GDP as well
(Table 9). Furthermore, at significance level of 5%, the null
hypothesis of “no causality” from GLO to ECF is rejected,
which illustrates that GDP is a major driver of ECF in BRICS
nations. Moreover, we noticed feedback causality between
GDPSQ and ECF, which makes the study reject the null
hypothesis of no causality. Therefore, GDPSQ and ECF can
significantly predict each other. Lastly, the null hypothesis of
no causality from REC to ECF is rejected at 1% level of
significance. These outcomes are important for BRICS
economies’ policymakers when formulating policies pertaining
to environmental degradation.

CONCLUSION AND POLICY PATH

Conclusion
The present research assesses the influence of renewable energy
consumption and technological innovation on ecological
footprint as well as the role of economic growth and
globalization in the BRICS nations utilizing a panel dataset
spanning from 1990 to 2018. The study utilized second-
generation panel techniques such as CSD, SH, Westerlund
cointegration, FMOLS, DOLS, FE-OLS, MMQR, and DH
causality tests. The outcomes from the SH and CSD tests
supported the use of second-generation techniques due to the

issues of homogeneity and cross-sectional dependence. The
outcomes of the Westerlund cointegration affirmed the long-
run interrelationship between ecological footprint and the
exogenous variables. The MMQR outcomes showed that
across all quantiles (first to ninth), renewable energy use and
globalization curb ecological footprint, while economic growth
increases ecological footprint. The study also validated the EKC
hypothesis across all quantiles (first to ninth). We applied the FE-
OLS, DOLS, and FMOLS as a robustness check for the MMQR,
and their outcomes showed that renewable energy use and
globalization decrease ecological footprint, while economic
growth increases ecological footprint. Furthermore, the DH
causality results indicated that globalization and renewable
energy use established unidirectional causality to ecological
footprint, while Granger causality outcomes revealed that
feedback causality was observed between economic growth and
ecological footprint.

Policy Direction
The results show that economic expansion has a negative impact
on the environment. One of the goals of the BRICS economies is
to sustain economic growth, and reducing their ecological footprint
might have a negative impact on their economic progress. The
deployment of green technologies and the integration of renewable
energy should be the measures implemented by these nations to
balance the momentum. Facilitating the transition to a green
economy and modernizing industry could be utilized as ways of
addressing ecological concerns while simultaneously boosting
economic expansion. In order to secure economic progress,
policymakers in the BRICS nations should enact stronger
energy-conservation measures. Renewable energy and
globalization have an important role in improving the local
economy and connecting it with the international economy, as
well as assisting in the creation of a healthier environment. As a
result, measures aimed at enhancing various dimensions of
globalization should be encouraged. There is a particular need
for energy-efficient technology to spread across nations.

This is feasible when a nation takes an aggressive role in
international climate change negotiations and other energy-
linked global organizations. Globalization can be classified into
three types: political, social, and economic. It could improve the
quality of the environment through governmental action or it
could have a negative influence due to pollution; each kind of
globalization has a direct effect on the quality of the environment
in which humans coexist. The understanding of best practices and
dissemination of information about best business practices aid in
the development of sustainable energy sources in economic
operations, thereby promoting sustainable development.

Regarding the possibility for replacement between the various
types of energy usage (NREC and REC), climate change policies
should place a greater emphasis on boosting REC. They should
utilize a market-based system to stimulate the use of renewable
energy sources in various sectors while discouraging the usage of
commonly utilized fossil fuel energy sources. As a result, policies
such as tax credits for renewable energy generation, installation of
renewable energy systems, and markets for renewable energy
finance will go a long way toward encouraging investment in

TABLE 9 | DH panel causality outcomes.

Causality path W-stat. Zbar-stat. Prob. Decision

TI→ECF 2.39730 0.18139 0.8561 No causality
ECF→TI 3.71059 1.38879 0.1649
GDP→ECF 4.27198*** 1.90490 0.0568 Feedback causality
ECF→GDP 6.05964* 3.54841 0.0004
GLO→ECF 4.90670** 2.48844 0.0128 One-way causality
ECF→GLO 2.24882 0.04488 0.9642
REC→ECF 5.18944* 2.74839 0.0060 One-way causality
ECF→REC 1.85841 −0.31405 0.7535
GDPSQ→ECF 4.23993*** 1.87544 0.0607 Feedback causality
ECF→GDPSQ 5.94824* 3.44599 0.0006
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renewable energy technology. These will bring about a change in
the energy mix toward greener energy, as well as the generation of
sustainable energy. The significant use of renewable energy paves
the way for sustainable economic progress and a transition to a
low-carbon economy. According to our empirical findings, the
usage of renewable energy reduces the ecological footprint in
these nations. As a result, encouraging the use of renewable
energy for higher economic expansion and lower ecological
footprint is beneficial.

Moreover Shahbaz et al. (2018a) argued that policymakers
should create a multilateral system at the global level to assure
energy efficiency and encourage renewable energy utilization.
Effective incentive mechanisms for market accessibility and
renewable energy development should be established and
applied globally. Renewable energy market development
between public and private sector stakeholders in terms of
advancement of technologies, project financing, and ongoing
initiatives will once again contribute significantly to the
considerable development of the renewable energy sector.

The study’s scope was restricted to the BRICS countries,
and only a few variables were taken into account when
assessing the influence of technological innovation and
renewable energy use on CO2. Institutional quality, financial
development, economic complexity, and human capital could

be included in the model in future research. In addition,
assessments at the state and local levels will be beneficial for
more specific policy ramifications.
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Pakistan’s local currency has been devalued during different exchange regimes, which
may substantially affect energy consumption and CO2 emissions. Therefore, this study
investigates the effects of exchange rate depreciation on Pakistan’s CO2 emissions and
energy consumption from 1990–2018. We apply the nonlinear autoregressive distributed
lag (ARDL) cointegration approach for the empirical analysis and found that exchange rate
depreciation increases CO2 emissions and energy consumption in both the short and long
runs. These results suggest that currency devaluation has an expansionary effect which
enhances economic growth at the cost of high energy consumption and CO2 emissions.
Therefore, the government needs regulations along with an exchange rate policy to control
CO2 emissions. Moreover, the government should search for alternate energy resources
such as renewable energy resources that meet the country’s energy needs and mitigate
CO2 emissions.

Keywords: exchange rate, CO2 emissions, energy consumption, nonlinear ARDL, Pakistan

INTRODUCTION

The impact of exchange rate depreciation has been extensively examined with different
macroeconomic variables, including gross domestic product per capita (GDP) growth, export,
industrial production, current account deficit, etc. However, the exchange rate’s dynamics may affect
energy consumption and CO2 emissions through industrial production and export expansion.
Exchange rate depreciation boosts up economic activities by increasing industrial production and
exports (Rodrik, 2008; Gala and Libanio, 2010), whereas production, especially in the industrial
sector, requires the use of energy as an input; thus, industrial expansion leads to increase in CO2

emissions and the energy consumption in the country. Despite the significant role of the exchange
rate in CO2 emissions and energy consumption determination in the economy, very little attention is
given to testing the implications of exchange rate dynamics on CO2 emissions and energy
consumption. Therefore, this study attempts to fill the gap by analyzing the impact of the
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exchange rate dynamics of CO2 emissions and energy
consumption using the case data of Pakistan. Pakistan has
adopted various exchange rate systems such as fixed,
manageable floating, and flexible exchange rates.

Furthermore, the government consistently depreciated local
currency to achieve the export and industrial production policy
objectives. Most of the previous studies have mainly focused on
the effect of exchange rate depreciation on economic growth,
such as Acar (2000), Levy-Yeyati and Sturzenegger (2003), Rodrik
(2008), Ihnatov and Căpraru (2012), Tang (2015), Habib et al.
(2017), Aman et al. (2017), and Ribeiro et al. (2019), by using
different linear statistical techniques and finding diverse
outcomes; few suggest positive while others suggest a negative
relationship between exchange rate and economic growth.
Currency devaluation increases the prices of imported goods
while reducing the relative price of the local products, and this
provides incentives to the domestic producers to expand the local
production (Ribeiro et al., 2019), which leads to increase in the
energy consumption and which leads to high energy
consumption and CO2 emissions. Besides, exchange
devaluation increases the income of people, particularly labor
engaged in the export industries (Alejandro, 1963; Knight, 1976;
Krugman and Taylor, 1976; Cooper, 1992). According to Borozan
(2018, 2019), the increase in the income of the people raises the
demand for more energy and leads to an increase in energy
consumption. As a result, several studies propose that the share of
renewable energy consumption in overall energy demand should
be increased, which would not only reduce environmental
impacts but also encourage economic growth (Akram et al.,
2020; Fareed et al., 2021; Li et al., 2021; Rehman et al., 2021).

Export expansion and industrial production are the main
channels through which exchange rate depreciation increases
GDP (Balogun, 2007; Chit et al., 2010; Hasanujzaman, 2016). The
increasing urbanization and economic growth lead to a high level
of energy consumption, resulting in environmental degradation
(Chaabouni and Saidi, 2017; Hashmi et al., 2021). The outcome of
energy consumption as well as economic growth is an upsurge in
CO2 emissions, which reported positive in various studies,
including Menyah and Wolde-Rufael (2010), Alshehry and
Belloumi (2017), Rizwan Nazir et al. (2018), Zhou et al.
(2018), Balli et al. (2019), Ahmad et al. (2020) Fatima et al.
(2020), Hashmi et al. (2020), Ikram et al. (2021), Shahzad et al.
(2021), and Rafique et al. (2022). A rise in the volume of export
influences energy consumption and thus CO2 emission (Dogan
et al., 2017). The relationship between energy consumption and
CO2 emission is found positive (Halicioglu, 2009; Xu et al., 2014;
Alam et al., 2016; Chaabouni et al., 2016; Hasanujzaman, 2016;
Antonakakis et al., 2017; Aye and Edoja, 2017; Bekhet et al.,
2017). Several studies included the trade factor as an influential
factor for the CO2 emissions and GDP and energy consumption
(Al-mulali, 2012; Rüstemoğlu and Andrés, 2016). Depreciation of
the currency increases local investment, which substantially
impacts CO2 emissions and energy consumption in the
economy (Zhao et al., 2016). The rise in CO2 emission
increases energy consumption in the long run, while a
unidirectional from CO2 and energy consumption to output is
reported (Ang, 2007). The investment increase and productivity

expansion raise energy consumption, leading to CO2 emissions
(Leng Wong et al., 2013). Economic growth from the industrial
sector is comparatively greater than other sectors, thus having a
larger contribution to CO2 emissions. The second major cause of
CO2 emission is residential consumption, and the transport
sector is the third major source of CO2 emissions. The rest of
the sectors, such as trade, agriculture, and construction, have a
relatively smaller contribution to expanding total CO2 emission
(Zhou et al., 2018).

Since exchange rate dynamics has a potential effect on CO2

emissions and energy consumption in the economy, this study’s
main objective is to analyze the effect of exchange rate
movements on energy consumption and CO2 emissions in
Pakistan. This study contributes to the existing literature from
the following aspects: firstly, the exchange rate has not been
analyzed with the literature on CO2 emissions and energy
consumption. This study will provide the implication of
exchange rate movements on energy consumption and CO2

emissions. Secondly, most previous studies used linear
methods, which cannot capture asymmetric relationships
among the variables. Therefore, we are applying a nonlinear
autoregressive distributed lag (NARDL) method to asymmetric
relationships between the variables. Thirdly, the exchange rate
has massively depreciated from the last two decades in Pakistan,
and crude oil is a major component of Pakistan imports and is
further used in energy consumption. The exchange rate dynamics
may affect the energy consumption and CO2 emissions in the
country; therefore, we use the case of Pakistan to understand the
implication of exchange rate dynamics for energy consumption
and CO2 emissions.

The rest of the paper is organized as follows. Exchange Rate,
Energy Consumption, and CO2 Emissions in Pakistan provides
stylized facts related to exchange rate, energy consumption, and
CO2 emissions in Pakistan. Methodology and Results and
Discussion present the methodology, results, and discussion,
respectively, while Conclusion presents the study’s conclusion.

EXCHANGE RATE, ENERGY
CONSUMPTION, AND CO2 EMISSIONS IN
PAKISTAN
Exchange Rate and GDP in Pakistan
Pakistan has gone through different regimes like fixed exchange
rate, manageable floating exchange rate, and flexible exchange
system. The local currency has been consistently devalued during
these regimes, though the mechanism of devaluation differed as
per the doctrine of the regime. Initially, in the 1950s, Pakistan’s
export growth was negative, and Pakistan depreciated the local
currency by 30%, which resulted in an increase in the export
sector by 45%. Later, the export bonus scheme was introduced in
1959 to promote exports and the devaluation of the local
currency, which increases the export of cotton and textile
from 8.3% to 35%. Manufacturing item export also rose from
2% to 20%. For the second time, Pakistan devalued the local
currency in 1972, which increased export by 40.2%, and the
balance of payment went in surplus for 152.2 million. The
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exchange rate of Pakistan remained fixed until 1982, and local
currency was linked with US dollar ensuring the export increase
notably, from 17.7% to 21.3%. In 1982, the managed floating
exchange rate was introduced and remained functional until
1999, when the flexible rate was adopted (GOP, 2000). The
sharp recovery in export rate was achieved due to the unified
floating rate in 1999–2000. However, massive devaluation has
been observed in the flexible exchange rate regime compared to
the other regimes, significantly influencing local prices, exports,
and economic growth.

Figure 1 presents the exchange rate and GDP relationship
from 1980 to 2017. It depicts that the Pakistani currency has been
devalued in 2005, 2010, and 2013 by 57.57%, 83.81%, and 96.16%,
respectively. The history of the economic development of
Pakistan shows a mixed scenario of the currency devaluation
over more than half a century, and devaluation has reported
moderate success in export’s increase. Recently, after 2018, a huge
drift of currency devaluations have been observed in the Pakistani
rupee. The current exchange rate is 160 rupees in exchange for 1
US dollar, which may have severe implications on different
economic variables. Figure 1 shows the time series trend of
the exchange rate and economic growth from 1971 to 2017.
The graph shows continued devaluation of the currency exchange
rate, and GDP has also shown an increasing trend. However,
beyond 1999 the exchange rate is more volatile, and it shows
high-level devaluation compared to the past year.

Exchange Rate and Energy Consumption in
Pakistan
In the early 1980s, the country’s energy supply achieved about
86% of total energy demand, and the 14% spread was filled by
imports. However, the gap extended, between supply and
demand, to 47% from the year 2000. After 2000, the country’s
energy supply was enhanced and thus the gap was reduced to 18%
in 2005 (SBP, 2006). The recent figures show a diverse impact on
energy consumption and exchange rate depreciation. GDP
growth declined to 3.3% in 2019, which is a 2.2% reduction
compared to 2018. The exchange rate depreciated to 25.5% in
2019, and it is the highest depreciation in the country’s history.
This huge depreciation caused steep increases in energy prices,
and the export sector witnessed an improvement. The increase in

energy prices slowed down the private energy consumption from
6.8% to 4.1% in 2018 and 2019, respectively, and investment
accounts by 8.9%. Over the supply side, the growth of the
industrial sector declined to 1.4% in 2019, compared to 4.9%
in 2018. Exports remained ineffective for exchange rate
depreciation, while imports reduced by 23.4% in 2020 (World
Bank Report, 2020). Pakistan has been confronting disparities in
the case of energy demand and supply for the last couple of
decades. At the primary level, energy consumption was 15.31
million BTU (British thermal unit) per person in 2017 in
Pakistan. Although this value of energy consumption varied
substantially in recent years, it was inclined to rise through the
1998 to 2017 period and ended at 15.31 million BTU per person
in 2017.

Exchange Rate and CO2 Emissions
Energy consumption is an essential component for GDP growth
as well as for the development of a country. Energy consumption
is also considered a fourth fundamental input of production by
industrial economies (Kraft and Kraft, 1978). In the 1970s, energy
crises happened, which demonstrated that the role of energy is
constant and important (Stern, 2004). Because of energy’s
multidimensional role, researchers focused on the effectiveness
of the energy sector upon growth and development along with
pros and cons (Stern, 2004). Figure 2 shows trends of the
exchange rate and energy consumption trend; the exchange
rate and energy consumption have an increasing trend till
2001, but due to the flexible regime, the exchange rate
devalued more than the increase in energy consumption. In
2007 and onwards, the exchange rate and energy consumption
are due to the energy production from fossil fuel as most of the
payments are made in US dollars (for petroleum products), which
leads to a high price of energy production and thereby reduces its
consumption. Presently, supply is deficient for energy, while
demand has been continuously rising in Pakistan. The causes
behind this deficiency are the utilization of modern technologies,
which incur energy consumption, and population growth in
sectors such as agriculture, industry, household, education,
and health care. The primary sources of energy use are oil,
which constitutes 32%, and gas, which is 39% from 2005–2006
to 2009–2010 (Ener Intelligence, 2016). Energy use, economic
growth, financial development, and capital formation affect

FIGURE 1 | Exchange rate and GDP. Source: World Bank Development
Indicators.

FIGURE 2 | Exchange rate and energy consumption. Source: World
Bank Development Indicators.
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environmental quality, trade, and CO2 emission (Rehman et al.,
2019).

Figure 3 shows the relationship between CO2 emissions and
the exchange rate in Pakistan. The exchange rate and CO2

emissions are moving in the same direction until 1999, and
the exchange rate is more deviating than CO2 emissions. Even
though there is deviation on some points, the exchange rate and
CO2 emissions are moving with a similar trend, which shows the
exchange rate devaluation increases the CO2 emissions in the
economy. The exchange rate exerts a robust effect on an
economy’s output. The devaluation of the exchange rate
upsurges the growth rate of exports in Pakistan, leading to an
increase in GDP (Kemal and Qadir, 2005; Chaabouni et al., 2016;
Chaabouni and Saidi, 2017). Economic growth has a significant
connection with energy consumption. Energy develops
productivity and the performance of factors in production. In
this manner, an economy becomes developed. Therefore, the
utilization of energy is the crucial cause of the growth of an
economy (Chandran et al., 2010). The need for energy in the
whole world is approximated to expand by 50% in the next
15 years until 2030 due to winged rise in the demand for energy
by the time (IEA, 2014). The development of an economy is
closely associated with the utilization of energy because a higher
rate of growth for production raises the usage of energy, and
efficient use of energy leads the economy towards growth (Cheng,
1999; Crompton and Wu, 2005; Skeer and Wang, 2007; Gelo,
2009; Halicioglu, 2009; Mishra et al., 2009). The consequence of
more energy use and economic growth increases the CO2

emissions (Menyah and Wolde-Rufael, 2010). Hence, the
exchange rate depreciation leads to CO2 emission, at large,
through the channel of expansion in export and GDP, along
with energy consumption.

METHODOLOGY

The main objective of this study is to evaluate the effect of
currency exchange rate depreciation on the CO2 emissions and
energy consumption in Pakistan. However, economic growth is
the main channel through which it affects CO2 emissions and
energy consumption. Therefore, we analyze the following three
models

CO2 � β0 + β1GDPt + β2Et + β3EXt + β4Popt + µt
µt ∼ n.i.i.d(0, σ2), (1)

Et � β0 + β5GDPt + β6CO2t + β7EXt + β8Popt + µt
µt ∼ n.i.i.d(0, σ2), (2)

GDPt � β0 + β9CO2t + β10Et + β11EXt + β12Popt + µt
µt ∼ n.i.i.d(0, σ2), (3)

where CO2 � carbon dioxide emission (metric ton per capita).
GDP � gross domestic product per capita.
E � energy consumption [energy use (kg of oil equivalent) per

$1,000 GDP (constant 2011 PPP)].
EX � exchange rate (official exchange rate (LCU per US$,

period average).
Pop � population (annual population growth).
µ � normally distributed error term.
We take CO2 emissions as dependent variables, while GDP, E,

EX, and Pop are explanatory variables in the first model. In
contrast, E is the dependent variable in the second model, while
GDP, CO2, EX, and Pop are considered independent variables. The
GDP is the dependent variable, while CO2, E, EX, and Pop are
independent variables. The first two equations are our baseline
models, while the third equation would further verify the first two
equations. Theoretically, the increase in GDP leads to high CO2

emissions; thus, CO2 emissions and GDP have a positive expected
association. β1 and β9 would have a positive expected coefficient.
Similarly, energy consumption also increases GDP, and GDP
increases energy consumption; thus, β5 and β10 would have a
positive expected coefficient. Exchange rate depreciation boosts
economic activities, CO2 emissions, and energy consumption,
which means that β3β7 and β11 are expected to hold a positive
coefficient. The population in all models is expected to impact
energy consumption, CO2 emissions, and GDP positively.

The empirical model will present the long-run association
between the variables via the cointegration test. The short-run
coefficients and speed adjustment towards long-run equilibrium
could be presented as follows:

ΔCO2t � β0 +∑
n1

i−1
β1iΔCO2t−1 +∑

n2

i−0
β2iΔGDPt−1 +∑

n3

i−0
β3iΔEt−1

+∑
n4

i−0
β4iΔEXt−1 +∑

n6

i−0
β5iΔPopt−1 + λet−1 + µt (4)

ΔEt � β0 +∑
n1

i−1
β6iΔEt−1 +∑

n2

i−0
β7iΔGDPt−1 +∑

n3

i−0
β8iΔCO2t−1

+∑
n4

i−0
β9iΔEXt−1 +∑

n6

i−0
β10iΔPopt−1 + λet−1 + µt (5)

ΔGDPt � β0 +∑
n1

i−1
β11iΔGDPt−1 +∑

n2

i−0
β12iΔCO2t−1 +∑

n3

i−0
β13iΔEt−1

+∑
n4

i−0
β14iΔEXt−1 +∑

n6

i−0
β16iΔPopt−1 + λet−1 + µt

(6)

If the empirical findings reported a cointegration relationship
among the variables (CO2 emissions, GDP, E, EX, and Pop), the
short-run dynamic would be adjusted through error correction

FIGURE 3 | Exchange rate and CO2 emissions. Source: World Bank
Development Indicators.
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“et−1” movement. Besides, the coefficient sign of et−1 is assumed
to be negative and significant to achieve long-run equilibrium if
devaluations exist in the model. The Engle and Granger (1987)
cointegration test requires that all variables follow I(1) order of
integration, and the error correction term must be stationary at
level. Johansen (1995) also assumed the same order of
integration for the long-run association. However, if the
association does not follow the same order of cointegration
or I(1), Pesaran et al. (2001) suggested using autoregressive
distributed lag (ARDL) to test the long-run association between
the variables. In addition, they replace “et−1” in Eq. 2 by a linear
combination of lagged level variables in the model. Thus, we can
rewrite Eq. 2 as follows:

CO2t � ρ0 +∑
n1

i−1
ρ1tΔCO2t−1 +∑

n2

i−0
ρ2tΔGDPt−1 +∑

n3

i−0
ρ3tΔEt−1

+∑
n4

i−0
ρ4iΔEXt−1 +∑

n4

i−0
ρ5iΔKt−1 +∑

n4

i−0
ρ6iΔPopt−1

+ ρ7CO2t−1 + ρ8GDPt−1 + ρ9Et−1 + ρ10EXt−1 + ρ11Kt−1

+ ρ12Popt−1 + µt
(7)

CO2t � ρ0 +∑
n1

i−1
ρ1tΔCO2t−1 +∑

n2

i−0
ρ2tΔGDPt−1 +∑

n3

i−0
ρ3tΔEt−1

+∑
n4

i−0
ρ4iΔEXt−1 +∑

n4

i−0
ρ5iΔKt−1 +∑

n4

i−0
ρ6iΔPopt−1

+ ρ7CO2t−1 + ρ8GDPt−1 + ρ9Et−1 + ρ10EXt−1 + ρ11Kt−1

+ ρ12Popt−1 + µt
(8)

CO2t � ρ0 +∑
n1

i−1
ρ1tΔCO2t−1 +∑

n2

i−0
ρ2tΔGDPt−1 +∑

n3

i−0
ρ3tΔEt−1

+∑
n4

i−0
ρ4iΔEXt−1 +∑

n4

i−0
ρ5iΔKt−1 +∑

n4

i−0
ρ6iΔPopt−1

+ ρ7CO2t−1 + ρ8GDPt−1 + ρ9Et−1 + ρ10EXt−1 + ρ11Kt−1

+ ρ12Popt−1 + µt
(9)

The equation shows various parameters, and the variables
have a difference operator “Δ,” which shows the short-run
parameters. The parameters ρ7, ρ8, ρ9, ρ8, ρ9, ρ10, ρ11, and ρ12
are the long-run parameters. Akaike information criterion
(AIC) is used for the lag length selection. Most previous
studies are based on GDP and CO2 emissions with a positive
association, using linear and nonlinear estimations.
However, very little literature explores the association
between CO2 emissions and exchange rate; in addition, the
dynamic exchange rate behavior due to regime shift requires
applying a nonlinear method for empirical analyses.
Therefore, the symmetric assumption seemed unrealistic
and did not capture the full information about the
association between exchange rate and CO2 emissions. To
investigate the asymmetric impact of exchange rate

depreciation on CO2 emissions, Shin et al. (2014)
introduced the NARDL for both the short and long runs.
Moreover, we decompose all explanatory variables into
positive and negative shocks as follows: we decompose
variations in liberalization, tax, and growth in positive and
negative partial sums, being as follows:

GDP+
t � ∑

t

j−1
ΔGDP+

j � ∑
t

j−1
max(ΔGDPj, 0)

GDP−
t � ∑

t

j−1
ΔGDP−

j � ∑
t

j−1
min(ΔGDPj, 0)

E+
t � ∑

t

j−1
ΔE+

j � ∑
t

j−1
max(ΔEj, 0)

E−
t � ∑

t

j−1
ΔE−

j � ∑
t

j−1
min(ΔEj, 0)

EX+
t � ∑

t

j−1
ΔEX+

j � ∑
t

j−1
max(ΔEXj, 0)

EX−
t � ∑

t

j−1
ΔEX−

j � ∑
t

j−1
min(ΔEXj, 0)

Pop+
t � ∑

t

j−1
ΔPop+

j � ∑
t

j−1
max(ΔPopj, 0)

Pop−
t � ∑

t

j−1
ΔPop−

j � ∑
t

j−1
min(ΔPopj, 0)

The GDP, E, EX, K, and Pop are decomposed into positive
and negative shocks, for example, GDP+ and GDP−. This
shows that a one-unit increase in the independent variables
leads to an increase (positive shocks) and a decrease
(negative shock) in the dependent variables. Granger
suggests that if the cointegration exists between two time
series variables (i.e., positive and negative), they are in the
form of hidden cointegration and have a linear form of
cointegration, which is a special case of hidden
cointegration. Thus, the linear cointegration is converted
to non-linear cointegration. We can use the bond test
suggested by Pesaran et al. (2001) to test the asymmetric
relationship between the following equations:

ΔCO2t � c0 + ∑
n1

i−1
c1iΔCO2t−1 +∑

n2

i−1
c2iΔGDP+

t−1 +∑
n3

i−1
c3iΔGDP−

t−1

+∑
n4

i−1
c4iΔE+

t−1 +∑
n5

i−1
c5iΔE−

t−1 +∑
n6

i−1
c6iΔEx+

t−1

+∑
n7

i−1
c7iΔEx−

t−1 + ∑
n6

i−1
c8iΔPop+

t−1 +∑
n7

i−1
c9iΔPop−

t−1

+ c10CO2t−1 + c11GDP+
t−1 + c12GDP−

t−1 + c13E
+
t−1

+ c14E
−
t−1 + c15Ex

+
t−1 + c16Ex

−
t−1 + +c17K+

t−1 + c18K
−
t−1

+ +c19Pop+
t−1 + c20Pop

−
t−1µt

(10)
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ΔEt � c0 + ∑
n1

i−1
c1iΔEt−1 +∑

n2

i−1
c2iΔGDP+

t−1 +∑
n3

i−1
c3iΔGDP−

t−1

+∑
n6

i−1
c4iΔEx+

t−1 +∑
n7

i−1
c5iΔEx−

t−1 +∑
n6

i−1
c6iΔK+

t−1

+∑
n7

i−1
c7iΔK−

t−1 + ∑
n6

i−1
c8iΔPop+

t−1 +∑
n7

i−1
c9iΔPop−

t−1 + c10Et−1

+ c11GDP+
t−1 + c12GDP−

t−1 + c13Ex
+
t−1 + c14Ex

−
t−1

+ +c15K+
t−1 + c16K

−
t−1 + +c17Pop+

t−1 + c18Pop
−
t−1µt

(11)

ΔGDPt � c0 + ∑
n1

i−1
c1iΔGDPt−1 +∑

n4

i−1
c2iΔE+

t−1 +∑
n5

i−1
c3iΔE−

t−1

+∑
n6

i−1
c4iΔEx+

t−1 +∑
n7

i−1
c5iΔEx−

t−1 +∑
n6

i−1
c6iΔK+

t−1

+∑
n7

i−1
c7iΔK−

t−1 + ∑
n6

i−1
c8iΔPop+

t−1 +∑
n7

i−1
c9iΔPop−

t−1

+ c10GDPt−1 + c11E
+
t−1 + c12E

−
t−1 + c13Ex

+
t−1

+ c14Ex
−
t−1 + +c15K+

t−1 + c16K
−
t−1 + +c17Pop+

t−1
+ c18Pop

−
t−1µt

(12)

The first equation represents the CO2 dependent variable,
while independent variables such as E, GDP, exchange rate (Ex),
and population growth are split into positive and negative shocks.
The second equation is based on the energy-dependent variable,
while independent variables including CO2 emissions, GDP, Ex,
and population growth are divided into positive and negative
shocks. In the third equation, GDP is a dependent variable while
E, GDP, Ex, and population growth are also distributed into
positive and negative shocks. The data of the included variables
have been obtained from the World Bank online database for the
period 1990–2018. Variables are collected with different units; for
example, CO2 emissions are taken as metric per capita, the
exchange rate is taken as the rate of local currency as
exchanged with US dollar, GDP is taken as per capita, and
energy is collected as kilogram of oil equivalent per capita and
annual population growth.

RESULTS AND DISCUSSION

Augmented Dickey–Fuller Test Results
Table 1 presents the augmented Dickey–Fuller test (ADF) results;
time series data are expected with inconsistent mean and
variance, leading to spurious regression results due to the
stationary problem. The conventional ordinary least-squares
(OLS) estimations might lead to misleading results. Therefore,
cointegration is an appropriate tool for estimating time series
data, keeping in view the non-stationary data. In addition,
cointegration techniques are varied in order of integration
prerequisites, especially in the case of ARDL, which assumes
that none of the series should be stationary at 1(2). According to
Ouattara (2004), the ARDL results will be misleading if integrated
at I(2). Therefore, it is necessary to determine the stationary status
of the variables. We applied the ADF unit root test for this
purpose, and the outcomes show that all the variables are non-
stationary at the level and become stationary at first difference.
These findings suggest applying the ARDL test for further
analysis. However, in the first step, we apply the bound test to
know the existence of long-run relationships.

ARDL Bound Test
Table 2 reports bounds test results in the nonlinear specification.
The findings show that the F-statistics value is greater than the
upper bound value at a 5% significance level, confirming
asymmetric cointegration. Therefore, we can proceed with the
asymmetric ARDL model estimation. The ARDL model is based
on using lag length. Choosing the optimal lag length is an
important task. According to Bahmani-Oskooee and Bohl
(2000), the long-run relationships mainly depend on optimal
lags. Similarly, Stock and Watson (2012) also suggest that using
too many lags or fewer lags may skip some of the importance of
the model and may cause spurious results. Therefore, choosing
the optimal lags is an essential practice, and we use AIC and SIC
criteria for the lag length selection. Eqs 10–12 are estimated by
using the general-to-specific approach and choosing p � q � 1 as
optimal lag length. The model is based on Shin et al. (2014)
approach to reach the final specification of the asymmetric ARDL
model. In addition, we excluded all the variables with
insignificant lagged regressors following the general-to-specific
approach. It is necessary to remove all the insignificant lagged
regressors because insignificant lagged regressors can create noise
in dynamic multipliers (Katrakilidis and Trachanas, 2012; Fareed
et al., 2018).

Short-Run Estimations
Table 3 contains the Error Correction Model (ECM) results for
the three models; CO2 emissions are the dependent variable in the
first model. In the second model, E is the dependent variable,
while GDP is taken as the dependent variable in the third model.
ECM model presents the short-run coefficients for the three
models. The error correction term (ECT-1) shows the short-
run dynamic in the model. The ECT-1 term is negative and
significant in all three models, which indicates that the model
holds convergence property and could restore to long-run

TABLE 1 | ADF unit root.

Variables Level Difference

CO2 −1.791196 −7.005647
(−3.533083) (−3.536601)

GDP 2.274093 −3.200320
(−2.943427) (−2.424013)

E −1.362147 −5.314514
(−3.533083) (−3.536601)

EX −1.208325 −4.194057
(−3.533083) (−3.536601)

Pop 1.661230 −3.540328
−3.540328 (−1.007879)
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equilibrium shortly. Energy is positively related to CO2 emissions.
The first model results show that positive shocks of energy
consumption increase by 1.94 units, and negative shocks
decrease the energy consumption by 0.41 units. This indicates
that CO2 emissions are determined by energy consumption.
Similar exchange rate shocks indicate that positive shocks
increase the CO2 emissions and negative shocks decrease the
CO2 emissions. In the second model, positive shocks of exchange
rate and CO2 emissions increase energy consumption, while
negative shocks of CO2 emissions and exchange rate decrease
energy consumption. The third model also reported that positive
shocks of CO2 emissions, energy consumption, and exchange rate
depreciation increase the GDP, while negative shocks decrease

the GDP. The population in all models shows that positive shocks
positively affect CO2 emissions, energy consumption, and GDP,
while negative shocks have a decreasing effect. This implies that
exchange rate depreciation increases the country’s GDP, which
leads to an increase in CO2 emissions and energy consumption in
the short run.

Long-Run Estimations
Table 4 shows long-run estimation for the three models; in the
first model, CO2 emissions are the dependent variables. In the
second model, energy consumption is the dependent variable,
and the third model contains GDP as the dependent variable. The
outcomes reveal that the positive shock energy consumption
increases CO2 emissions by 51% in the first model, while
negative shocks decrease the CO2 emissions by 54%. Both

TABLE 2 | –Bounds test results in the nonlinear specification.

Null hypothesis: No long-run relationships exist

Model 1: CO2 dependent variables CO2/(E_POS, E_NEG, GDP_POS, GDP_NEG, Pop_POS, Pop_NEG)

Model 2: E Dependent variables E/(CO2_POS, CO2_NEG, GDP_POS, GDP_NEG, Pop_POS, Pop_NEG)

Model 3: GDP Dependent variables GDP/(E_POS, E_NEG, CO2_POS, CO2_NEG, Pop_POS, Pop_NEG)

Model 1 Model 2 Model 3

Test statistic Value K Value K K Value k

F-statistic 6.81493 4 5.162367 814934 4.724783 4
Critical value bounds
Significance I0 bound I1 bound I0 bound I1 bound I0 bound I1 bound
10% 2.12 3.23 1.9 3.01 1.9 3.01
5% 2.45 3.61 2.26 3.48 2.26 3.48
2.5% 2.75 3.99 2.62 3.9 2.62 3.9
1% 3.15 4.43 3.07 4.44 3.07 4.44

TABLE 3 | Short-run estimation.

Dependent variables

Variable CO2 E GDP

Coefficient Coefficient Coefficient

Δ CO2
+ 0.239879 −0.400198

(0.0632) (0.0429)
Δ CO2

− −3.471813
(0.3740)

ΔE+ 1.941273 1.000941
(0.0001) (0.0771)

ΔE− −0.418121 −0.123192
(0.0280) (0.06677)

ΔEx+ 0.032058 −0.155259 0.043179
(0.03260) (0.0089) (0.03864)

ΔEx- −0.609951 −0.186402 −0.765097
(0.0404) (0.04718) (0.0292)

ΔGDP+ 0.44755 0.124894
(0.0220) (0.02822)

ΔGDP- −0.344755 −0.884894
(0.0110) (0.010126

ΔPoP+ 0.931894 0.355641 0.141957
(0.0005) (0.0991) (0.041957)

ΔPoP− −0.75233 −0.33233 −0.87221
(0.0211) (0.0656) (0.05212)

Ect(-1) −0.771500 −0.572567 −0.102875
(0.0000) (0.0091) (0.05453)

TABLE 4 | Long-run coefficients.

Dependent variables

Variable CO2 E GDP

Coefficient Coefficient Coefficient

ΔCO2
+ 0.418953 −3.890148

(0.0018) (0.0542)
ΔCO2

− −0.52322 15.331395
(0.0024) (0.0707)

ΔE+ 0.516233 9.729698
(0.0000) (0.4858)

ΔE- −0.541959 1.197490
(0.1648) (0.7833)

ΔEx+ 0.041553 0.271163 0.419719
(0.04000) (0.0000) (0.6677)

ΔEx- −0.079605 −0.325555 −7.437163
(0.0188) (0.05250) (0.5943)

ΔGDP+ 0.446863 0.87879
(0.0332) (0.07121)

ΔGDP- −0.11242 −0.218130
(0.0176) (0.0741)

ΔPop+ 1.207899 0.621133 1.379901
(0.0000) (0.0077) (0.0000)

ΔPop+ 1.9229 −0.812092 1.43233
(0.0800) (0.02211) (0.0632)
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positive and negative shocks have significant coefficients,
implying that energy consumption has a direct relationship
with CO2 emissions. Similarly, positive shocks of exchange
rate increase the CO2 emissions by 4% at 5% level of
significance, while negative shocks of exchange rate reduce the
CO2 emission by 7% at 1% level of significance. This implies that
exchange rate movements could significantly affect CO2

emissions in the long run. Population growth and GDP also
hold a direct relationship with CO2 emissions, and positive
shocks in GDP and population increase the CO2 emission by
44% and 120%, respectively, at 5% level of significance, while
negative shocks of GDP and population growth decrease the CO2

emissions by 11% and 192% at 1% and 10% levels, respectively.
This implies that exchange rate depreciation determines the CO2

emissions in the long run, and currency devaluation boosts
economic activities, increasing CO2 emissions. The findings
are in line with Chaabouni and Saidi (2017), Alshehry and
Belloumi (2017), Zhou et al. (2018), and Balli et al. (2019).

In the second model, the positive shocks of CO2 emission
increase energy consumption by 0.41 at 1% significance level,
while negative shock decreases the CO2 emissions by 52% at 1%
level of significance. Similarly, a positive shock of exchange rate
depreciation leads to an increase in energy consumption by 27%
at 1% level of significance, while negative shocks of exchange rate
decrease the energy consumption by 32% at 10% level of
significance. The positive shocks of GDP increase the energy
consumption by 87% at 10% level of significance; similar negative
shock reduces the energy consumption by 21% at 10% of the level

of significance. The population also shows similar results, and the
positive shock of population increases the energy consumption by
62% at 1% level of significance. In comparison, negative shocks
reduce energy consumption by 81%. This finding implies that
exchange rate and CO2 emissions are the main determinants of
energy consumption in the long run. Currency devaluation
increases the economic activities which require high energy,
and thus, it increases the energy consumption in the economy.
These findings are supported by Ang (2007), Al-mulali (2012),
and Rüstemoğlu and Andrés (2016).

The third model in which we take GDP as the dependent
variable shows that positive shocks in energy consumption, CO2

emission, and exchange rate increase the GDP, and negative
shocks of energy consumption, CO2 emissions, and exchange rate
depreciation reduce the GDP. At the same time, Population has
insignificant signs both in negative and positive shocks. This
confirms that exchange rate depreciation leads to economic
activities that require high energy consumption and increased
CO2 emission in the country in the long run. The third model
supports the previous studies outcomes, such as Balogun (2007),
Chit et al. (2010), and Hasanujzaman (2016).

We used different diagnostic tests in order to know the validity
of our ARDL results; for example, Jarque–Bera test is used for the
normality of residuals, Breusch–Godfrey serial correlation
Lagrange multiplier (LM) test for serial correlation,
Breusch–Pagan–Godfrey test for the heteroskedasticity, and
CUSUM and CUSUMSQ for the stability of the model.
Table 5 presents the diagnostic test results; we confirmed that
the model has no serious flaws. Our model does not have the
problem of serial correlation. There are no normality and
heteroskedasticity issues, and our model is stable. These
diagnostic tests indicate that the model is correctly specified,
that there is no serious flaw, and that the results are reliable.
Furthermore, for the robustness of our bassline ARDL we use the
standard Granger causality test, which further verifies the baseline
ARDL results; Table 6 presents the Granger causality test results.

ROBUSTNESS TEST

Granger Causality Results
Table 6 shows the results of the standard Granger causality test,
which indicates that GDP causes CO2 emissions through
unidirectional causality. The exchange rate also causes CO2

emissions and energy consumption which verifies our baseline

TABLE 5 | Diagnostic tests.

Diagnostic tests Problem Model 1 Model 2 Model 3 Decision

(p-value) (p-value) (p-value)

LM Serial correlation 0.87 0.54 0.21 No serial correlation exists
Jarque–Bera Serial correlation 0.621 0.323 0.76 No serial correlation exists
Breusch–Pagan–Godfrey Heteroscedasticity 0.712 0.683 0.12 No heteroscedasticity exists
Ramsey RESET test Model specification 0.212 0.712 0.65 Model is correctly specified
VIF Multicollinearity 0.738 0.982 0.982 No multicollinearity exists
CUSUM, CUSUMSQ Stability — — — Model is stable

TABLE 6 | Granger causality.

Pairwise Granger causality test

Null hypothesis F-statistic Probability

EX does not Granger cause CO2 4.92736 0.0196
CO2 does not Granger cause EX 0.25124 0.7794
EX does not Granger cause E 2.7261 0.0425
E does not Granger cause EX 0.52224 0,302.0
GDP does not Granger cause CO2 2.99177 0.03967
CO2 does not Granger cause GDP 0.79518 0.4602
POP does not Granger cause CO2 0.75019 0.4804
CO2 does not Granger cause POP 1.77313 0.1861
GDP does not Granger cause EX 7.22636 0.0026
EX does not Granger cause GDP 4.65607 0.0168
POP does not Granger cause GDP 0.94021 0.4011
GDP does not Granger cause POP 9.92504 0.0004
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NARDL findings and suggests that the exchange rate depreciation
leads to an increase in CO2 emissions and energy consumption in
the country. The casual linkages between exchange rate and GDP
also confirm that exchange rate depreciation leads to an increase
in production activities, leading to high energy consumption and
CO2 emissions in the country. This supports the validity of
exchange rate depreciation linkage with CO2 emissions and
energy consumption and the country’s expansionary effect of
exchange rate depreciation. Various other studies support this
finding, for example, Veganzones-Varoudakis (2002), Kemal and
Qadir (2005), and Aman et al. (2017), which found a positive
relationship between exchange rate and GDP and supported the
expansionary effect of exchange rate depreciation. Similarly, the
results are also in line with Soytas and Sari (2009), Chaabouni and
Saidi (2017), Emirmahmutoglu and Kose (2011), Xu et al. (2014),
and Bekhet et al. (2017), which supports that positive association
between exchange rate, CO2 emissions, energy consumption, and
economic growth.

CONCLUSION

The production process contains energy consumption, which
contributes to the CO2 emissions in the country; the exchange
rate is one of the main factors influencing the aggregate
productivity, exports, industrial production and trade balance,
etc. Therefore, the present study explores the connection between
exchange rate depreciation, energy consumption, and CO2

emissions in Pakistan from 1990–2018. We are employing
NARDL to the cointegration approach and Granger causality
test for the empirical analyses. We use three models for our
analysis; CO2 emissions, energy consumption, and GDP are the
dependent variables, respectively. The exchange rate is the
independent variable, divided into positive and negative
shocks in all models. We found a short-run and long-run
association between exchange rate, CO2 emissions, and GDP
following an asymmetric framework. In addition, exchange
positive shocks significantly increase CO2 emissions, energy

consumption, and GDP. In contrast, negative shocks
significantly reduce the CO2 emissions, energy consumption,
and GDP, which indicates that the exchange rate is one of the
main factors responsible for the CO2 emissions and energy
consumption, and positive association between exchange rate
and GDP confirms that exchange rate depreciation increases the
economic activities which consume high energy consumption. It
leads to CO2 emission in the country.

The result of this study suggests that exchange rate devaluation
could be an important tool to achieve a high level of economic
growth at the cost of high energy consumption and CO2 emission
in society. Therefore, this study suggests some policy
implications. Firstly, the government needs to take steps for
energy production demanded by industries because exports
and local production may be adversely influenced by an
energy shortage. Secondly, proper legislation such as the
corban tax may be a helpful tool to bring CO2 emissions to
the desired level. Thirdly, the government should seek alternate
energy resources, like renewable energy resources, etc. The
present study has limitations as it only covers a single country,
which could be extended for many countries to test exchange rate
CO2 and energy consumption. In addition, future research may
include both aggregated and disaggregated levels of energy
consumption to explore its connection with the country’s GDP
and the association of various modes of energy consumption with
CO2 emissions in the model.
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Spatial Distribution and Regional
Difference of Environmental Efficiency
Based on Carbon Reduction Goals:
Evidence From China
Wenyan Pan1, Muhammad Awais Gulzar2,3*, Zongjun Wang4* and Chensi Guo1
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China will strive to achieve carbon peak by 2030 and carbon neutralization by 2060
cooperating with the system dominated by carbon intensity control and supplemented by
total carbon emission control. This paper analyzes the environmental efficiency index of
China; the empirical results show that the average growth rate is 4.5% from 2006 to 2017.
A further decomposition of changes on scale efficiency and pure technical efficiency
indicates that the pure technical efficiency maintains a long-term growth, and scale
efficiency shows a fluctuant tendency. The abovementioned changes show that
various methods in China such as industrial structure adjustment and promotion of the
development of high and new technologies have obtained a certain effect. From the
perspectives of regional differences, the average changes of environmental efficiency in
eastern, central, and western regions as well as most of provinces and cities are all on the
increase. On the space layout, a trend has been presented that the average changes in
central regions exceed those in eastern regions, while the average changes in western
regions are comparatively lower than those in eastern regions.

Keywords: carbon reduction goals, environmental efficiency, DEA-malmquist model, dynamic indicator, regional
differences

INTRODUCTION

The outline of the 14th 5-year plan clearly proposes to improve the dual-control system of total
energy consumption and intensity, focusing on controlling fossil energy consumption. A
system dominated by carbon intensity control was implemented and supplemented by total
carbon emission control. With the goal of carbon peak and carbon neutralization, the dual-
energy control system is an important driving force for China’s low-carbon development.
According to the outline of the 14th 5-year plan, the decrease in energy consumption per unit
of GDP by 13.5% by 2025 is the carbon reduction goal. China strives to achieve carbon peak by
2030 and carbon neutralization by 2060, which is the final decision made by our leaders and
government after careful consideration and consideration in all aspects. Energy saving is the
key support to achieve the goal of carbon peak and carbon neutralization. The difficulty lies in
the heavy industrial structure and low energy efficiency. Through the 2021 government work
report, we can see the future development direction of China’s environment and energy
sources.
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“The 10 New Insights in Climate Science 2019” was presented
to UNFCCCs on the 25th meeting in Madrid, Spain (UNFCC,
CoP25, 2019). At present, developing countries lack budgeting,
funding, technology, and capacity building. Development of a
low-carbon economy in developing countries has become a key
issue. For the rest of the regions of the world, international trade
has made China a pollution haven with CO2 emissions peaking to
1.28 Gt in 2018 (Luis et al., 2018). Many of the world's climate
changes observed in the past few decades since 1950 are
meaningful (Pérez et al., 2017). In April 2018, in order to
integrate decentralized responsibilities of environmental
protection and ensure national ecological security, China has
established the Ministry of Ecological Environment (Andrew
et al., 2021). The central government has continuously
improved the governance methods of environmental
protection, and environmental legislation has been gradually
improved. At present, China has given great importance to
“environmental governance.” In traditional economics, to
evaluate the performance or development level of governance
in a region, the main consideration is the input of production
factors’ promotion to economic development such as labor,
capital, and means of production (Ozgur et al., 2021). Many
countries follow a pattern of “grow first, clean up later.” The
restriction of pollutants was not considered during the
development process, which distorted the negative impact on
social welfare and the evaluation of overall regional governance
performance during the development process (Xi et al., 2021).
Based on this, scholars have done a lot of research. The
environmental Kuznets curve (EKC) curve explains the
relevance between the economic development and the
environmental governance. According to the EKC curve, the
economic development and environmental governance curve
looks inverted U-shaped (Soumyananda, 2004; Dimitra and
Efthimios, 2013). The strengthening of environmental
governance will inevitably affect the current economic growth
and make the local economic growth rate fall down (Jack et al.,
2012; Nicholars and Ilhan, 2015; Usama and Choong, 2015;
Sakiru et al., 2017). Race to bottom-a behavior among local
governments to reduce the intensity of comprehensive
ecological governance has existed for a long time. Based on
the above, a win–win road to economic growth rate and
environmental improvement must be taken in China.

Therefore, incorporating environmental factors into the
regional governance performance appraisal system and the
overall analytical framework of system efficiency has been a
hot area of research. Environmental efficiency is a good
indicator. It can be used to measure the distance between a
region’s pollution emissions and the minimum pollution
emissions under the same input and output conditions of
equal factors. This paper uses the data envelopment analysis
(DEA)-Malmquist model to measure the environmental growth
efficiency of different regions in China and conducts an empirical
study on the influencing factors.

The main contributions of this article are as follows: 1) using
the DEA-Malmquist model, this paper makes an empirical study
on the environmental efficiency of 30 regions, calculates the
growth rate of environmental efficiency, and discusses the

main factors affecting the change of regional environmental
efficiency rate in China. 2) The method of comparative study
on regional differences in environmental efficiency of different
provinces is used. The innovation of this article lies in the
introduction of environmental efficiency indicators, the use of
the DEA-Malmquist model for empirical analysis, and the study
of regional differences in environmental efficiency. Furthermore,
the eastern, central, and western regions are analyzed from the
perspective of spatial distribution and regional differences of
environmental efficiency of carbon emission reduction targets.

LITERATURE AND METHODOLOGY

This paper selected 30 provinces (autonomous regions and
municipalities) from 2006 to 2017 as sample data. The GDP
of each region is selected as the “good” output. According to the
“Water Environment Quality Bulletin” and the “Atmospheric
Environmental Quality Bulletin” issued by the Ministry of
Ecology and Environment, SO2 dioxide is regarded as “bad”
output in company with wastewater (Shan et al., 2021). With
reference to the three-factor production function of energy,
manpower, and capital based on Say’s Law (Say, 2013), taking
into account the high-tech technologies that improve
environmental efficiency, we consider the energy consumption,
the research and experimental development (R&D) funding, and
the number of employees of each region as input elements.

Among them, the GDP, number of employees, and R&D
funding in each region originated from the “China Statistical
Yearbook”; the energy consumption and carbon emissions in
each region are collected and organized through the “China
Energy Statistical Yearbook” and raw data from the
environmental quality bulletin. Table 1 shows the data
characteristics of low-carbon efficiency input–output indexes
in 30 provinces from 2006 to 2017 in China.

In the last several years, the DEA model has been used in the
research of various fields such as the following: in calculation of
the degree of efficiency in productivity (Matas, 1998; Lambert,
1999; Lovell, 2003; Mussard and Peypoch, 2006; Charles et al.,
2012; Fancello et al., 2014), ecological efficiency (Le Lannier and
Porcher, 2014; Wang et al., 2014; Deilmann et al., 2016; Gudipudi
et al., 2018), and economic efficiency (Li et al., 2017; Ruiz Estrada
et al., 2018). In order to incorporate environmental pollution
variables into the DEAmodel, it is necessary to build a production
possibility set containing both “bad” and “good” outputs. Suppose
N inputs per area to get M “good” output and I “bad” output.
Using x, b, and y to denote input, “bad” output, and “good”
output:

x � (x1, x2, ..., xN) ∈ RN
+

y � (y1, y2, ..., yM) ∈ RM
+

b � (b1, b2, ..., bM) ∈ RI
+

P(x) represents the production feasibility set:
P(x) � {(y, b): xcan produce (y, b)}, x ∈ RM+ . Assuming that P
(x) is a convex and closed set, the input x and the “good”
output y can be freely disposed (Fare and Primont, 1995). If P
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(x) satisfies the conditionsWeak Disposability and Null-jointness
of Outputs, P (x) can be used to represent environmental
efficiency. Null-jointness is also known as Byproducts Axiom,
which means that the “bad” output must appear with the “good”
output; Weak Disposability of Outputs means “bad” output, and
“good” outputs are concentrated in production feasibility, but the
same proportion decreases. It means that the “good” output must
decrease as the “bad” output decreases and increase as it increases
(Fare and Grossk, 2007).

The function of the DEA-Malmquist index is to measure
the growth rate of the environmental efficiency of each
region. The calculation methods of total factor
productivity include parametric and nonparametric
methods (Banker, 1984; Arellano and Bond, 1991). In
recent years, a lot of studies have used the BCC and
Charnes et al. (1978) proposed Charnes Cooper and
Rhodes (CCR) analysis methods of the DEA-Malmquist
model to calculate the environmental efficiency (Goto
et al., 2014; Sueyoshi and Goto, 2014; Lorenzo-Toja et al.,
2015; Sueyoshi and Yuan, 2017; Guo et al., 2020). Scheel
(2001) pointed out that in the production process, various
environmental pollutants will inevitably be produced, which
cannot meet the traditional DEA efficiency model’s
assumption about “maximizing output,” and the undesired
output needs to be considered adding into the traditional
DEA model. The use of the nonparametric DEA-Malmquist
index model to study the rate of rise of the environmental
efficiency index is relatively lacking. In 1953, Malmquist
proposed the Malmquist index method (Grifell-Tatje and
Lovell, 1995). The Malmquist index has been widely used
in various fields. It can measure productivity changes under
dynamic settings. When using the Malmquist index to
evaluate production efficiency, the factors that influence
the change in production efficiency can also be discussed,
such as the impact of changes in scale and technological
progress. Simar and Wilson (2019) extended the previous
results and developed a new central limit theorem that was
used to infer the geometric mean of the subindex of the
original data and the arithmetic mean of the log of the
subindex. Pastor et al. (2020) said that there is no research
on the traditional Malmquist index as total factor
productivity (TFP) index at present. He proposed a new
Malmquist exponential decomposition method based on
the “scale constant return” proportional direction distance
function (pDDF) and expressed the change in production
efficiency as the change caused by two influencing factors,

namely, the variety in production efficiency and the
denominator caused by the difference in molecular output
changes in production efficiency caused by input changes.

At the same time, the nonparametric linear programming
method was combined with the DEA model, which resulted into
the development of the DEA-Malmquist model that is used to
compute the ratio between outputs and inputs at different times.
In recent years, the DEA-Malmquist index method has been
gradually used in the research of various fields such as in court
reform (Falavigna et al., 2018), in healthcare (Prior, 2006;
Fragkiadakis et al., 2016; Bastian et al., 2016), and in energy
efficiency (Huang et al., 2017; Fernández et al., 2018; Mavi and
Mavi, 2019). Li et al. (2017) selected data from 742 listed
Chinese companies and used the cross-sectional DEA-
Malmquist model to predict the financial difficulties of the
listed companies. Furthermore, by using the time-varying
Malmquist-DEA, the competitive position of the listed
companies was dynamically predicted. The Malmquist-DEA
model can intelligently adjust the efficiency boundary and
make reliable predictions over time. Wang (2019) selected 40
global cities from 2012 to 2018 as samples and evaluated urban
globalization performance efficiency from six aspects: economy,
culture, environment, and research and development based on
the DEA model. Then, he derived the DEA-Malmquist index
and tracked the reasons for its performance efficiency changes.
Chen et al. (2020) used the DEAmodel to measure the evolution
of the destocking performance of the industry in China from
2005 to 2015. This is the first time that the DEA-Malmquist
model has been applied to the real estate industry. Due to
decision-making units (DMUs’) destocking efficiency,
regional differences in input redundancy, and total inventory,

TABLE 1 | Data characteristics of low-carbon efficiency input–output indexes.

Index GDP (100
million yuan)

SO2 emission
(10,000 tons)

Wastewater discharge
(10,000 t)

Energy consumption
(10,000 t of

standard coal)

Employees (10,000
people)

R&D (10,000
yuan)

Minimum value 648.50 2.01 2.26 920.45 149.82 21,044.00
Maximum value 89,705.23 196.00 938,000.00 38,899.00 6,767.00 2E+007
Mean value 17,795.47 67.67 216,103.7 13,164.96 2,617.68 3,207,592
Standard deviation 15,653.26 42.59 172,104.82 8,193.37 1730.06 4,147,774.14

The statistical data includes time series data of 30 areas in China within 12 years, with a total of 360 sample observation points.

FIGURE 1 | Illustration of DEA efficiency.
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no policy can fully and effectively affect all regions and solve
problems. The measures affecting production efficiency should
be changed according to the specific situation.

This paper takes 30 regions of China as research samples, uses
the DEA model to measure the growth rate of environmental
efficiency from 2006 to 2017, and conducts an empirical research
on the factors that affect the growth rate.

The principle of mathematical programming is the basis of the
DEA model, using multiple sets of expenditures and combined
data to obtain production efficiency, as depicted in Figure 1. The
number of DMUs is N, and each DMU has K inputs and M
outputs. The input and output of DMUi are represented by
column vectors xi and yi, respectively. In this way, under the
conditions of closed convex technology, fixed scale return (C),
and strong disposal of input factors (S), the CRS-DEA method is
input-oriented. It can be obtained by solving linear
programming (LP):

D(yi, xi) � Minθ, st − yi + Yλ≥ 0, θxi −Xλ≥ 0, λ≥ 0

DMUs with θ � 1 are at the production frontier of best
practices. DMUs with θ < 1 are inefficient. They can be
projected to the front by reducing the input to (1-θ)xi along
the ray direction. This adjustment is called radial adjustment.

In the “piecewise” linear form of the DEA’s nonparametric
front, when the current edge is parallel to the number axis, it will
produce an input slack problem.

As shown in Figure 1, the maximum output Y on the frontier
of production is standardized as 1, and the inputs of X1 and X2 are
divided by Y to standardize. The input–output combination of B
and D forms the frontier. The input–output combination of A′
and C′ is inefficient. A′ can be adjusted to the production front A
through the ray AA′. However, because the production Frontier is
a piecewise linear form, after the C′ adjusts to the production
Frontier C through the ray CC’. Furthermore, we can reduce the
input X2 of the CB quantity to retain it on the production
frontier. The adjustment of the input elements along the
production frontier is called slack adjustment.

The DEAmodel measures the distance from each DMU to the
production frontier boundary and quantifies it between 0 and 1.
For example, a DMU located at or above the production frontier
boundary is considered to be effective and is assigned a value of 1,
while a DMU located below the production frontier boundary is
considered insufficiently efficient and the efficiency score is less
than 1. The DEA model has three advantages. First, the DEA
model does not need to demonstrate in advance whether input
factors are the inevitable cause of output factors. When there is no
way to describe and summarize the production process, the DEA
model is suitable. Second, the DEA model can select multiple
input and output indicators. Finally, unlike the absolute value of
the efficiency calculated by the AHP model, the DEA model
calculates the relative efficiency value, which is particularly
suitable for ranking multiple DMUs.

Then, scholars developed various DEA models to meet the
demand under various situations. Charnes et al. (1978) proposed
CCR, which was an efficiency measurement method based on the
precondition of constant returns to scale. If convexity constraints

are added into the CCR model, we can get the BCC model, which
can distinguish between pure technical efficiency and scale
efficiency in technical efficiency.

According to the traditional DEA model, the efficiency values
of each sample area in two periods are in different benchmarking
periods and cannot be directly compared. The Malmquist index
can calculate the production efficiency in different periods.
Therefore, the DEA-Malmquist model is an analysis method
that combines the concept of the Malmquist index with the
DEA model.

The basic idea of the DEA-Malmquist index method is to
assume that in each year t � 1, 2, ..., T, the input-–output value of
the K province is (xk,t, yk,t, bk,t). On the basis of meeting the
above conditions, there are

Pt(xt) � ⎧⎨
⎩(yt, bt): ∑

K

K�1
Zt

kx
t
kn ≤x

t
kn,

n � 1, ..., N; ∑
k

k�1
ztky

t
km ≥yt

km,m � 1, ...,M;

∑
k

k�1
ztkb

t
ki � btki, i � 1, ..., I; ztk ≥ 0, k � 1, ..., K

⎫⎬
⎭

The technical index reference value for year t can be expressed
as �Pt(x) � {y: y≤ z�Yt,x≥ z �Xt, z≥ 0}, �Xt � (/,Xt0 ,/Xt−1,Xt),
and �Yt � (/, Yt0 ,/Yt−1, Yt), where z denotes the weight of the
observed value of the cross section in every DMU. In the
calculation, the indicator values of year t0 and all previous
years need to be used. However, it is difficult to obtain the
value of the indicator before t0. Therefore, the technical index
reference value for year t is expressed as

�Pt(x/ �Xt0 � Xt0 , �Yt0 � Yt0) � {y: y≤ z(Yt0 ,/, Yt−1, Yt), x≥ z
(Xt0 ,/, Xt−1, Xt), z≥ 0} At this time, the distance function of
each province in year t is dt(xt, yt) � inf {θ: (xt, yt/θ) ∈ �Pt},
where dt(xt, yt) � 1 indicates that the input–output value of
year t is on the production boundary, showing efficiency, and
dt(xt, yt)> 1 indicates that the input–output value of year t is
within the production boundary, showing inefficiency.

At this time, the Malmquist index is expressed as
Mt

0 � dt+1(xt+1, yt+1)/dt(xt, yt). Further, it is decomposed into
changes in technological progress and changes in technological
efficiency:

FIGURE 2 | Illustration of the DEA-Malmquist model.
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TFP � TECHpEFF � TECHpPEpSE

Among them, TFP is the change in environmental
efficiency; TECH is the change in technological progress
which depends on the impact of boundary transfers. EFF
represents the change of technical efficiency which presents
the efficiency change of the same DMU in different periods
based on the benchmark test to get to the border. PE is the
change of pure technical efficiency. SE is the change of scale
efficiency.

In order to better clarify the connotation of TECH and
EFF, we use a simple input-oriented example (two inputs and
one output) to illustrate the DEA-Malmquist model used in
this article. In Figure 2, the two axes represent two inputs and
one output. Suppose (E) and (H) are the positions of DMU in
year t and year t + n. The two piecewise linear curves
represent the production frontier boundary at year t and
year t + n. The projections of (E) on the two curves are (F)
and (G). Similarly, the projections of (H) on the two curves
are (I) and (J). The DEA efficiency of (E) at t can be shown as

OE/OF. The DEA efficiency of (E) at t + n can be expressed as
OE/OG. Similarly, the DEA efficiency of (H) at time t can be
expressed as OH/OI. The DEA efficiency of (H) at t + n can be
expressed as OH/OJ. The DEA-Malmquist value is

�������
OE
OF × OE

OG
OH
OI × OH

OJ

√
�

OE
OF
OH
OI

×
�������
OH
OI × OE

OG
OE
OF × OH

OJ

√
�

OE
OF
OH
OI

×
��������
OI

OJ
× OF

OG

√

� TECH × EFF

OE
OF
OH
OI

stands for EFF, determined by the overall characteristics and

performance of the DMU itself.

������
OI
OJ × OF

OG

√
stands for TECH, which

shows the impact of changes in production boundaries.

ANALYSIS

This paper uses DEAP 2.1, VRS (based on returns to scale), and
the input-oriented DEA model to calculate and decompose the
environmental efficiency of 30 areas in China from 2006 to 2017.

The Average Growth Rate of China’s
Environmental Efficiency
In Table 2, this paper shows that the average growth rate of
China’s environmental efficiency index from 2006 to 2017 was
1.045, and the overall growth rate was 4.5%. For each of the
years, only 2008–2009 and 2010–2011 showed a negative
growth, −2.5% and −8.1%, respectively, and the other years
showed a positive growth. The reason for this may be that in
recent years, the central government has improved the
governance methods of environmental protection
continuously, and environmental legislation has been
gradually improved. Each region has committed great
importance to “environmental governance.” The ecological
civilization reform has become one of the “five tasks,” and
“environmental governance” has become a long-term trend
rather than a short-term boom. Therefore, the overall growth
rate of the environmental efficiency index also shows a positive
growth trend.

FIGURE 3 |Movement track of China’s environmental efficiency change.

TABLE 2 | China’s environmental efficiency change.

Year Technical efficiency
change

Technical change Pure technical
efficiency change

Scale efficiency
change

Total factor
productivity

2006-2007 1.016 1.076 1.002 1.014 1.094
2007-2008 1.009 1.076 1.016 0.993 1.086
2008-2009 1.014 0.962 1.014 1 0.975
2009-2010 1.005 1.289 1.017 0.988 1.295
2010-2011 0.936 0.983 1.009 0.927 0.919
2011-2012 1.026 0.997 1.016 1.01 1.023
2012-2013 1.11 0.924 1.018 1.09 1.025
2013-2014 1.007 1.02 1.003 1.004 1.027
2014-2015 1.003 1.02 0.988 1.015 1.023
2015-2016 0.998 1.027 0.996 1.002 1.025
2016-2017 1.007 1.033 1.01 0.996 1.04
Mean 1.011 1.033 1.007 1.004 1.045
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From the decomposition of the growth rate of the
environmental efficiency index, the environmental
technological efficiency and technological progress are
increased slightly; the amplitudes are 1.1% and 3.3% in
China, respectively, indicating that both the development of
technological efficiency and progress are conducive to
promoting the growth of environmental efficiency, of which
the contribution of technological progress is even greater.
Figure 3 shows, from 2009 to 2010, the growth rate of TFP
reached 29.5%, of which the technical change reached 28.9%,
which is due to the “The Stockholm Convention on Persistent
Organic Pollutants (POPs)” in May 2009. The corresponding
amendments came into force on August 26, 2010. During this
period, in order to improve stakeholders’ understanding of the
content and mechanism of the Convention and promote the
implementation of follow-up work, in July 2010, the United
Nations Environment Programme held an international
seminar, which greatly promoted the environmental efficiency.

Further decomposing the changes in pure technology scale and
efficiency, it can be found that pure technology efficiency has

maintained a stable positive growth for a long time, and there was
only a small negative growth between 2014 and 2016. The scale
efficiency showed a fluctuant trend, indicating that the adjustment
of industrial structure, promoting the development of high new
technology, and othermeasures have obtained a certain effect inChina.

Interprovincial Heterogeneity of Changes in
China’s Environmental Efficiency Index
According to China’s improvement of the level of economic and
social development in China, 30 areas are divided into three
major areas: eastern, central, and western.

Table 3 shows a further situation of changes in the
environmental efficiency index and its decomposition. The
growth rate of China’s environmental efficiency index was
4.5% from 2006 to 2017. The average changes in the
environmental efficiency of the eastern, western, and
central areas showed positive growth, and most of the
provinces and cities are on the increase. On the space
layout, a trend has been presented, showing that the

TABLE 3 | China’s regional environmental efficiency change from 2006 to 2017.

Areas Regions Technical efficiency
change

Technical change Pure technical
efficiency change

Scale efficiency
change

Total factor
productivity

East area Beijing 1 1.089 1 1 1.089
Tianjin 1.003 1.047 1 1.002 1.05
Hebei 0.993 1.049 1 0.993 1.042
Liaoning 0.999 1.047 1.002 0.997 1.047
Shanghai 1 1.045 1 1 1.045
Jiangsu 1.013 1.052 1.012 1 1.065
Zhejiang 1.002 1.047 1.002 1 1.049
Fujian 1.003 1.049 1 1.003 1.052
Shandong 0.996 1.045 0.997 0.999 1.041
Guangdong 1 1.046 1 1 1.046
Hainan 1 0.912 1 1 0.912
Average 1.001 1.039 1.001 0.999 1.040

Central area Shanxi 1.012 1.039 1.016 0.996 1.052
Inner Mongolia 1 1.015 1 1 1.015
Jilin 1.018 1.062 1.018 1 1.082
Heilongjiang 1 1.054 1.005 0.995 1.054
Anhui 1.014 1.049 1.006 1.008 1.064
Jiangxi 1.011 1.048 1.007 1.004 1.06
Henan 1.018 1.058 1 1.018 1.077
Hubei 1.038 1.051 1.029 1.009 1.092
Hunan 1.027 1.059 1.005 1.022 1.088
Guangxi 1.001 1.051 1 1.001 1.052
Average 1.014 1.049 1.009 1.005 1.064

West area Chongqing 1.014 1.047 1.01 1.004 1.061
Sichuan 1.03 1.049 1.028 1.002 1.081
Guizhou 1.064 0.98 1.063 1.001 1.042
Yunnan 1.019 1.008 1.005 1.014 1.027
Shaanxi 1.029 1.042 1.029 1.001 1.073
Gansu 1.012 1.05 1.011 1.001 1.063
Qinghai 1 0.925 1 1 0.925
Ningxia 1.017 1.002 0.999 1.018 1.019
Xinjiang 1 1.002 1 1 1.002
Average 1.021 1.012 1.016 1.005 1.033

Whole country Average 1.011 1.033 1.007 1.004 1.045
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average changes in central regions exceed those in eastern
regions. In western areas, the average changes are lower than
those in eastern and central areas.

Eastern Areas
Eastern areas include 11 areas which are Beijing, Tianjin,
Jiangsu, Hebei, Liaoning, Guangdong, Shanghai, Zhejiang,
Fujian, Shandong, and Hainan. With the exception of

TABLE 4 | China’s regional environmental efficiency in 2017.

Regions Environmental efficiency Pure technical efficiency Scale efficiency Scale efficiency trend

Beijing 1 1 1 —

Tianjin 1 1 1 —

Hebei 0.75 1 0.75 Drs
Liaoning 0.792 0.824 0.962 Drs
Shanghai 1 1 1 —

Jiangsu 1 1 1 —

Zhejiang 0.932 0.932 1 —

Fujian 1 1 1 —

Shandong 0.801 0.967 0.828 Drs
Guangdong 1 1 1 —

Hainan 1 1 1 —

Shanxi 0.794 0.827 0.96 Drs
Inner Mongolia 1 1 1 —

Jilin 1 1 1 -
Heilongjiang 0.832 0.892 0.932 Drs
Anhui 0.826 0.827 0.998 Irs
Jiangxi 0.954 1 0.954 Drs
Henan 0.846 1 0.846 Drs
Hubei 0.887 0.898 0.987 Drs
Hunan 0.869 0.932 0.932 Drs
Guangxi 0.824 1 0.824 Drs
Chongqing 0.938 0.941 0.997 Irs
Sichuan 0.76 0.881 0.863 Drs
Guizhou 0.818 0.989 0.827 Drs
Yunnan 0.685 0.818 0.838 Drs
Shaanxi 0.807 0.812 0.994 Drs
Gansu 0.558 0.575 0.971 Drs
Qinghai 1 1 1 —

Ningxia 0.948 0.966 0.981 Irs
Xinjiang 1 1 1 —

TABLE 5 | Descriptive statistics.

Variable type Variable Method Sample
size

Mean Standard
deviation

Minimum
value

Maximum
value

Explained
variable

Environmental efficiency Total factor productivity 330 1.4094 0.3334 0.4125 2.49

Explanatory
variables

Government intervention Fiscal expenditure/GDP 330 0.2276 0.0973 0.0874 0.6269
Proportion of tertiary
industry

Tertiary industry output value/GDP 330 0.4263 0.0928 0.2862 0.8056

Level of urbanization Urban population at the end of the year/total
population at the end of the year

330 0.5412 0.1346 0.2824 0.896

Average education level
of residents

The proportion of the population with each
education level multiplied by the sum of the
weights

330 8.8589 0.9608 6.7639 12.5025

Level of intellectual
property protection

Technology market transactions/GDP 330 0.0108 0.0236 0.0001717 0.1602

TABLE 6 | Regression results based on the Tobit model.

Explanatory variables Coefficient Standard deviation

Government intervention −0.4848** 0.196424
Proportion of the tertiary industry 0.2221 0.337,152
Level of urbanization −1.5266*** 0.279646
Average education level of residents 0.2276*** 0.038992
Level of intellectual property protection 1.5886 1.107245
C 0.2175 0.262666
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Hainan, the environmental efficiency indexes of all provinces
and cities showed positive growth. Among them, Beijing has
the highest growth rate of 8.9%. This is because in recent
years, Beijing has vigorously promoted the optimization of
energy structure and the adjustment of regional industrial
structures. It has implemented energy consumption by
replacing coal with gas or electricity to control total coal
consumption. A series of practicable measures such as
optimizing regional transportation structure, increasing
railway transportation volume, and reducing road diesel
vehicle transportation volume are implemented. Especially
in the implementation of “Enhanced Measures for the
Prevention and Control of Air Pollution in the Beijing-
Tianjin-Hebei Region (2016-2017),” and “Water Pollution
Control Action Plan,” the air quality continued to improve,
and the sewage treatment rate was 92%. According to the
“2017 Beijing Environmental Status Bulletin,” Beijing has
achieved continuous improvement in air quality through
5 years of governance. Hainan’s environmental efficiency
index showed a negative growth of −8.8%. This is because
Hainan has a unique geographical location and natural
conditions, and its main development is tourism and
modern service industries. In addition to that, its
environmental efficiency reached the production frontier
between 2006 and 2017 so there is less room for
improvement in environmental efficiency. The growth rate
of the DEA-Malmquist environmental efficiency index is a
dynamic indicator, so there is little room for growth in
environmental efficiency in Hainan.

Central Areas
Central areas include 10 areas which are Shanxi, Inner Mongolia,
Hubei, Jilin, Heilongjiang, Jiangxi, Anhui, Henan, Hunan, and
Guangxi. The environmental efficiency indexes of all central areas
are increasing, and the average growth rate is 6.4%. This is
because the central provinces have combined the advantages
of various regions and adopted the green development path of
characteristic development and dislocation development since
the 18th National Congress of the Communist Party. It also
focused on cultivating and developing the endogenous driving
force of the green economy. They have formed the advantages of
protection during development and development during
protection. Recently, the central provinces have turned the
improvement of environmental efficiency into specific
ecological civilization practices. For example, some provinces
have comprehensively implemented the five-level river chief,
lake chief, and forest chief system. It will cover ecological
compensation of the whole river basin, taking the lead in
carrying out the pilot reform of comprehensive enforcement.
Among them, Hubei has the highest growth rate of 9.2%. This is
because under the guidance of “Outline of the Yangtze River
Economic Belt Development Plan” and “Ecological Environment
Protection Plan of the Yangtze River Economic Belt,” Hubei
Province has formulated the corresponding five special plans
based on these policy measures. These plans have formulated
strict rectification or improvement plans for the chemical
industry and iron industry along the Yangtze River, as well as

a timetable and roadmap for relocation into the industrial park,
so as to make the industrial structure and optimization of
framework in the industry of the Yangtze River ecological
safety go on wheels.

Western Areas
Western areas include nine areas which include Sichuan, Qinghai,
Chongqing, Guizhou, Shaanxi, Yunnan, Gansu, Ningxia, and
Xinjiang. Except Qinghai, all areas have positive growth in
environmental efficiency indexes. Among them, Sichuan has
the highest growth rate of 8.1%. This is because Sichuan’s
environmental supervision and enforcement have been very
effective. In 2017 alone, the province levied a total of 753
million Yuan in sewage charges and installed 2,894 automatic
monitoring facilities for key sewage enterprises. In addition, the
former Ministry of Environmental Protection established the
Southwest Regional Air Quality Forecasting and Forecasting
Center in Sichuan Province to carry out comprehensive air
quality forecasting and forecasting work. From the aspect of
spatial distribution, the environmental efficiency index of
western China has the lowest growth rate. This is because the
proportion of counties that have been evaluated as
“comparatively poor” and “poor” in China’s ecological
environment reached 32.9%, and these areas are largely due to
northwestern areas, such as the northern Qinghai-Tibet Plateau,
Gansu, and most of Xinjiang (according to the “Technical
Specifications for the Evaluation of the Ecological
Environment Status”). Environmental management in these
areas is difficult.

From a static perspective Table 4 shows, the average value of
China’s environmental efficiency in 2017 was 0.887, which was
less than 1. The mean efficiency of pure technology is 0.936, and
the mean efficiency of scale technology is 0.948. Eleven provinces
and cities reached the frontier of production. Except for Anhui
and Chongqing, which showed diminishing returns to scale, the
other 17 provinces and cities all showed increasing returns to
scale. Among them, Hebei, Jiangxi, Henan, and Guangxi had a
pure technical efficiency of 1. Environmental efficiency can be
improved by increasing investment.

Analysis of Influencing Factors of China’s
Environmental Efficiency Index
There are many factors that affect environmental efficiency. We
use panel data of 30 areas from 2006 to 2017 to find out the main
influencing factors of environmental efficiency. With reference
to influencing factors which are frequently used in relevant
typical studies of authoritative institutions, the factors of
government intervention, the output value of the tertiary
industry, the level of urbanization, the average length of
education of residents, and the protection of intellectual
property rights are analyzed (in Table 5).

Firstly, it is government intervention (GOV). In China, the
basis for the decentralization between the local and central
governments is not strictly divided according to the spillover
scope of public goods. Under the shelter of “local protectionism,”
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environmental law enforcement often falls into the cycle of
“pollution, investigation, and fines” (Shi Qingling Chen Shiyi,
Guo Feng, 2017). It is generally believed that the strength of
government financial support plays a crucial role in improving
environmental efficiency.

Secondly, it is the proportion of the tertiary industry’s value of
outputs in GDP and the level of urbanization (CIT). Structural
factors are important factors affecting environmental efficiency. It
is generally believed that with the increase in the proportion of
industry in the national economy, the degree of pollution to the
environment will increase accordingly. Therefore, changing the
industrial structure can improve low-carbon efficiency. The
process of urbanization has caused serious difficulties in
supporting natural resources. To ensure the rational use of
resources in urbanization development, it is inevitable to
increase environmental efficiency.

Thirdly, it is “years of education for residents” (EDU). Peoples’
awareness of environmental protection is very important for
improving environmental efficiency. It is mainly cultivated
from an early age and has a close relationship with education.

Finally, there is the protection of intellectual property rights
(KNO). At present, China is vigorously giving impetus to
innovation of clean and renewable energy technologies.
Technological progress factors also promote environmental
efficiency. According to intellectual property theory,
strengthening intellectual property protection is conducive to
fairness in the environmental protection market and promotes
technological competition, thereby resulting into improving
environmental efficiency.

Building the following model:

Yit � β0 + β1GOVit + β2CITit + β3EDUit + β4KNOit + εit

It should be noted that the growth rate of the environmental
efficiency index obtained above is not a static absolute value, so
the TFP in 2006 is set to 1, and then the index measured by DEA-
Malmquist is converted in a cumulative manner, as the relative
level of environmental efficiency each year (Li and Dewan, 2017).

Because the use of OLS calculation will cause the parameter
estimates to be biased, this paper uses a restricted dependent
variable model, tobit model, for regression analysis, and uses
EViews 10 software to calculate the impact of each independent
variable on regional environmental efficiency. It indicated that
the regional environmental efficiency and GOV showed a
significant negative correlation at 5%. The urbanization level
showed a significant negative correlation at 1%, and the
average education age of resident showed a significant positive
correlation at 1% (in Table 6).

The regression coefficient of the degree of government
intervention and regional environmental efficiency is negative
and significant at 0.05. In recent years, in order to develop the
regional economy and obtain more liquid capital, the
phenomenon of lowering environmental standards, “free-
riding,” and “race to the bottom” has long existed.
Environmental efficiency is used to measure the distance of a
region’s pollution emissions from the minimum pollution
emissions under the same input and output conditions. The

pursuit is to reduce pollution emissions without reducing the
speed of economic growth. However, the reality is that the
assessment of local governments is more based on the
evaluation of economic performance. Therefore, from the
perspective of fiscal expenditure, fiscal expenditures of local
governments are more favored for productive projects with
good economic benefits and more tax revenues, but they
ignore the expenditure on environmental pollution. So the
higher the level of local government intervention is, the
lower the level of development of environmental efficiency is.

The regression coefficient of the tertiary industry proportion
and regional environmental efficiency is positive. It can be seen
where the tertiary industry occupies a relatively large proportion,
the higher the environmental efficiency is. The same is true in
China.

The regression coefficient of urbanization level and regional
environmental efficiency is negative and significant at 1%. This is
because the higher the level of urbanization is, the relatively
concentrated the population and industry are, which will generate
a large amount of pollutant emissions and reduce the
environmental efficiency of that region.

The regression coefficient of EDU and regional environmental
efficiency is positive and significant at 0.01. Generally, the higher
the education level is, the higher the awareness and the popularity
of education among its citizens are, which is good for cutting
down pollutant emissions in life and production, thereby
increasing the environmental efficiency value of the area.

The regression coefficient of KNO and regional
environmental efficiency is positive. This is because the
regions with higher intellectual property protection have
higher levels of high-tech development, which can
effectively promote the development of environmental
protection technologies, thereby increasing the
environmental efficiency value in that region. China has a
vast territory, and there are great differences in resource
endowment and industrial economic structure in different
regions. Reasonable policy design needs to reflect industry
and regional characteristics. Different regions set carbon
emission reduction targets in line with local characteristics.
At the same time, it should be consistent with China’s overall
carbon emission reduction target.

CONCLUSION

We use panel data of the 30 areas in China from 2006 to 2017
and uses the DEA-Malmquist method to calculate the
environmental efficiency of various areas. The Tobit model
was constructed to test the factors which are influencing
environmental efficiency. The main research conclusions of
this article are as follows:

Firstly, from a dynamic perspective, China’s average
environmental efficiency index from 2006 to 2017 increased
by 4.5%. The average changes in environmental efficiency in
the central, eastern, and western areas all illustrated positive
growth, and environmental efficiency indexes of most
provinces and cities also showed positive growth. From the
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perspective of spatial layout, there is a tendency that the central
areas have a slight advantage compared with the eastern areas,
and the eastern areas slightly outdo the western areas. From a
static perspective, as of 2017, the average regional environmental
efficiency in China was 0.887, which has not yet reached the
production frontier. The average value of pure technology
efficiency is 0.936, and the average value of scale efficiency is
0.948. Therefore, there is room for improvement from the
technological perspective and striving for scale efficiency. In
2017, the environmental efficiency of 11 provinces and cities
reached the frontier of production. Except for Anhui and
Chongqing, which showed diminishing returns to scale, the
other 17 provinces and cities all showed increasing returns to
scale. Among them, Hebei, Jiangxi, Henan, and Guangxi’s pure
technical efficiency is 1.

Secondly, the influencing factors affecting regional
environmental efficiency are further analyzed through the
Tobit method, and the results showed that the government
intervention and urbanization levels significantly inhibit the
regional environmental efficiency. Increasing the average
education years of residents significantly promotes regional
environmental efficiency. The regression coefficient of tertiary
industry proportion and intellectual property protection is
positive, but it failed the significance test, and it is not yet
possible to determine whether it has significantly promoted
regional environmental efficiency or not.

Based on the above analysis, the following information is
obtained.

First, to improve China’s ecological environment
continuously, we need to lay a solid and stable foundation.
As a whole, China’s environmental efficiency and its
performance are gradually increasing, but the results are
not solid. In the short term, environmental efficiency still
shows a fluctuant trend. It may be repeated with a little slack.
Environmental efficiency’s steady increase is extremely hard.
In order to enhance people’s happiness and build a “Beautiful
China,” we need to do the basic work well, improve and
upgrade industrial structures, promote cleaner production,
increase policy support for environmental protection
industry development, and improve environmental
efficiency in a sustainable manner.

Second, it is essential to learn from effective experience,
better explore the local advantages of various regions, and
take the path of green economic development, such as
characteristic development and dislocation development.
Although from the static time point of view, the
environmental efficiency of the eastern areas was in the
leading state in 2017, it is worth noting that the central
areas have developed rapidly in the past decade. The
average environmental efficiency indexes of all provinces

and municipalities in the central region between 2006 and
2017 are all growing positively. The average growth rate
reaches 6.4%, which is higher than the growth rate in the
eastern region. We should fully study and learn from the
green development practices of the central provinces, strive
to find our own regional advantages, and form an endogenous
drive of protection during development and during
protection. Accelerating new industrialization,
informatization, urbanization, and agricultural
modernization is the phase that China, as a developing
country, is still in. The foundation for achieving
comprehensive green transformation is still weak. The
foundation for achieving a comprehensive green
transformation is still weak, and the pressure on ecological
and environmental protection has not been radically relieved.
Yet, new industries and business models will be accomplished
step by step in the process of achieving the “dual-carbon”
goal. China should fit the trend of technological revolution
and industrial transformation, look for opportunities brought
by green transformation, and seek development
opportunities from green development. If China feels like
boosting carbon peaking and carbon neutrality, it ought to
follow the way of source prevention, industrial adjustment,
technological innovation, and green life; speed up the
realization of green transformation in production and way
of life; and promote the realization of the “dual-carbon” goal
on time.
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The study explores the association between economic complexity, globalization,
renewable and non-renewable energy consumption on the ecological footprint in the
case of India from 1990–2018. The autoregressive distributed lag (ARDL) is applied to
measure the long-run elasticity, while the vector error correction model (VECM) is applied
to classify the causal path. The empirical findings demonstrate that economic complexity,
globalization process, and renewable energy consumption play a dominant role in
minimizing environmental degradation. In contrast, economic growth and non-
renewable energy consumption are more responsible for increasing the pollution level
in both the short and long run. Furthermore, the VECM outcomes disclose that there is
long-run causality between ecological footprint and economic complexity. Moreover, the
empirical outcomes are robust to various robustness checks performed for analysis to the
consistency of our main results. The Indian government/policymakers should encourage a
more environmentally friendly production process and eco-friendly technologies in exports
to minimize environmental degradation.

Keywords: economic complexity, globalization, renewable energy, non-renewable energy, ARDL, India

1 INTRODUCTION

One of the greatest challenges to humankind is environmental degradation which has attracted
global attention widely. Environmental challenges such as; global warming, greenhouse gas (GHG)
emissions, air pollution, and climate change withstood at the heart of the worldwide agenda of the
past 2 decades, particularly amid the COVID-19 pandemic (Yang et al., 2021a). In order to curb
environmental degradation, the Kyoto Protocol and Paris Agreement put restrictions on the
signatory countries such as environmental regulations, environmental taxes, and promotion of
environmentally friendly technologies. Since these global agreements and protocols bound the
signatory countries to strive for environmental protection, researchers have documented various
aspects of environmental sustainability. In addition, researchers have proposed various factors that
are effective in mitigating environmental pollution (Jahanger et al., 2021a; He et al., 2021). One of the
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greatest threats to the global environment is GHG emissions
(Usman et al., 2021a). GHG emission is a threat to human health
and the entire ecosystem. In addition, carbon dioxide (CO2)
emission is the major contributor to global anthropogenic GHG,
and most of the literature has used CO2 as a proxy for
environmental degradation.

However, the usage of CO2 emissions as a proxy to capture the
environmental damage caused by economic growth received
massive criticism and represented a vast debatable topic. Many
researchers argued that CO2 only captures a part of the
considerable damage caused by the economic growth that is,
ruining the planet (Kamal et al., 2021; Khalid et al., 2021; Qader
et al., 2021; Usman and Makhdum, 2021). Furthermore, from a
sustainability point of view, CO2 is not a suitable measure of
remnants induced by economic progress. Besides air, the quality
and quantity of soil, forest, and water are also vulnerable and need
attention. Similarly, researchers have argued that the stock of oil,
forest, and mining are ignored if merely focused on CO2

emissions. These are also important for future generations;
therefore, it is not an inclusive proxy. Recently, a more
comprehensive indicator that involves water and land
pollution is required to cater to the requirement of efficient
policy guidelines to curb environmental degradation (Pata and
Caglar, 2021). Against this backdrop, the ecological footprint first
introduced by (Rees, 1992) serves all the requirements mentioned
above of an inclusive, cumulative, and holistic measure of
environmental damage caused by humans. This indicator
represents human demand from the ecosystem and has six
components; crop-land, forest, grazing, fishing, built-up land,
and carbon emissions. As a policy tool, the ecological foot is
regarded as a better proxy of environmental degradation that
offers a more holistic and comprehensive measure of pressure on
nature caused by human consumption (Ikram et al., 2021). If the
natural resources are consumed faster than they are regenerated,
an ecological footprint deficit will occur (Mrabet and Alsamara,
2017). The ecological footprint is a useful measure of resource
sustainability and the international distribution of resources
consumption (Usman and Hammar, 2021). On the basis of
these arguments and discussions existing in previous literature
(Al-Mulali et al., 2015), the ecological footprint is acknowledged
as a mature and aggregate metric of environmental sustainability
and humans’ pressure on nature.

Various factors can affect ecological footprint, which includes
but are not limited to economic growth (Aşıcı and Acar, 2016),
economic complexity (Aşıcı and Acar, 2016), renewable and non-
renewable energy (Kongbuamai et al., 2021), and globalization
(Figge et al., 2017). The widely covered is economic growth as a
factor affecting ecological footprint (Usman et al., 2020a). The
literature that covers the nexus between environmental pollution
and economic growth is widely available within the framework of
the Stochastic Impacts by Regression on Population, Affluence,
and Technology (STIRPAT) model framework (Jahanger et al.,
2021a) and the environmental Kuznets curve (EKC) (Usman and
Jahanger, 2021). Reducing pressure on nature without
compromising on continued economic growth is a challenge
for policymakers worldwide. For sustainable economic growth
in a country, structural changes in various sectors of the economy

require the energy mix to transform accordingly (Neagu, 2020).
Therefore, economic growth is mainly linked with energy
consumption, resulting in a considerable challenge for the
environment (Aşıcı and Acar, 2016; Usman and Jahanger, 2021).

In the same vein, energy from fossil fuels is found as an
essential source of environmental pollution. A plethora of
research has documented the harm of pollution caused by
burning fossil fuels (Bölük and Mert, 2014; Ikram et al., 2021).
According to a recent International Energy Agency report, from
2017 to 2040, global energy consumption will increase by 30%
(IEA, 2017). Prior to theWorld pandemic, India’s energy demand
was anticipated to enhance by nearly 50% between 2019 and
2030, but economic growth over this period is now closer to
proximately 35% in the STEPS and 25% in the Delayed Recovery
Scenario (India Energy Outlook, 2021). In this context, it is
recommended by international organizations (energy
information agency and British Petroleum) and global treaties
(Kyoto protocol, Paris agreement) that fossil fuels should be
replaced with renewable energy sources (Hák et al., 2016). On
the other hand, renewable energy is widely hailed for reducing
ecological footprints (Alper and Onur, 2016). Because of its
benefits for the environment, renewable energy has been
increasing in the global energy mix.

The benefits of globalization for economic growth are obvious;
however, its sensitivity towards the environment is a challenge for
policymakers (Ahmed et al., 2019). With the rise of globalization
sinceWorldWar II, the world has been transforming into a global
village (Ahmed et al., 2021a). Globalization has changed the
world from self-constrained economies to more
interdependent ones. On the one hand, globalization enhances
economic growth; however, it is a serious issue to be considered
from the environmental management point of view (Dreher,
2006). Notably, if clean and green technology is used in
consumption and production, globalization may not harm the
environment. It is, therefore, important for policymakers to
understand the globalization-environmental nexus to control
environmental degradation using globalization as a policy tool
(Usman and Jahanger, 2021).

In addition, the recent development of economic complexity
enhanced our understanding of competitiveness and production
structure in a country as well as knowledge associated with it.
Economic complexity is a non-monetary metric expressed in the
composition of a country’s productive output and reflects the
structures that emerge to hold and combine knowledge
(Hausmann et al., 2014). The concept of economic complexity
explains the sophistication of productive structure based on two
sub-concepts; diversity and ubiquity. By diversity, it includes how
many products are exported to other countries? And ubiquity
means the number of countries that export these products
(Hidalgo and Hausmann, 2009; Ahmed et al., 2021b).
Therefore, the basic intuition behind the idea of economic
complexity is that sophisticated economies have diversified
exports and a smaller number of other countries export the
same products.

On the other hand, economies that are exporting less of those
rarely exported products have less economic complexity. The
countries that show high economic complexity are those with
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rapid economic growth and high energy consumption
(Hausmann et al., 2007; Ferrarini and Scaramozzino, 2016;
Shahzad et al., 2021). Being the country with the highest
economic complexity, India seems to be a good case study for
our analysis. The graphical outlook of six components of
ecological footprint such as crop-land, forest-land, grazing-
land, fishing grounds, built-up land, and carbon footprint
trends over the study period is presented in Figure 1.

The choice of India for the current investigation is pertinent
for numerous reasons. According to the Global Carbon Project
(2020) reports, the largest contributions to global CO2 emissions
in the atmosphere are approximately China 28%, the
United States 14%, and India 7% (GCB, 2020). These three
economies spread 49% of global fossil CO2 emissions, while
the rest of the global contributed 51%. Moreover, CO2

emissions are driven by energy, and India has achieved quick
economic growth via high utilization of energy. India is the 3rd
biggest global energy consumer after China and the United States
(GER, 2020). Primary energy utilization in India rose by 8% in
2018. Around 80% of electricity generation derives from fossil
fuels. Besides, with renewable energy production contributing
208 Mtoe in 2016, India classified 2nd number after China (IEA,
2018). India tops the fastest-growing economies leading up to
2025 and is projected to grow at 4.4% annually.

The major contribution of the present study is in three folds;
firstly, there is no study on India focused on the association
between pollution and economic complexity in the context of
globalization. Secondly, to the best of the author’s knowledge, this
is the first study to analyze an emerging developing country’s
(EDC) CO2 emissions, economic complexity, and globalization
nexus. Thirdly, the policy guidelines suggested by the present
study for India are based on disaggregated energy information
which is rare for India in the context of globalization. The up-to-
date series data is used for econometric examination such as
autoregressive distribution lag (ARDL) approach and then
inspection the causal relationship among the concern variables
through the Vector error correction model (VECM) Granger
causality approach. Besides, we have used the path analysis model

to predict the direct and indirect relationship between the
variables. Additionally, this paper also used Fully Modified
Ordinary Least Square (FMOLS), Dynamic Ordinary Least
Square (DOLS), and Canonical Cointegration Regression
(CCR) approaches to examine the robustness check of our
main findings.

The remaining part of the paper follows; Section 2 provides a
brief review of literature related to economic complexity,
globalization, and energy concerning environmental pollution,
particularly ecological footprints. Later, Section 3 discusses the
data and methodology used in this research. Subsequently,
section 4 offers details of empirical findings and insights
obtained from it. Lastly, section 5 carries the conclusion along
with policy implications.

2 LITERATURE REVIEW

The dynamic nexus between economic complexity, renewable
and non-renewable energy utilization, globalization, economic
growth, and the ecological footprint has been documented in
various empirical studies. This study parts the previously
published literature into the following sub-sections with these
subheadings: 1) The economic complexity-environment nexus; 2)
The globalization-economic growth-environment nexus 3) The
renewable and non-renewable energy utilization-environment
nexus. We discuss these in detail below.

2.1 The Economic Complexity-Environment
Nexus
According to Boleti et al. (2021), high economic complexity
implies a shift from a low-productivity agricultural economy
to higher-productivity sectors and the production of more
sophisticated products. This shift necessitates enlarged
utilization of energy resources, which contributes to raising
ecological footprint and environmental pollution. A few
studies conducted in the last years have examined the

FIGURE 1 | The trends in crop-land, forest, grazing, fishing, built-up land, and carbon footprint.
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association between environmental degradation and economic
complexity. For instance, Romero and Gramkow (2021) discuss
the economic complexity-environment nexus. The result
confirmed that economic complexity has a negative impact on
environmental degradation. On the contrary, a strand of
literature discovered that economic complexity increases
environmental pollution in the case of top economic
complexity countries (Abbasi et al., 2021). On the other hand,
the economic complexity-emission nexus was investigated by
Balsalobre-Lorente et al. (2021). The result of the examination
shows that economic complexity enhances the level of
environmental degradation. Along with this, there is a study
for the United States where economic complexity and energy
utilization significantly enhance environmental pollution
(Shahzad et al., 2021). Furthermore, economic complexity
enhances environmental degradation in low-income countries.
At the same time, it significantly minimizes the environmental
pollution for upper-middle- and high-income countries, as was
examined by Adedoyin et al. (2021). Additionally, the economic
complexity-renewable consumption in 16 major exporting
economies was investigated by Zheng et al. (2021). The
findings display that economic complexity contributes to the
carbon neutrality goal. Similarly, Boleti et al. (2021) analyzed the
association between economic complexity and environmental
degradation in 88 global samples. The outcomes investigated
that higher levels of economic complexity led to better overall
environmental performance. Moreover, Ahmad et al. (2021)
show that economic complexity enhances environmental
pollution by worsening ecological footprint, while a high level
of economic complexity alleviates environmental degradation. In
summary, the influences of economic complexity on
environmental degradation are mixed as a consensus is yet to
be reached in the literature. Based on the outcomes from the
above studies, the first hypothesis is specified as follows:

Hypothesis H1: The existence of a negative effect of economic
complexity on the ecological footprint.

2.2 The Globalization-Economic
Growth-Environment Nexus
Theoretically, the existing published literature documented three
channels through which globalization influence the environment:
scale, composition, and techniques (Yang et al., 2021a; Jahanger
et al., 2021b). The scale effects emerge when liberalization causes
an increase in economic growth that enhances the utilization of
energy and thus increases CO2 emissions due to globalization.
The composition channel proves that the influence of
globalization on CO2 emissions depends on the disparities of
the industrial system that can vary from country to country due to
globalization (Yang et al., 2021b). Moreover, the technique effect
demonstrates that globalization could influence the environment
through many channels. For instance, technology (eco-friendly)
shifts from one country to another due to globalization (Yang
et al., 2021c). However, other empirical studies have described a
negative effect of globalization on environmental quality (Yang
et al., 2021b). Their empirical indication is that globalization
significantly leads to degradation of the environmental quality

since most of the industries are based on fossil fuel (oil, coal, and
natural gas) energy consumption in the sample countries. Many
other studies, i.e., Mehmood et al. (2021), Yang et al. (2020), have
supported the view that globalization reduces environmental
dilapidation due to eco-friendly technologies. Moreover, Saint
Akadiri et al. (2020) claimed that globalization has no significant
impact on the environment in the case of Turkey. Furthermore,
Kihombo et al. (2021) analyzed the association between financial
development, urbanization, and ecological footprint in West Asia
and the Middle East (WAME) countries. The outcomes proved
that financial development stimulates ecological degradation
while urbanization raises ecological footprint levels and
contributes adversely to ecological performance. Moreover,
Ahmed et al. (2021c) indicated that overall globalization and
economic globalization enhance environmental degradation
while social globalization improves the environment.
Furthermore, positive shocks to political globalization
stimulate environmental degradation. Based on the relevant
studies on the globalization-environmental degradation nexus,
the second hypothesis to be tested in this study is as follows:

Hypothesis H2: The existence of a negative effect of
globalization on the ecological footprint in India.

2.3 The Renewable and Non-Renewable
Energy Utilization-Environment Nexus
Shafiei and Salim (2014) investigated the nexus between
renewable, non-renewable energy utilization and
environmental degradation. Their empirical result indicates
that non-renewable energy utilization enhances environmental
degradation, whereas renewable energy utilization minimizes
environmental pollution in the case of OECD countries from
1980 to 2011. Nathaniel and Iheonu (2019) demonstrate that in
the long run, renewable energy utilization prevents
environmental degradation insignificantly, whereas non-
renewable energy utilization enhances environmental pollution
significantly in the case of Africa. In the case of Pakistan, Hussain
and Rehman (2021) find that environmental degradation has an
adverse interaction with renewable energy utilization, while FDI
and population show a positive association with environmental
pollution. Furthermore, Usman et al. (2020b) investigate the
relationship between environmental degradation and financial
development, renewable and non-renewable energy utilization in
the top fifteen emitting countries. The long-run elasticity
outcomes attained using the AMG method demonstrate that
financial development and renewable energy utilization help to
minimize environmental pollution. Besides, Usman and
Makhdum (2021) explored that non-renewable energy
utilization and financial development increase environmental
degradation, whereas renewable energy utilization significantly
improves environmental quality. Destek and Sinha (2020)
concluded that enhancing renewable energy utilization
minimizes environmental degradation, and enhancing non-
renewable energy utilization raises environmental pollution in
the case of 24 OECD countries. Kirikkaleli and Adebayo. (2020)
outcomes display that renewable energy utilization and financial
development have a long-run significant positive effect on
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TABLE 1 | Summary of the published literatures between EC, NRE, RNE, GLO, GDP-environment nexus.

Authors Countries Period Variables Methods Findings

A) The economic complexity-environment nexus

Romero and Gramkow,
(2021)

67 countries 1976–2012 GHG, and NRE Fixed effect, and
GMM method

EC help to minimize environmental degradation

Abbasi et al. (2021) 18 countries 1990–2019 CO2, TUR, GDP,
and EPI

CS-ARDL, and AMG EC and GDP increase pollution level while TUR and EPI
reduce it in the long run

Shahzad et al. (2021) USA 1965–2017 EC, EF, and FFE QARDL approach EC and FFE significantly increase ecological footprint

Ikram et al. (2021) Japan 1965–2017 EC, GDP, and EF QARDL approach EC and GDP have an asymmetric positive impact on EF.

Doğan et al. (2021) 28 OECD countries 1990–2014 EC, and REN DOLS, FMOLS
approach

EC and RENG might help in mitigating the
environmental pollution problems

Rafique et al. (2021) Top 10 complex
countries

1980–2017 EF, NRE, HC, URB,
REN, GDP, and EXP

DOLS, and FMOLS
approach

EC, GDP, TRD and URB, increase environmental
degradation while HC and REN help mitigates
environmental pollution

Balsalobre-Lorente et al.
(2021)

PIIGS countries 1990–2019 EC, FDI, REN, URB,
and CO2

DOLS method The EC based environmental Kuznets curve and
pollution heaven hypotheses are validated, and REN
reduces CO2 emissions

He et al. (2021) Top 10 energy
transition countries

1990–2018 EC, GLO, REN,
and CO2

CS-ARDL and
CCEMG estimators

EC, GLO, REN significantly protect the environmental
quality in the short- and long-run

B) The globalization-economic growth-environment nexus

Usman et al. (2022) 10 Financially
resource-rich
countries

1980–2018 FD, NR, GLO, NRE,
REN, and EF

CCMG, and AMG
approach

FD, NR, and NRE positively affect environmental
pollution, while GLO and REN reduce pollution

Kamal et al. (2021) 105 countries 1990–2016 GLO, FD, and GDP DOLS, and FMOLS
method

GLO, FD and GDP significantly increase environmental
pollution in the long-run

Kirikkaleli et al. (2021) Turkey 1990–2018 GLO, GDP, and EF Dual-adjustment
approach

GLO impacts environmental degradation positively in
the long run, while environmental pollution is negatively
affected by GDP in both the short and the long run

Yang et al. (2020) 97 countries 1990–2016 RMT, NRE, GLO,
and CO2

GMM method RMT and NRE increase environmental pollution;
however, GLO reduces environmental degradation

Khalid et al. (2021) SAARC countries 1990–2017 EF, TRD, NRE, FD,
REN and GDP

AMG and CCEMG
approach

GDP and NRE significantly deteriorate the atmosphere
quality in the long-run

Mehmood et al. (2021) 5 South Asian
countries

1965–2016 GDP, NRE, GLO,
and CO2

ARDL approach GDP and NRE increase environmental degradation,
while GLO can bring innovation in cleaner technologies,
improving environmental quality

Pata and Caglar, (2021) China 1980–2016 GLO, TRD, INC, HC,
and CO2

ARDL approach GLO, TRD, and INC drive environmental pollution, while
HC enhances the environmental quality

C) The renewable and non-renewable energy utilization-environment nexus

Shafiei and Salim, (2014) 29 OECD countries 1980–2011 NRE, REN, and CO2 AMG method NRE increases environmental degradation, whereas
REN decreases environmental pollution

Nathaniel and Iheonu,
(2019)

19 African countries 1990–2014 REN, NRE, and CO2 AMG estimator REN inhibits environmental degradation insignificantly,
whereas NRE increases environmental pollution

Usman et al. (2020b) 15 Highest emitting
countries

1990–2017 FD, REN, TRD, GDP,
NRE, and EF

MG, AMG, and
CCEMG approach

FD, REN and TRD significantly contribute to overcoming
pollution, while GDP and NRE increase pollution levels

Usman et al. (2020c) 20 Highest emitting
countries

1995–2017 EF, FD, TUR, NRE,
and GDP

AMG, PMG, and
FMOLS

FD and NRE enhance the pollution level, while TOU
reduces IT.

Usman and Makhdum,
(2021)

BRICS-T countries 1980–2018 NENG, FD, REN,
and EF

AMG and CCEMG
estimators

NRE and FD increase pollution levels, while REN
significantly improves environmental quality

Hussain and Rehman,
(2021)

Pakistan 1975–2019 CO2, FDI, and POP ARDL approach CO2 has an adverse relation with REN while the variable
FDI and POP showing a positive association with
environmental degradation

Usman et al. (2021b) 20 Asian countries 1990–2014 EF, GDP, NRE, FD,
REN, and TRD

MG, AMG and
CCEMG estimators

NRE, and GDP significantly accelerate the EF and RNE
reduces the total EF in the long-run

(Continued on following page)
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environmental degradation while economic growth enhances
environmental pollution spreading worldwide. Furthermore,
Adebayo et al. (2021) showed that CO2 emissions trigger
economic growth. Additionally, the energy-induced growth
hypothesis is confirmed. Moreover, Adebayo and Rjoub (2021)
results show that non-renewable energy utilization and economic
growth contribute to environmental pollution in the short and
long term. Besides, Ahmed et al. (2021d) demonstrated that
positive and negative changes in public renewable energy
research and development budgets do not affect environmental
degradation, suggesting that renewable energy technology
budgets are not enough to minimize environmental pollution.
Additionally, Ahmed et al. (2021e) showed that economic growth
increases environmental degradation while democracy and
environmental regulations positively contribute to
environmental sustainability by minimizing environmental
pollution.

Based on the relevant studies on the nexus between renewable
and non-renewable energy utilization-environment, the third and
fourth hypothesis to be tested in this study is as follows:

Hypothesis H3: Renewable energy consumption reduces the
ecological footprint figures in the Indian economy.

Hypothesis H4: Non-renewable energy consumption increases
the ecological footprint figures in the Indian economy.

Table 1 summarizes some of the previously published
literature that focuses on the association among economic
complexity, globalization, renewable, and non-renewable
energy consumption. Several studies have emphasized the
economic complexity-environment, globalization-economic
growth-environment nexus, renewable and non-renewable
energy utilization-environment nexus, but none of them has
discovered the economic complexity, globalization, renewable
and non-renewable energy use, especially in the context of India.

3 RESEARCH DATA AND METHODOLOGY

This research analyzes the impact of economic complexity, non-
renewable energy, renewable energy, globalization, and economic

growth on the ecological footprint (an alternative measure of
environmental pollution) using India’s annual data from 1990 to
2018. The variable ecological footprint is measured/calculated as
a cumulative of six indictors (i.e., carbon footprint, grazing land,
fishing grounds, forestland footprints, cropland, and grazing
land) as the global hectares per capita; economic growth
(GDP) is projected in per capita in constant 2010 US$.
Renewable energy (RNE) is measured in thousand toes, a tone
of oil equivalent; non-renewable energy consumption (NRE) is
measured as fossil fuel energy consumption % of the total, and EC
(economic complexity) represents the Economic Complexity
Index; globalization index (GLO) is constructed by Gygli et al.
(2019) is calculated in the index from (0 to 100). The RNE, NRE,
and GDP growth data are gathered from the World Bank
Indicator Website (WB, 2020), and the GLO data are collected
for the website of the KOF Swiss Economic Institute (KOF, 2020).
The EF data is attained from the Global Footprint Website
(GFPN, 2020), and the EC data is collected from the website
of AtlasMedia database (AEC, 2020). All the variable descriptions
and data sources are demonstrated in Table 2. The descriptive
statistics of all concerned variables are presented in Table 3 and
further specify the summary statistics of our selected variables
from 1990 to 2018 through box plots (see Figure 2).

3.1 Methodology
This study examines the ecological footprint for India and studies
the link between the ecological footprint, economic complexity,
economic growth, and globalization process, non-renewable and
renewable energy. The general functional form of the specific
ecological footprint model is given in Eq. 1 as follows:

EFPt � f(ECt, GDPt, GLOt,NREt, RNEt) (1)

Where EFPt, ECt, GDPt, GLOt, NREt, and RNEt ecological
footprint, economic complexity, economic growth,
globalization, non-renewable and renewable energy, and t
refers to periods 1,2,3 . . . 36, respectively. Since the log-linear
model is more consistent compared to the simple regression
model, we use the log-linear transformation of the data in
econometric analysis (Amna Intisar et al., 2020; Yang et al.,

TABLE 1 | (Continued) Summary of the published literatures between EC, NRE, RNE, GLO, GDP-environment nexus.

Authors Countries Period Variables Methods Findings

Usman et al. (2021c) 7 South Asian
countries

1995–2017 GDP, NRE, REN,
TUR, and CO2

FMOLS and D-H
causality approach

GDP, NRE, and TUR development significantly increase
the CO2 emissions. However, REN has some ability to
protect the environmental quality

Note: GHGs represents the Greenhouse gases; EC stands for economic complexity; CO2 denotes the carbon emission; TUR expresses the tourism; GDP stands economic growth; URB
stands for urbanization process; EPI stands for energy prices indices; GMM stands for generalized method of moments; CS-ARDL stands for cross-sectionally augmented autoregressive
distributed lag; MG stands for mean group; AMG stands for Augmented Mean Group; CCEMG stands for common correlated effect mean group; QARDL stands for quantile
autoregressive distributed lag; D-H stands for Dumitrescu and Hurlin causality; EF stands for ecological footprint; FFE stands for fossil fuel energy use; OECD expresses the Organisation
for Economic Co-operation and Development; SAARC shows the South Asian Association for Regional Cooperation; POP stands for population; FMOLS represents the Full Modified
Ordinary Least Square; DOLS represents the Dynamic Least Square; ARDL represents the Autoregressive Distributed Lag; INC represents the income per capita; CCEMG stands for
Common Correlated Effects Mean Group; NRE stand for Non-renewable energy consumption; REN stands for renewable energy consumption; BRICS-T stands for Brazil, Russia, India,
China, South Africa, and Turkey; PIIGS stands for Portugal, Ireland, Italy, Greece, and Spain; RMT stands for remittance inflow; EXP stands for exports; and HC stands for human
capital index.
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2020). The determinants of ecological footprint are rewritten in
logarithmic form as follows:

lnEFPt � β0 + β1lnECt + β2lnGDPt + β3lnGLOt + β4lnNREt

+ β5lnRNEt + εt

(2)

Where ln presents the logarithmic form, and εt shows the error
term with normal distribution. Economic complexity improves
environmental quality if β1 < 0; otherwise, ecological footprint
pressure is increased with a rise in economic complexity
development. We suppose β2 > 0 when there is a positive link
between economic development and ecological footprint, if not β2
< 0. Studies have highlighted globalization as a potential factor of
environmental pollution in the literature. However, views are
divided on the effect of globalization on ecological footprint. The
technology transfer may be energy-intensive that contribute to
pollution; that is, why globalization development promotes
environmental pollution if β3 > 0. However, the expected sign
of the coefficient of globalization would be negative in the case of
the pollution haven hypothesis (Naz et al., 2018). Non-renewable
energy usage raises ecological footprint and hinders
environmental balance if β4 > 0 if not β4 < 0. We expect β5 <
0 renewable energy usage is not environment-friendly, otherwise
β5 > 0, and ε is the error term.

For the empirical estimation of time series data, the order of
stationarity for the variables under consideration in the study
must be tested to avoid the issue of spurious regression. Most
prior studies use the augmented Dickey-Fuller, the
Phillips–Pearson, and the Ng–Perron unit tests to check the
stationary level. However, this study uses Zivot and Andrews
(1992) (ZA) unit root test because the more traditional unit root

test does not provide information about structural breaks in the
data, and the ZA unit root test does. In addition, the ZA unit root
test considers structural breaks in the series. For this reason, the
null hypothesis of non-stationary is tested against the alternative
hypothesis of stationary for both ZA unit root tests with one and
two structural breaks.

The focus of this study is to explore the relationship between
the ecological footprint, economic complexity, economic
growth, and globalization, non-renewable and renewable
energy. Several econometrics techniques have been suggested
in the literature to find the long-run and short-run dynamics. To
estimate Eq. 2, we use the ARDL test approach proposed by
Pesaran et al. (2001). The ARDL method is preferred over other
econometric techniques (Engle and Granger 1987; Johansen and
Juselius, 1990) due to its advantages. Firstly, the ARDL
approach is more appropriate for a small sample size of data
to validate the cointegration relation. Secondly, the ARDL
procedure can be applied whether the regressions are
integrated at I (0), or I (1). Thirdly, we choose appropriate
lag selection before using the ARDL approach based on various
criteria, for example, Schwarz Bayesian criterion (hereafter
SBC) and Akaike information criterion (hereafter AIC).
Lastly, compared to the conventional cointegration
procedure, the ARDL technique permits regressors to have
different optimal lag lengths. The long-run and short-run
dynamics can be achieved through a single linear
transformation using the ARDL approach. The unrestricted
error correction model of Eq. 2 is given as follows:

lnEFPt � π0 + θ1lnECt−1 + θ2lnGDPt−1 + θ3lnGLOt−1

+ θ4lnNREt−1 + θ5lnRNEt−1 +∑
ρ

i�1
δ1ΔlnEFPt−i

+∑
ρ

j�0
δ2ΔlnECt−i +∑

ρ

j�0
δ3ΔlnGDPt−i +∑

ρ

j�0
δ4ΔlnGLOt−i

+∑
ρ

j�0
δ5ΔlnNREt−i +∑

ρ

j�0
δ6ΔlnRNEt−i + μt

(3)

The first difference operation is represented by “Δ,” and μt represents
the residual term. In the case of Eq. 3, the null hypothesis of
cointegration (H0: δ1 ≠ δ2 ≠ δ3 ≠ δ4 ≠ δ5 ≠ δ6 ≠ 0) is to be

TABLE 2 | Variables description and data sources.

Variables Acronym Definition Sources

Ecological footprint EF Global hectares per person GFPN (2020)
Economic complexity EC Country productive composition appearance by combining the information on their variety number of

commodities it exports
AEC (2020)

Per capita economic
growth

GDP GDP per capita (constant 2010 US$) WDI (2020)

Globalization GLO Index between 0 and 100 Dreher
(2006)

Renewable energy use RNE % Of total final energy use WDI (2020)
Non-renewable energy use NRE Fossil fuel energy consumption (% of total) WDI (2020)

Note: GFPN, stands for Global Footprint Network; WDI, stands for world development Indicators; AEC, stands for Atlas Media database.

TABLE 3 | Descriptive statistics.

Variable Obs Mean Std. Dev Min Max

lnEFP 29 0.55788 0.0183 0.5181 0.59039
lnEC 29 0.40532 0.03533 0.35738 0.46166
lnGLO 29 1.92906 0.01819 1.88649 1.94939
lnRNE 29 1.63681 0.06706 1.56282 1.79916
lnNRE 29 1.93116 0.02926 1.89981 1.97604
lnGDP 29 5.64486 0.02367 5.60605 5.68812
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verifiedwith the alternative hypothesis (H1: δ1 � δ2 � δ3 � δ4 �
δ5 � δ6 � 0) to estimate the long-run relationship among the
variables using ARDL bounding testing approach. We depend

on the evaluation of the F-value using the binding test
procedure to analyze cointegration. If the F-statistic value
surpasses the upper limit, the cointegration between the

FIGURE 2 | Summery statistics of the Box-plot of the concerned series.
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variables is supported. However, if the F-statistic exists below
the lower limit, there is no cointegration, showing that no
cointegration hypothesis is accepted. The F-statistic indicates
inconclusive results within the upper and lower limits.
Cointegration validation allows the long-term and short-
term dynamics to be evaluated on the ARDL model. We
also take various diagnostic tests for robust control and
model reliability, such as the Ramsey Reset, ARCH, LM,
CUMSUM, and CUMSUMSQ.

In addition, to investigate the robustness of our outcomes, we
use fully modified ordinary least squares (FMOLS), dynamic
ordinary least squares (DOLS), and canonical cointegration
regression (CCR) methods. FMOLS, recommended by Phillips
and Hansen (1990), is a semi-parametric technique to removing
correlation issues and is asymptotically impartial and accurate.
General form the FMOLS and DOLS are presented as Eqs 4, 5,
respectively:

θ̂ � [ α
β̂
] � ⎛⎝∑

T

t�2
ZtZ

’
t
⎞⎠

−1
⎛⎝∑

T

t�2
Zty

+
t − T[ θ̂

+
12

0
]⎞⎠ (4)

Where Zt � (X’
t, D

’
t). However, the key to FMOLS estimation is

long-term covariance matrix estimation.

Yt � X′
tα +D1t

′β1 + ∑
r

j�−q
ΔXt+jσ + v1t (5)

Comparable to FMOLS, CCR reflects a simple mixture
distribution, ensures asymptotic Chi-square validation, and
solves the issue of non-scalar disturbance specifications.
DOLS adds lags and leads to predictor variables, allowing
the error term in the cointegrating equation orthogonal to
stochastic regressor trends. FMOLS and DOLS can help
tackle serial correlation and endogeneity issues (Pedroni,
2001; Kirikkaleli et al., 2021).

The last stage is to investigate the causality among the
described time series data. We utilize the vector error
correction model (VECM) suggested by Engle and Granger
(Engle and Granger, 1987) to assess causality. If the time
series data in the model are all cointegrated, an appropriate
methodology of the VECM Granger causal mechanism can be
represented as follows:

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Δ ln EFPt

Δ ln ECt

Δ ln GDPt

Δ ln GLOt

Δ lnNREt

Δ ln RNEt

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
�
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

θ1
θ2
θ3
θ4
θ5
θ6

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
+
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

z11z12z13z14z15z16
z21z22z23z24z25z26
z31z32z33z34z35z36
z41z42z43z44z45z46
z51z52z53z54z55z56
z61z62z63z64z65z66

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

×
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Δ ln EFPt−j
Δ ln ECt−j
Δ ln GDPt−j
Δ ln GLOt−j
Δ lnNREt−j
Δ ln RNEt−j

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
+
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

μ1
μ2
μ3
μ4
μ5
μ6

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
ECTt−1

+
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

σ1t
σ2t
σ3t
σ4t
σ5t
σ6t

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(6)

Where Δ expresses the difference operator and ETCt−1 is the
lagged error correction term. If the ECT(t−1) is statistically
significant with a negative sign; it is the indication of long-run
causality. We also calculate short-run and long-run joint
causality. n Represents the rate of change, and its value
represents the extent to which inconsistencies can be resolved
over a period of time. σ1t → σ6t Corresponds to the error term,
which is possible because it must be continuously uncorrelated
around the zero means.

4 EMPIRICAL ANALYSIS

This study aims to analyze the link between ecological footprint,
economic complexity, economic growth, and globalization, non-
renewable and renewable energy of India. The first step in our
methodology is to determine whether the variables we use are
stationary or non-stationary. Hence, we used the Zivot-Andrews
unit root testing method to confirm that ecological footprint,
economic complexity, economic growth, globalization, renewable
and non-renewable energy of India are integrated at “I (0) or I (1)
or I (0)/I (1)” for a structural break trend. The results are
displayed in Table 4. Zivot-Andrews unit root test fixes all
points as having a potential for possible time breaks and

TABLE 4 | Results of Zivot-Andrew unit root test with structural breaks.

At level At first difference

Variables Statistic Time break Statistic Time break

lnEFP −4.7639* 2009 −5.0547** 2008
lnEC −2.7015 2000 −6.1072*** 2001
lnGDP −4.3983 2009 −6.0657*** 2008
lnGLO −4.5949* 2008 −5.6509*** 2007
lnNRE −9.5395*** 2011 −5.0834** 2011
lnRNE −3.4654 2013 −5.5923*** 2008

Note: Critical values of 1, 5, and 10% level of significance are −5.34, −4.93, and −4.58
respectively *, **, and *** shows acceptance of the alternate hypothesis at 10, 5, and 1%
level of significance.

TABLE 5 | Results of Johansen cointegration model.

Hypothesized
no. of CE(s)

Trace statistic Prob** Max-Eigen
statistic

Prob

None* 149.8327 0.0000 47.2902 0.0065
At most 1* 102.5425 0.0000 43.8532 0.0024
At most 2* 58.6893 0.0035 32.5495 0.0106
At most 3* 26.1398 0.1246 19.4017 0.0858
At most 4 6.7381 0.6083 3.4135 0.9155
At most 5 3.3246 0.0682 3.3246 0.0682

Note: **shows the rejection of the hypothesis at the 0.05 level.
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provides an estimation of time breaks through performing
successive regression analysis for all possible break points.

After checking the stationary level, the next phase is to confirm
cointegration among variables. Therefore, we applied the
Johansen cointegration test to investigate the cointegration for
long-term relationships between the series, which can be divided
into two parts, trace, andmaximum eigenvalues statistics. Table 5
showed that the values of trace statistics and eigenvalue statistics
indicate the existence of at least three cointegration equations. It
confirms that ecological footprint, economic complexity,
economic growth, globalization, renewable and non-renewable
energy are cointegrated in the long run. In order to check the
robustness of cointegration, the ARDL Bounds test method is
used to verify the accuracy of the Johansen cointegration test. The
findings of the ARDL Bounds test also support the long-run
cointegration among the candidate variables that are shown in
Table 6.

After the confirmation of cointegration, the key estimation of
this study followed, namely the use of the ARDLmethod to obtain
long - and short-term dynamics. The results obtained by applying

the ARDL method are shown in Table 7. The empirical findings
provide some significant evidence about the connection between
India’s economic complexity and ecological footprint. An
important finding in our study is that the value of economic
complexity is negative and significant, which means that
economic complexity reduces India’s pace of ecological
footprint in the long- and short-run path. The coefficient of
economic complexity concludes that considering other things
constant, a 1% rise in economic complexity improves the
environmental performance by decreasing 1.4130 and 1.5313%
ecological footprint, respectively. This empirical result suggests
that enhancing economic complexity in India’s economy leads to
reducing environmental degradation and improving
environmental quality. Higher economic complexity leads to
enhance in the energy efficiency of the production process.
Enhancing economic complexity leads to implementing eco-
friendly (cleaner) production technologies, as the outcomes
presented by Romero and Gramkow (2021) suggest. India
policymakers should support skill-intensive product exports
for enhancing environmental quality. The government will

TABLE 6 | Results of bound testing approach.

Estimated model Lag selection F-value Remarks

lnEFP � f (lnEC, lnGDP, lnGLO, lnNRE, lnRNE) 2, 0, 1, 0, 1, 1 6.8322*** cointegrated
Critical Value Bounds
Significance I0 Bound I1 Bound —

10% 2.26 3.35
5% 2.62 3.79
2.5% 2.96 4.18
1% 3.41 4.68

Note: *** shows acceptance of the alternate hypothesis at 1% level of significance.

TABLE 7 | Results of long-run and short-run estimation (ARDL).

Regressor Coefficient Standard error t-statistics p-value

Long run estimate
LnEC −1.4130*** 0.1899 −7.4393 0.0000
LnGDP 0.8362*** 0.1692 4.9425 0.0004
LnGLO −0.0363 0.0581 −0.6253 0.5445
LnNRE 0.1985* 0.0946 2.0985 0.0598
LnRNE −0.2807*** 0.0409 −6.8591 0.0000
C 2.0796* 1.1567 1.7978 0.0997

Short run estimate
LnEC −1.5313*** 0.2716 −5.6382 0.0002
LnGDP 1.3865*** 0.1701 8.1515 0.0000
LnGLO −0.0394 0.0654 −0.6019 0.5594
LnNRE 0.3661** 0.1379 2.6550 0.0224
LnRNE −0.1506*** 0.0399 −3.7768 0.0031
CointEq (-1) −1.0837*** 0.1586 −6.8351 0.0000
R2 0.9610
F-Statistics 27.1145 0.0000
DW Stat 2.9727
Jarque-Bera Normality Test 0.7120 0.7005
Breusch-Godfrey Serial Correlation LM Test 3.5273 0.1639
ARCH Test 0.4799 0.4968
Ramsey RESET Test 0.2641 0.7971

Note: *, **, and *** show acceptance of the alternate hypothesis at 10, 5, and 1% level of significance.
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have to provide further tax exemptions/subsidies to invest in eco-
friendly technologies or cleaner energy sources. Therefore, India
can enhance the export of pollution-free products/high value-
added goods and minimize ecological footprint and
environmental degradation. This outcome is in line with
Romero and Gramkow (2021), Boleti et al. (2021).

The coefficient of GDP is positive and significant; this means
that economic growth enhances the rate of ecological footprint in
the long-term and short term. These findings of the study reveal
that a 1% enhances in GDP boosted environmental degradation
by 0.8362 and 1.3865%, respectively. According to Schandl et al.
(2016), carbon emissions have been associated with global
economic growth for 40 years. Thus, economic activity
essentially involves carbon emissions production. The sign of
the coefficients is intuitive enough to be understood easily. The
significant relationship between economic growth and
environmental deterioration can be explained by the excessive
burnings of fossil fuel in the major sectors of the economy, for
example, the industrial sector, agriculture sector, and transport
sector deplete the environmental quality.

In terms of other explanatory variables, globalization has no
impact on the ecological footprint in India. Particularly, a 1%
improvement in globalization will cause a decrease in
environmental degradation of 0.0363 and 0.0394% in the long
and short-run, respectively. This result is inconsistent with the
findings of Saint Akadiri et al. (2020), Yang et al. (2021b). The
possible reason is that the Indian economy has better access to
eco-friendly (energy-efficient) technologies due to globalization.
The use of eco-friendly technologies increases environmental
performance by minimizing environmental degradation. India
could be noticed as a fast-growing economy in the globalization
index during the last few decades. The higher level of
globalization and more increased investment is projected to
bring more FDI by multinational enterprises/investors.
Consequently, these investors will bring the latest and eco-
friendly technologies to the Indian economy. The Indian
government will vigorously develop the world’s green

economy and develop international green trade, and properly
handle and effectively coordinate the globalization process
economic and environmental disputes between developed
countries, seeking to establish a green economy in the world.

The coefficient of non-renewable energy consumption is
positive and significant; this means that non-renewable energy
consumption accelerates the ecological footprint in the long-run
and short-run path. The results can be justified; as a developing
country, India actively pursues rapid economic growth in the
early stage of economic development, thus consuming more fossil
fuel energy and ignoring environmental quality, resulting in
human pressure on the environment. In addition, the findings
are consistent with that Shafiei and Salim (2014) suggest that the
use of non-renewable energy leads to environmental degradation.
Regarding the relationship between renewable energy
consumption and ecological footprint, we see that the
coefficient of renewable energy consumption is negative and
statistically significant as expected in the long and short run.
A 1% rise in renewable energy consumption cuts ecological

FIGURE 3 | Graphical presentation of empirical findings.

FIGURE 4 | The plot of the cumulative sum of recursive residuals.
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footprint by 0.2807 and 0.1506%, respectively. In other words, the
use of renewable energy contributes to environmental
improvements. Our work suggests that energy production from
renewable energy sources has far less environmental impact than
fossil fuels, and augmenting renewable energy exploitation could be
a valuable policy approach for refining environmental performance
in India. This finding follows the studies of Yang et al. (2021b),
Usman et al. (2021d), who also validated that energy production
from renewable sources improves environmental quality in the
region. An adverse environmental impact of energy production is
one of India’s critical challenges presently, specifically GHG
emissions or ecological footprint pressure (Kang et al., 2019).
The government of India must encourage investments in
renewable energy projects and support and promote traditional
energy companies to strengthen green technology innovation that
might contribute to the efforts of climate mitigation (Solarin and
Bello, 2021). Moreover, the graphical presentations of empirical
findings are presented in Figure 3.

Finally, the error correction term (ECT) demonstrates the speed
of the adjustment process to restore a deviation from the long-term
equilibrium. At a 1% level, the error correction term has a negative
and statistically significant coefficient. This finding shows the
presence of a long-term relationship between the dependent
variable and the regressors. In addition, the value of the ECT
coefficient is −1.0837, which signifies strong and a faster speed of
adjustment to equilibrium. This indicates that convergence to

equilibrium occurs approximately 1 year later. Finally, we used a
variety of diagnostic tests to confirm that there are no issues of serial
correlation, heteroscedasticity, and multicollinearity in the model.
The results of these diagnostic tests are also shown at the bottom of
Table 7. Diagnostics check findings eliminate all hurdles that could
have occurred in the model. This specifies that the analysis model is
correct and that policy recommendation can be based on it.

To ensure the robustness of our results, we employ structural
stability tests on the parameters of the long-run results based on
the cumulative sum of recursive residuals (CUSUM) and
cumulative sum of recursive residuals of squares (CUSUMSQ)
tests as suggested by Pesaran and Pesaran (1997). In order to
check the model stability, Figures 4, 5 show the plots of the
CUSUM and CUSUMSQ graphs. Both the plots indicate that the
plotlines for both tests are within the critical limits, endorsing the
accuracy of the long-run estimates.

We checked the accuracy and effectiveness of our results using
additional methods. In addition to the ARDL estimator, we also
performed FullyModifiedOrdinary Least Square (FMOLS), Dynamic
OLS (DOLS), and Canonical Cointegrating Regression (CCR).
Table 8 shows the long-term coefficient obtained from the three
estimators. The results of FMOLS,DOLS, andCCRmethodologies are
similar to the outcomes of ARDL. Therefore, it can be said that the
estimated long-term coefficients are reliable and stable. All four
estimators offer strong empirical support for the positive and
significant association between economic complexity and India’s
ecological footprint.

Similarly, economic growth and non-renewable energy
consumption have an increasing effect on environmental
degradation, respectively. In addition, results also confirm the
presence of a negative and significant influence of renewable
consumption on the ecological footprint in the long run. The
FMOLS method found that globalization can reduce the ecological
footprint and thus improve the environment, whereas the results of
other methods are consistent with the ARDL results.

The following step is the VECM analysis, which is used to
determine the relationship between these variables. The existence of
long-run cointegration between ecological footprint, economic
complexity, economic growth, globalization, non-renewable energy
consumption, and renewable consumption leads us to apply the
VECM Granger causality approach to analyze the direction of a
causal relationship between these series. The results are reported in
Table 9. The negative and significant sign of (ETCt−1) outcomes
show that the long-run causality can be identified in the equations of
economic complexity. These results of long-run causality links are

FIGURE 5 | The plot of the cumulative sum of squares of recursive
residuals.

TABLE 8 | Robustness checks.

Variables FMOLS DOLS9 CCR

LnEC −1.2893*** (−8.3407) [0.0000] −1.3254*** (−7.2045) [0.0000] −1.2796*** (−8.4113) [0.0000]
LnGDP 0.7987*** (5.6003) [0.0000] 0.8237*** (4.5104) [0.0003] 0.7826*** (4.6578) [0.0002]
LnGLO −0.1184* (−2.1014) [0.0508] −0.0881 (−1.264) [0.2359] −0.1125 (−1.6659) [0.1140]
LnNRE 0.2366** (2.5971) [0.0188] 0.2313* (1.9981) [0.0610] 0.2546** (2.5186) [0.0221]
LnRNE −0.2499*** (−6.7155) [0.0000] −0.2387*** (−5.0111) [0.0001] −0.2649*** (−5.0584) [0.0000]
R2 0.7780 0.8142 0.7701
Adjusted R2 0.7127 0.7626 0.7025

Note: *, **, and *** shows acceptance of the alternate hypothesis at 10, 5, and 1% level of significance. () contains t-statistics, [ ] includes p-values.
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consistent with Boleti et al. (2021). Furthermore, there are
unidirectional Granger causal associations in the short run between
globalization and economic complexity, renewable consumption and
economic complexity, globalization and economic growth, and
ecological footprint and renewable consumption.

4.1 Path Analysis Implementation
Path analyses were used to find the relationship of variables. Therefore,
we calculated the relationship of EF (dependent variables) with other
variables LnEC, LnREC, LnNRE, LnGDP, and LnGLO (independent
variables). Path analysis has been utilized in the prior literature (Gui
et al., 2017; Wakiyama and Zusman, 2021). The path analysis model
was used to predict the direct and indirect relationship between
variables (Please see Figure 6). The results from path analysis show
LnEF has a strong positive relationship with LnGDP. In contrast,
strong negative relationships with GLO and REC in the overall model

that predict 80% variation are explained by these five variables (LnEC,
LnREC, LnNRE, LnGDP, and LnGLO). It means these variables
(Positive: LnGDP; Negative: LnGLO and LnREC) have a major
impact on LnEF. These results are consistent with the ARDL results.

5 CONCLUSION AND POLICY
RECOMMENDATIONS

This paper explores the effects of the economic complexity,
globalization, economic growth, renewable and non-renewable
energy consumption on the ecological footprint in India during
1990–2018. To measure the long-run elasticity between series, we
used the ARDL method. The VECM Granger causality approach
was used to determine the causal relationship among the concern
variables. The unit root method was applied to measure the

TABLE 9 | Results of VECM Granger causality.

Variables Wald χ2 statistics Long-term
t-statistics

LnEFP LnEC LnGDP LnGLO LnNRE LnRNE ECM (−1)

LnEFP — −0.6719 (0.556) −0.098 (0.887) −0.2756 (0.185) 0.0705 (0.818) −0.0525 (0.819) −0.5699 (0.533)
LnEC 0.1504 (0.119) — −0.0394 (0.793) −0.1166** (0.010) 0.0087 (0.896) 0.1074** (0.032) −0.4935** (0.013)
LnGDP 0.2127 (0.376) 0.2791 (0.652) — −0.2657** (0.019) 0.1558 (0.350) 0.0815 (0.513) −0.4897 (0.323)
LnGLO −0.1225 (0.821) −1.2499 (0.370) 1.0545 (0.210) — 0.1135 (0.762) −0.0624 (0.824) −0.7060 (0.527)
LnNRE 0.3394 (0.335) −1.0958 (0.227) −0.2199 (0.687) −0.1532 (0.354) — −0.0099 (0.957) 0.3672 (0.613)
LnRNE 2.2439** (0.018) 0.7781 (0.750) −2.3430 (0.111) 0.2981 (0.503) −0.2389 (0.716) — −2.9435 (0.132)

Note: ** shows acceptance of the alternate hypothesis at 5% level of significance.

FIGURE 6 | A path diagram of how key variables impact ecological footprint.
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stationarity among the variables. Finally, CUSUM and
CUSUMSQ approaches were used to check the model’s
reliability. Moreover, we also inspected the robustness checks
of our outcomes applying the FMOLS, DOLS, and CCRmethods.

Additionally, the path analysis method was used to predict the
direct and indirect relationship between variables. According to
the empirical outcomes, economic complexity, globalization, and
renewable energy consumption process significantly enhance the
environmental quality while economic growth and non-
renewable energy consumption significantly accelerate
environmental pollution in both the short and long run.
Additionally, the VECM Granger causality results demonstrate
unidirectional Granger causal associations in the short run
between globalization and economic complexity, renewable
consumption and economic complexity, globalization, and
economic growth, and ecological footprint and renewable
consumption.

The empirical outcomes recommend many vital policy
implications that can help the Indian government. First,
since the on-grid price of wind power and solar power is
closely related to technological progress, it is necessary to
strengthen scientific research investment in this area and
lower the on-grid tariff. The price can reduce the cost of
electricity purchase, thereby reducing the cost of renewable
energy in the future. Second, to avoid the instability of wind
power and solar power, the undesirable impact of the power
grid, the huge cost of grid construction required for the
development of wind power and solar energy, and most of
this part of the cost is borne by the State Grid, which will hit the
State Grid’s pro-activeness in the development of renewable
energy. In the future, it is necessary to establish a more
reasonable cost and benefit-sharing. A mechanism, the
power grid bears the cost while guaranteeing its due
benefits. Third, in the balance cost of the network system,
the pumped storage power station will adjust a considerable
part of the power loss. In the future, a variety of adjustment
methods can be used in combination with the least cost; the
corresponding mechanism shall be established to ensure the
healthy development of the pumped storage power station.
Fourth, encourage the development and progress of renewable
energy technologies. Improve energy source conversion
efficiency: follow clean production methods, reduce
pollutant emissions in the production process, and
fundamentally reduce fossil fuels/non-renewable energy
consumption. Fifth, through publicity, education,
supervision, and management, etc., strengthen local
Government departments at all levels, attach importance to
the environmental management of renewable energy
development, have a deep understanding of environmental
issues in the development of renewable energy, and guide the
development of the renewable energy industry in a scientific
and reasonable manner. Sixth, promote the optimization of
industrial organization structure and technological structure.
The industrial organization structure represents the industry’s
economies of scale, and the technical structure determines the
ability of a company to recycle waste. In general, the
organizational structure of the industry directly determines

the overall technical structure of the industry. Promoting the
optimization of industrial organization structure in terms of
policies and technical standards, realizing the agglomeration
and scale effect of industrial development, accelerating
enterprise technological innovation, and using the industrial
park model to promote industrialization are the basic
requirements for the development of the circular economy.
Seventh, rebuild the cost of the national economy and the price
system. Price is the baton of production and consumption.
Various economic policies will not produce long-term effects if
they do not take effect through the cost-price mechanism. The
cost-price mechanism is formed and operated within a certain
system and policy framework. Therefore, through institutional
innovation and policy adjustments, a new cost-price system
that is, conducive to resource, energy conservation, and
environmental protection can be reconstructed. For
example, by increasing the system innovation of energy
resource tax and consumption tax, and by improving the
comparative benefits of recycling resources and waste,
recycling waste represents a major solution to reduce the
costs. In addition, regulatory policies should be proposed in
order to increase public awareness of using renewable energy
for a clean environment. An optimal project to sustain the aim
of keeping global warming below 2C° above pre-industrial
levels and consequently leave a clean environment to the
next generations is to raise the share of renewable sources
in the energy mix. India should spend enough effort to
accomplish the targets. Furthermore, the Indian government
should give tax reductions, subsidies, and low-interest/
discount loans to those enterprises/private investors that
bring eco-friendly technologies. The policymakers should
encourage FDI/international trade only in environmentally
sustainable areas and welcome those investors/enterprises that
bring eco-friendly technologies, methods, and skills to the
Indian economy.

While the current study has significant policy implications/
suggestions, it also has some limitations that can be addressed in
future research. Future scholars could augment the literature by
inspecting the relation between green macro-prudential
regulations, technological innovations, and ecological footprint.
Moreover, indicators like remittance inflows, human capital, and
financial development could also be added while examining the
association between economic complexity and ecological
footprint for India.
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How to Promote the Agricultural
Company Through Environmental
Social Responsibility to Achieve
Sustainable Production?
Stanley Y. B. Huang1, Chun-Chieh Yu2* and Yue-Shi Lee3

1Ming Chuan University, Master Program of Financial Technology, Taipei City, Taiwan, 2Department of Business Administration,
National Taipei University, Taipei City, Taiwan, 3Ming Chuan University, Department of Computer Science and Information
Engineering, Taoyuan City, Taiwan

This survey employs themultilevel growth curvemodel to demonstrate how to promote the
development of the company’s environmental innovation in agricultural companies
specializing in the agricultural production and export of agricultural products to achieve
sustainable production through environmental social responsibility and environmental
engagement according to the engagement theory. The empirical data are collected 30
chief executive officers and their 90 supervisors of top management teams (TMTs) of
Taiwanese agricultural companies in 2 months. The empirical results demonstrate that
environmental social responsibility significantly influences the top management teams’
environmental engagement development, which in turn significantly influences the
agricultural company’s environmental innovation. These empirical results can not only
promote the sustainable production literature in the agricultural field but also help these
agricultural companies implement environmental innovation to realize sustainable
production of agricultural exports.

Keywords: agricultural company, environmental engagement, environmental innovation, environmental social
responsibility, sustainable production

INTRODUCTION

Background
To realize sustainable agricultural production, agricultural companies must make effective
product strategies to improve production performance and must also employ environmental
strategies to promote the firm’s environmental innovation. Indeed, previous studies have
examined that environmental innovation is a key source of sustainable production
(Anderson and Maughan, 2021; Moravčíková1 et al., 2021). In addition, the agricultural
production process must cause huge resource consumption and environmental pollution in
different countries (Elahi et al., 2019; Crippa et al., 2021; Huang et al., 2021). The demand for
food may double in 2050 to cause a food crisis (Searchinger et al., 2018), thereby indicating the
importance of sustainable production. This survey defines environmental innovation as the
degree to which the company employees engage in environmental idea formation and
implementation. However, past studies in examining the driving factors of environmental
innovation almost adopted institutional perspective (Blakeney et al., 2020; Li and Wang, 2021),
agricultural technology (Andrieu et al., 2019), or weather events (Elahi et al., 2021), and ignored
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another pathway of organizational policy (e.g., environmental
social responsibility) for driving the firm’s environmental
innovation. This survey, therefore, adopts the multilevel
model (MLM) (Hoffman, 2015) to test why the
environmental social responsibility (ESR) at phase one time
can promote the top management team’s (TMT)
environmental engagement (EE) development, thereby
promoting environmental innovation (EI) adoption
development according to the engagement theory (Kahn,
1990). ESR denotes the extent to which the company’s
environmentally responsible policy pays attention to
stakeholders (Wei et al., 2017).

The engagement theory (Kahn, 1990) believes that an
individual is willing to show engagement because the
individual feels the safety from his organization. ESR is an
important source of safety because the ESR should pay
attention to stakeholders, including employees, thereby
indicating the relationship between ESR and EE. In addition, a
TMT engaged in environmental-related tasks (e.g., EE) must
form the innovation toward environmental improvement
because the TMT exert more extra efforts to improve the
environment that should show more environmental idea
formation and implementation (e.g., EI), thereby indicating
the relationship between EE and EI.

Finally, this research underlines the term “variable
development” of ESR, EE, and EI because it denotes a serious
gap in behavioral science research. In other words, past empirical
studies of social science are almost cross-sectional design (e.g.,
Elahi et al., 2021; Leonardelli et al., 2021), so the assumption in
behavioral science that people can adjust their behavioral
intentions based on their interpretation of the surrounding
environment is not sufficiently examined. For example, ESR,
EE, and EI have confirmed that these variables can be changed
(developed) over time (Huang et al., 2021; Huang et al., 2021;
Huang et al., 2021). This survey employs the MLM with
longitudinal data of 30 CEOs and their 150 supervisors of
TMTs in Taiwanese agricultural companies over 6 months to
fill in the second gap.

Review of the Literature and the
Development of Research Hypotheses
Environmental Engagement Theory
The engagement theory was proposed by Kahn (1990), and he
believes that an employee will put his cognitive resource,
physical resource, and emotional resource into his work
because of a high level of engagement. For example, a
high-level engagement employee will show that he loves
working (investing in emotional resources), thinks that
hard work is necessary (investing in cognitive resources),
and really works hard (investing in physical resources), which
will inevitably produce positive work results Kahn (1990).
This survey extends engagement into the field of
environmental management and defines EE as the degree
to which an employee puts his cognitive resource, physical
resource, and emotional resource into work to achieve
environmental concern. Also, Kahn (1990) also believes

that psychological safety can lead an employee to show a
high level of engagement because psychological safety
denotes that an employee can devote all their energy to
the work environment without worrying about negative
results.

Environmental Social Responsibility and
Environmental Engagement
Because of the engagement theory (Kahn, 1990), safety denotes
that an employee can devote all their energy to the work
environment without worrying about negative results, and it is
a key driving factor of engagement. Indeed, ESR denotes a
corporate responsibility policy that pays attention to
stakeholders (Wei et al., 2017), and these stakeholders should
include employees. Therefore, the company with a high level of
ESR should affect the employee’s perception toward a high level
of safety in his environment to meet the connotation of
ESR. Thus,

Hypothesis 1: Individual-level ESR will significantly affect
individual-level EE.

Environmental Engagement and Environmental
Innovation
According to the engagement theory (Kahn, 1990), an engaged
individual should put more resources and capabilities to work
than a less engaged individual, and the engaged individual should
look across the scope of work to demonstrate more innovation.
Indeed, a TMT has the legitimacy to allocate company resources
and manpower, so it can allocate those resources and manpower
to its own preferred activities. Therefore, a TMT with a high-level
EE level will inevitably like environmental innovation, which can
affect the preferences of company employees. Thus,

Hypothesis 2: Individual-level EE will significantly affect
individual-level EI.

Organization-Level Environmental Social
Responsibility, and Environmental Engagement to
Individual-Level Environmental Innovation
Although ESR and EE can be analyzed at the individual level, they
may be yielded as organizational-level variables (Jones et al., 2017;
Chen et al., 2021). Indeed, the theory of the context model
(Firebaugh, 1980) and the theory of social cognition (Bandura,
1986) both believe that individual behavior can be influenced by
the environmental atmosphere and individual systems (e.g.,
organization-level and individual-level EE) at the same time,
thereby suggesting the relationship between organization-level
and individual-level EE to individual-level EI. That is to say, a
company that determines to adopt EI may be influenced by
personal perception factors and environmental factors (e.g.,
individual-level and organization-level EE). Therefore, the
present research proposes that the relationships among ESR,
EE, and EI should be similar at the individual level and
organizational level. Thus,

Hypothesis 3: Organization-level ESR will significantly affect
organization-level EE.

Hypothesis 4: Organization-level EE will significantly affect
individual-level EI.
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MATERIALS AND METHODS

The MGCM in this survey proves that ESR in phase 1 time will
significantly affect the EE development, while the more EE
development will significantly affect the firm’s adoption of
individual-level EI development more (Figure 1).

Sampling and Procedures
We stayed in touch with several agricultural associations in
Taiwan to collect the sampling lists, and E-mails were sent to
the CEOs of these agricultural companies specializing in the
agricultural production and export of agricultural products
to ask their willingness to participate in this survey. We also
asked these CEOs to invite three supervisors of their TMTs to
join this survey. 30 CEOs and their 150 supervisors of TMTs
of these companies were willing to assist our investigation.
The email was sent to collect questionnaires from these
members of TMTs to avoid CEOs acquiring these
questionnaires. We examined these 30 CEOs’ estimations
on EE, and these supervisors’ estimations on ESR and EI
at three-time points in 2 months. In phase 1 time, we
investigated the evaluations of these members of TMTs
about ESR and EE, and the evaluations of these CEOs
about EI. One month later, we investigated the evaluations
of these members of TMTs about EE and the evaluations of
these CEOs about EI in phase 2 time. One month later, we
investigated the evaluations of these members of TMTs about
EE and the evaluations of these CEOs about EI in phase 3
time. The time (phase 1 time to phase 3 time) was designed as
such structure because the past studies have also adopted the
similar structure structure (Lee and Huang, 2020; Huang
et al., 2021). Also, collecting samples at different time
points can reduce the bias of the common method
(Podsakoff et al., 2003).

Measures
ESR was assessed by Wei and his colleague’s (2017) 4-item
scale. EE was assessed by a 12-item scale developed by
Aboramadan (2020). EI was assessed by Song and Yu’s
(2017) 4-item scale. The definition of these variables is
demonstrated in Table 1.

Multilevel Model
Due to the fact that the data structure of the present study was
nested within multiple agricultural companies (consistency
within the group but differences between groups), we
adopted the MLM to analyze the multilevel framework. We
employed the MLM to estimate the patterns of three individual-
level variables (ESR, EE, and ES) (within-group), and two work-
unit-level variables (ESR and EE) (between-group). At
organization level variables, their slope and intercept factors
were related to their antecedents to capture the between-group
differences. At individual-level variables, these constructs were
used to predict the consequence constructs. For example, ESR
and EE have the configuration of between-group variation (i.e.,
group-to-group differences) and within-group variation (i.e.,
variation within a group), and these variables in MLM are
different. The organization-level and individual-level ESR is
related to EE at the cross-level. Next, the organization-level and
individual-level EE is related to the individual-level ES.

Model Validation
The reliability, validity, and fit index of the model to the empirical
data of the present study are shown in Table 2, and the analysis
results meet the recommendations of Fornell and Larcker (1980).

RESULTS

Analysis Results
The individual-level and organization-level analyses are
demonstrated in Table 3. The individual-level ESR
significantly affects individual-level EE development (γ � 0.30,
p < 0.01). In other words, ESR would significantly affect TMTs’
EE to support hypothesis 1. Next, the individual-level EE
significantly affects EI (γ � 0.27, p < 0.01). In other words,
TMTs’ EE will significantly affect the company’s EI adoption to
support hypothesis 2. The organization-level ESR significantly
affects organization-level EE (γ � 0.37, p < 0.01). In other words,
ESR atmosphere within a company will significantly affect EE
atmosphere within a TMT to support hypothesis 3. The
organization-level EE significantly affects the company’s
individual-level EI adoption (γ � 0.32, p < 0.01). In other
words, EE atmosphere within a TMT will significantly affect
the company’s EI adoption to support hypothesis 4.

DISCUSSION

This survey puts forward the MGCM to examine if the ESR
significantly leads to EE development at cross-level, which in turn
significantly leads to individual-level EI development. The
MGCM provides significant contributions to the ESR, EE, and
EI literature, and provides references to agricultural companies in
implementing sustainable production through EI.

Academic Contribution
The present survey establishes a milestone in realizing sustainable
agricultural production. According to the empirical results, ESR

FIGURE 1 | Proposed model of this survey.
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would cause more growth of EI through the intermediary role of
EE. First, we dig the important antecedent of EI according to the
MLM to fill in the first gap of exploring the driving factors of EI.
Second, ESR has gradually received much attention, and ECSR
still needs to be investigated in different areas (Vlachos et al.,
2014), such as the agriculture field. In other words, the present
survey investigated how ESR would cause EE, and then would
cause EI adoption, and few studies have examined the driving
factors of EI to open the black box in different contexts. The
present survey contributes to the EI literature through which ESR
would lead to more growth in individual-level and organization-
level EE, as well as more growth in EI adoption over time, which
responses to the call of researchers in the past to open more black
boxes of corporate social responsibility (Aguinis and Glavas,
2012; Huang et al., 2021). Finally, this survey employs MLM
to analyze the dynamic process of ESR, EE, and EI to fill in the
second gap of employing a longitudinal survey. In sum, this
survey contributes to the sustainable production literature
through the MLM of this survey.

Practice Contribution
To achieve sustainable production in the agriculture field, this
survey explores why agricultural production companies adopt
EI to improve environmental sustainability that is a great benefit
to sustainable agricultural production. In other words, this
survey poses the other pathway that employs organizational
policy (e.g., ESR) to implement EI. These agricultural companies

specializing in the export of agricultural products can
implement EI through ESR and EE, and EI is an important
source of sustainable production (Anderson and Maughan,
2021; Moravčíková1 et al., 2021; Qadri et al., 2020). In
addition, sustainable production is also an important method
to deal with environmental concerns because sustainable
production can reduce resource consumption and
environmental pollution. In addition, managers always invest
many resources to improve organizational performance and
employees’ positive behaviors. However, these managers do not
seem to be aware that these green variables (ESR and EE) are
essential for the company’s sustainable production. Therefore,
investing resources in green variables should be more important
than investing in other projects. In addition to encouraging
companies to adopt ESR, the other feasible method is to
establish a good green working atmosphere to increase EE.
Next, the results of this research show that these companies
should implement EI through the ESR and EE. For example, to
effectively implement EI, these companies should devote
resources to ECSR activities because ESR is an important
driving factor for companies to adopt EI. In addition, ECSR
has been recognized as a source of corporate sustainability
(Kong et al., 2020), so ECSR may also be an important
source of sustainable agricultural production. Finally,
managers often devote key resources to increasing the
employee’s positive behavior for company performance, but
these managers may ignore the key antecedent of green
management (e.g., ESR and EE). Therefore, these human
resource managers should keep in mind that maximizing
these green management behaviors and constructing a green
work environment are the key driving factors of sustainable
production.

Conclusion
This survey puts forward the MLM to prove that ESR would
lead to more development of EE, which in turn would lead to
more development of EI adoption. The MLM has important

TABLE 1 | Variable definition.

Constructs Definition

Environmental social responsibility The extent to which the company’s environmentally responsible policy pays
attention to stakeholders.

Environment engagement The extent to which an employee puts his cognitive resource, physical resource,
and emotional resource into work to achieve environmental concern.

Environmental innovation The degree to which the company employees engage in environmental idea
formation and implementation.

TABLE 2 | Analysis results of CFA.

Constructs AVE CR

Environmental social responsibility 0.51 0.93
Environment engagement 0.50 0.82
Environmental innovation 0.53 0.81

Note: RMR � 0.071; RMSEA � 0.043; GFI � 0.92; CFI � 0.92; NFI � 0.91.

TABLE 3 | Statistical results.

Hypothesis Path Coefficient

H1 Individual-level environmental social responsibility → individual-level environment engagement 0.30**
H2 Individual-level environment engagement → individual-level environmental innovation 0.27**
H3 Organization-level environmental social responsibility → organization-level environment engagement 0.37**
H4 Organization-level environment engagement → individual-level environmental innovation 0.32**

Note: *p < 0.05; **p < 0.01.
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contributions to guide agricultural production companies on
how to implement sustainable agricultural production
through EI, thereby promoting the practice and academic
development of EI, which fills the gaps in the previous
literature on multiple level framework and the cross-
section study.

However, some limitations should be mentioned in the
current research conclusions. This survey poses that EE is a
significant mediator in transforming the ESR into the firm’s
EI, but there should be other constructs that are important in
different environment settings. Therefore, further study must
investigate the theoretical model of this survey in other
contexts to detect key constructs. Next, the Taiwanese
sample may limit the generalization of the proposed model
in this survey. Therefore, further study must employ different
data to confirm the generalization. Finally, this survey
employs the MLM to infer the causal relationship among
ESR, EE, and EI that may generate bias. Further study must
use an experimental design to confirm the causal relationship.
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Developing a System Framework for
China’s Natural Resources Balance
Sheet From the Perspective of
Sustainable Development
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Xin Zhao5*
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Exploring and compiling a natural resource balance sheet is of great significance for
improving both natural resource and environmental management and for realizing
sustainable social and economic development. Based on a literature review of previous
studies, in this study, we analyzed the composition, measurement methods, and methods
used to acquire data of the major elements used in a natural resource balance sheet, as
well as determined that the balance formula for the sheet should comprise natural resource
assets, natural resource liabilities, and the benefits of natural resources. A basic report
format for the natural resource balance sheet was compiled on this basis.

Keywords: natural resources, balance sheet, resource efficiency, sustainable development, China

INTRODUCTION AND LITERATURE REVIEW

Sustainable development should meet current needs without weakening the ability of future
generations to meet theirs (Bansal et al., 2021; Zhao et al., 2022). To achieve this, current
economic growth needs to be coordinated with societal, resource, and environmental protection
requirements. Achieving sustainable economic development also necessitates the protection of
natural resources and the environment on which human survival depends, such as the atmosphere,
freshwater, ocean, land, and forests, so that future generations can inherit an Earth that is not
damaged beyond repair.

However, the current global support for natural resources and the environment on which
economic growth depends is unsustainable, and resource and environmental problems are critical
global issues. In view of this, the Chinese government first proposed the concept of a natural resource
balance sheet (NRBS) in the Third Plenary Session of the 18th Central Committee of the Party in
2013. In this respect, an accounting theory method for preparing balance sheets is used to classify all
the natural resource assets within the country or in a region, and the contents are then aggregated and
statements are compiled. The aim of a NRBS is to reflect the basic stock of the country’s natural
resources at a particular point in time, but it can also reflect changes in the flow of such resources
within a certain timeframe. Since 2014, the requirements for preparing NRBSs have been further
clarified by the Chinese government, and pilot work has been conducted for preparing these sheets in
Huzhou, Chishui, Yan’an, Hulunbuir, and other regions. Although staged progress has been made in
preparing China’s NRBS, certain problems remain, such as the immature report framework structure
and unreliable data acquisition. Therefore, exploring the techniques and methods used to prepare
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NRBSs is not only a fundamental strategic requirement for
constructing a national ecological civilization system, but it is
also necessary for the departments that prepare them. This study
has important scientific and practical significance.

The preparation and application of NRBSs are an important
part of an environmental economic accounting system. As early
as the 1920s, Morehous and Ely (1924) proposed the concept of
natural resource asset management, and the theoretical
environmental economics system has been continuously
improved since the development of global economies following
the Second World War. For example, in the 1960s, scholars such
as Goldsmith and Revell (1965) began to compile a NRBS for the
United States. In 1978, the Norwegian government conducted
natural resource accounting for the first time and developed an
initial natural resource accounting system that included natural
resources (such as forests, water, and land) as accounting objects
(Alfsen, 1987). In 1985, the Netherlands began compiling trial
balance sheets for certain natural resources, such as energy,
forests, and land (Gerlagh et al., 2002), and in 1990, the
Mexican government accounted for the value and physical
quantity of resources such as forest, soil, water, land, and oil
(Burritt and Saka, 2006). Based on such theoretical and practical
research, the United Nations Statistics Office established the
comprehensive environmental economic accounting system
(SEEA-1993) in 1993. This system incorporates resource assets
into the system of national accounts and builds a system of
resource accounting and national economic accounting. The
effective link between the two has established a basic
theoretical framework for resource and environmental
accounting for the international community (Wang and Yuan,
2020). Since 2012, the United Nations Statistics Office and other
international organizations have further improved the
comprehensive environmental and economic accounting
system, and the System of Environmental-Economic
Accounting 2012 (SEEA-2012) has become the latest and most
authoritative international framework for natural resource asset
accounting. In this framework, the basic principles of accounting
are summarized for seven natural resource assets (mineral and
energy resources, land resources, soil resources, timber resources,
aquatic resources, other biological resources, and water
resources), and calculation formulas and tables used to process
the data of these assets are provided (Sharma et al., 2021a).

Many studies have since discussed the preparation of NRBSs
based on the SEEA-2012. For example, Kassai et al. (2012)
measured and classified natural resources into environmental
assets, liabilities, and equity using basic accounting principles and
then used resource data from seven countries including the
United States, Japan, Germany, and China, to conduct a
resource ecological economic benefit evaluation. Geng et al.
(2015) used the SEEA-2012 as a foundation for studying and
compiling a NRBS based on water, soil, and minerals. In addition,
Obst and Vardon (2017) analyzed the accounting standards
associated with land, energy, and water resource accounts
compiled by the Australian Bureau of Statistics and
determined the significance of compiling accounting
statements to report the changes in the stock and flow of
natural resources. Based on an analysis of international

practices and domestic practices, Lyu et al. (2020) borrowed
the international norms of SEEA-2012 and found it was
necessary to fully understand the preparation and use of
natural resource assets and liabilities. The main body of
preparing a NRBS requires the use of double-entry tables,
which involves value accounting, and information from
various departments.

Although studies have reported research on, and in-depth
discussions about, natural resource asset accounting and
preparation-related issues, a consensus is yet to be reached
about the main points that should be included in the natural
resource asset accounting framework, the accounting paths that
should be followed, and the methods that should be employed.
From a global perspective, it is undeniable that the latest
authoritative guidance document for natural resource asset
accounting issued by the United Nations (SEEA-2012)
provides accounting and reporting models for the stock and
flow of seven types of natural resource assets, and these are
undeniably useful for natural resource asset accounting. Although
the framework has guiding significance, it does not provide a clear
definition of a NRBS, nor does it explain the format of its
statement.

China’s NRBS is currently in a trial compilation stage. To
make NRBSs standardized and computerized, research is
required to determine a structural framework design that
includes liability theoretical issues (such as project accounting
and asset value evaluation). In view of these requirements, we
analyzed the composition of themajor elements used in the NRBS
and the measurement methods and data acquisition paths
employed, as well as designed a specific report format for a NRBS.

BASIC ELEMENTS WITHIN A NRBS

To effectively prepare a NRBS, it is necessary to have a correct
understanding of the natural resource accounting elements.
However, the academic community has not yet reached a
consensus about the elements that should be included in
NRBSs, especially with respect to natural resource liabilities,
and the opinions are quite divergent. Based on the classic
accounting identity of “assets � liabilities + owner’s equity,” it
is considered here that the basic elements of a NRBS should
include natural resource assets, natural resource liabilities, and
natural resource benefits. Using definitions from current
representative research and the basic principles of accounting,
these three elements are defined in the following sub-sections.

Natural Resource Assets
Researchers currently have a relatively unified understanding of
the concept of natural resource assets. For example, Zhang et al.
(2018) define natural resource assets as natural resources that are
owned or controlled by the subject of property rights, and they
bring certain economic benefits to this person. Li and Liu (2019)
consider natural resource assets to be state-owned by the People’s
Government at all levels and by their subordinate departments
and units. These assets were acquired through past statutory,
authorization, or transactions, and they are owned by the state
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and managed, used, or controlled by the government and other
social entities. Natural resources bring economic or ecological
benefits to all stakeholders. Furthermore, Xu et al. (2019)
suggested that natural resource assets are owned or controlled
by the state, and they are expected to bring economic benefits to
the country and the people.

Natural resource assets are a general term used to describe
various natural materials that can be measured in currency, and it
is not difficult to see that two basic premises are used in defining
them. One is to emphasize “ownership,” the status of the subject,
and the other is to meet the “increased expected benefit”. This
definition conforms to the conceptual framework of accounting,
and thus, this consideration of natural resource assets in the
current study follows this definition. Therefore, in this study,
natural resource assets are considered to be owned or controlled
by the state authorized by the people’s governments (at all levels
and by all subordinate departments), and they are expected to bring
certain economic benefits to all those with social rights and
interests. According to this definition, the specific elements of
natural resource assets include water, land, forest, grassland,
marine, and wetland resources. Under these resource categories,
there can be further secondary categories. For example, land
resources can be further subdivided into agricultural,
construction, and unused land according to land use. Forest
resources can be divided into shelter, timber, economic,
firewood, and special-purpose forests, according to their functions.

Natural Resource Liabilities
The definition of natural resource assets differs considerably from
that of natural resource liabilities, and some researchers deny the
existence of natural resource debt for three reasons. First, as
natural resources will continue to change over time and with
increasing social productivity, they will have greater uncertainty.
As such, the current level of technology will be unable to
specifically confirm the level of liabilities of these natural
resources. Second, according to the general definition of a
NRBS, the accounting entity of natural resources is generally a
national government department; however, natural resource
consumption entities include enterprises, natural persons, and
other individuals in society. If liabilities are recognized at this
time, there will be uniqueness in the statement preparation entity
and contradiction between the decentralization of economically
applicable subjects. Third, contemporary relatively standardized
systems, such as the SEEA-2012, do not clearly require the
recognition of liabilities (Geng et al., 2015; Cruz et al., 2019;
Opaluch, 2020; Sharma et al., 2021b).

However, other researchers suggest that liabilities should be
recognized in a NRBS because if they are not considered, it does
not conform to the principle of prudence in our accounting.
Moreover, according to the definition “assets � liabilities +
owner’s equity (net assets),” natural resource liabilities should
also be recognized on a NRBS (Chen et al., 2015; Tao et al., 2020;
Sharma et al., 2021c).

Considering that the original intention of compiling a NRBS
was to clarify resource liabilities and report the flow and stock of
natural resources with greater clarity and accuracy, resource
liabilities should be recognized in this study. However, it is

unclear how they should be defined if included in a NRBS. Gao
(2016) considered that if resource extraction does not exceed a
reasonable limit, resource liabilities should be a resource reduction,
and if resource extraction exceeds a reasonable tolerance, resource
liabilities should include environmental liabilities. Shi (2015)
considers that natural resource liabilities should be recognized
as our request for resources and its damage to the ecological
environment. In Feng et al. (2017), natural resource liabilities
relate to resource overconsumption, environmental damage, and
ecological damage caused by the development and utilization of
natural resources within a certain period in the past. Based on these
perspectives and the definition of liabilities in accounting theory,
natural resource liabilities should be the environmental damage
caused by natural resource extraction, which includes resource
depletion using currently employed mining methods and
ecological damage caused by over-exploitation.

Natural Resource Benefits
The author suggests that based on the previous definitions for
natural resource assets and liabilities, and according to
accounting protocol, natural resource assets minus natural
resource liabilities should equal natural resource benefits,
which include economic and environmental benefits. These are
defined as follows.

Economic Benefits
According to the definition of natural resources given in the “China
National Accounting System (2016),” natural resources can be
directly used for economic production, consumption, or
accumulation through harvesting, mining, or extraction, or to
provide space for exploitation of the economic activities of
natural entities. This definition clearly emphasizes the usefulness
and economic value of resources. In reality, natural resources are
mostly exploited and utilized for economic purposes. For example,
companies extract petroleum resources to process them into
gasoline and sell them to consumers to obtain economic
benefits. Fujian, China, is an area rich in natural resources, and
the economic growth benefits of natural resources aremore typical.
Therefore, to calculate the economic benefits obtained from natural
resource assets, we used SPSS20.0 statistical software to empirically
analyze the correlation between two natural resource projects and
related GDP data from 2010 to 2019 in Fujian, China. The original
data analysis is presented in Table 1.

The regression analysis results of selected variable data gave an
R-squared value of 0.970 for the equation, and the adjusted
R-squared value was 0.955, which indicated a good model fit.
The calculated coefficients are listed in Table 2. The t value of the
forest coverage rate was 0.498, and the corresponding significance
level was 0.036, which indicated that the forest coverage rate was
positively correlated with the gross production value.
Furthermore, the t value of the crop sown area was 1.955,
which corresponded to a significance level of 0.098 and
indicated that the sown area of crops was positively correlated
with the GDP at the 10% level. The t value of the total energy
consumption was 7.076, and the corresponding significance level
was 0.000, which implied that the total energy consumption and
GDP were positively correlated at the 1% level. Thus, it is evident
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that there was a significant positive correlation between Fujian’s
natural resource projects and GDP, which confirms the economic
benefits of these natural resources.

Environmental Benefits
The environmental benefits of a natural resource are mainly a
measure of the environmental consequences of associated human
social activities, which may be positive or negative. Of these,
positive environmental benefits refer to spiritual and material
values that natural environments provide to humans and animals,
such as fresh air, pure drinking water, certain food, and
aesthetically pleasing scenery that enhances human existence.
In contrast, negative social benefits are associated with
environmental destruction due to excessive development and
the consumption of natural resources that threaten physical
and mental health and the survival of animals and plants.
Thus, to achieve positive environmental benefits, natural
resources must be protected and used sustainably.

METHODS USED FOR MEASURING
NATURAL RESOURCE ITEMS AS BALANCE
SHEET ITEMS AND FOR ACQUIRING DATA

Method Used to Measure Natural Resource
Items on the Balance Sheet
Based on a pilot exercise involving the compilation of a Chinese
NRBS, two accounting methods—one that utilizes physical
quantities and the other that utilizes value quantities—are
mainly used for natural resource asset-liability projects. In this

respect, the accounting of physical quantities uses statistics or
technical methods to measure changes in the flow and stock of
natural resources within a certain period, and the accounting of
value quantities estimates the monetary value of each asset and
liability item using physical quantity accounting. The types of
accounting methods used include market and non-market
methods. I suggest that a natural resource asset-liability
project should adopt a measurement method that combines
the accounting of physical and value quantities, wherein
measurements are mainly determined by the inherent
properties of the natural resources. Natural resources have
natural, economic, and public attributes. Of these, natural
attributes mainly manifest as the existence of natural
resources, economic attributes are mainly the economic value
of the natural resource that is realized through property rights or
transactions in human production and life (such as land value
and water resource value), and social attributes are mainly the
external effects produced by natural resources, such as their
ecological and environmental functions.

Therefore, to fully realize the accounting and characterization
of natural resource assets, it is necessary to comprehensively
examine the attributes of various aspects of natural resources,
including the types of resources, total scale, and resource values.
Calculation of the total scale of resources is generally realized by
calculating physical quantities, and characterization of the value
of resources is realized by calculating their value. For example, for
natural resources that can be traded within a market, such as land
and biological resources, the market price of the resource at the
time of accounting is considered to be the basis for conducting
measurements. For natural resources that cannot be traded, it is
necessary to explore the use of accounting methods that employ

TABLE 1 | Energy, crops, forests and other natural resource projects and regional GDP data in Fujian Province.

Time Total energy consumption
(10,000 tons of
standard coal)

Sown area of
crops (thousand hectares)

Forest
cover rate (%)

Gross regional product
(100 million yuan)

year 2010 9189.42 1941.20 63.10 12236.50
year 2011 9980.23 1878.36 63.10 15002.51
year 2012 10479.44 1801.75 63.10 17917.70
year 2013 10898.51 1758.29 65.95 20190.73
year 2014 11794.37 1703.13 65.95 22503.84
year 2015 11862.79 1658.18 65.95 24942.07
year 2016 12035.99 1589.33 65.95 26819.46
year 2017 12554.74 1592.10 65.95 29609.43
year 2018 13131.01 1621.42 66.80 33842.44
year 2019 13718.31 1648.03 66.80 42395.00

Note: The data comes from “Fujian Statistical Yearbook 2011-2020"

TABLE 2 | The linear regression results of Fujian Province’s regional GDP and natural resource projects.

Non-standardized coefficient Standard coefficient t value Sig.

B Standard error Trial version

Constant term −180.566 32.649 −1.191 0.278
Forest cover rate −495.320 994.293 −0.083 0.498 0.036
Sown area of crops 25.106 12.844 0.337 1.955 0.098
Total energy consumption 8.638 1.221 1.350 7.076 0.000
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the ecological value of natural resources (Mancini et al., 2018; Shi
and Wang, 2020; Sharma et al., 2021d).

Acquiring Data for Natural Resource
Balance Sheet Items
Accurate acquisition of original data for natural resource assets
and liabilities is necessary for preparing NRBSs. Most NRBSs are
currently compiled using relevant data from various local
statistical yearbooks. Most of these data are relatively rough,
and it is challenging to use them to compile a NRBS. Thus, it is
necessary to have access to a complete network of relevant data, to
compile a NRBS.

From the perspective of the compiler of natural resources
balance sheet, the state should provide instructions on
the method used to complete the NRBS with the

participation of villages, townships, towns, counties, and
city governments. In this respect, the state should formulate
unified accounting methods, accounting subjects, report
formats, and other related specifications. It should then
prepare each county’s NRBS by considering that each
county is a unit. Each city and province should then
submit a NRBS, and the central government should then
compile the nation’s NRBS. Counties could simplify rural,
township, and township statistics within the NRBS to enable
statisticians to complete the form without too much relevant
knowledge. The method used to acquire data for the NRBS
compiled in this study is shown in Figure 1 and described in
detail below.

First, the rules and regulations for preparing NRBSs should be
unified. The central government should formulate a unified
national accounting system for statements, and provinces,

FIGURE 1 | Data acquisition path of natural resources balance sheet items.
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cities, counties, towns (townships), and villages should strictly
follow the relevant accounting system methods when preparing
NRBSs and collecting data. For example, a unified NRBS table
format should be developed that includes accounting subjects, so
that it can be seamlessly connected when consolidating reports
level by level. If differences exist between the major categories of
natural resources of various regions and there are no major
resource categories in a particular region, the column can be
summed as zero. Each natural resource sub-category can be
compiled into a subsidiary account according to the specific
conditions of each region. However, the accounting rules for
this subsidiary account should also be consistent across the
country, to ensure that supervision is easy and that obtaining
information from the accounting books is possible.

Second, a unified method for the recognition, measurement,
and recording of natural resource assets and liabilities should be
developed. The samemethod should be used in all regions and for
different accounting periods within the same region. This would
avoid making underestimations or overestimations due to the use
of different measurement methods, natural resource assets, and
liabilities, while avoiding the difficulty of consolidating NRBSs
level by level because of the different methods used in different
regions.

In addition, in relatively remote places, such as villages and
towns, it is not appropriate to prepare separate NRBSs for two
reasons. First, many children and elderly people live in villages and
towns, and many have a low level of education. If separate reports
are required, a longer period of training would be required, and
preparing the report would be difficult. Second, the labor costs for
compiling the report would be too high. Personnel would be
required not only to collect basic data and record items in the
accounting sheets, but also to record all kinds of account books and
prepare and adjust the reports. Such a set of staffing already
requires high labor costs, and the statistical workload of a
village or even a town’s natural resources will not be balanced
with such staffing. In other words, the workload would exceed the
amount that the staff can accommodate. Therefore, only basic data
entry is required in villages, towns and so on.

Second, a person in charge should be identified and their
responsibilities and obligations must be clearly stated. Such a
person should be designated in each regional unit of natural
resources, and they would be responsible for accounting the
types, quantities, and damage levels of natural resources within
the region. If there are many natural resources, labor can be
appropriately increased. For example, the person in charge,
named “A,” is responsible for the Class A resources in Area 1
(including the assets, liabilities, and corresponding resource benefits
of Class A resources). In the process of natural resource accounting,
statistics of the physical quantity of natural resources only need to
provide the corresponding natural resource data sources, statistical
scope, and statistical methods, and the person in charge does not
require professional accounting knowledge. However, the NRBS
also involves the calculation of the value of natural resources.
Therefore, the person in charge of the preparation of the NRBS
not only requires knowledge of accounting, but also requires a
certain understanding of the natural resources in the area in which
they are responsible. Additionally, to ensure the authenticity of the

data in the statements, it should be stipulated that each person in
charge will be responsible for the data on the natural resources
balance sheet during their tenure within two to 3 years after leaving
their post.

Finally, an electronic information system is required for
storing and processing data throughout the entire process,
from the collection and recording of the most basic data to
the completion of the final NRBS preparation and
consolidation. Electronic information systems or smart
technologies are used for data processing, which not only
greatly reduces the labor cost of natural resource data
statistics, but also improves the accuracy of natural resource
data information. Considering the complexity of the electronic
information system and limitation of the knowledge level of the
person in charge of natural resource data collection in a township,
each person in charge only needs to be responsible for the simple
recording and uploading of natural resource data.

CONSTRUCTING A SYSTEM FRAMEWORK
FOR THE NRBS

Reporting System and Format
Reporting System
Taking the natural resource management department of the
county-level government as the accounting entity as an
example, the report system data are generally formed through
internal and subordinate reporting and aggregation. Regarding
internal data formation, the natural resource management
department should register the natural resources in the central
area of the county and perform regular accounting, conduct
inspections and audits at the end of each quarter, and finally
summarize them at the end of the year. In this way, a natural
resource accounting table in the central area of the county is
formed. The main table is the NRBS, and the sub-tables are the
natural resource asset, natural resource liability, and
environmental benefit change tables. If necessary, a number of
auxiliary tables can be added, such as trial balance or resource
flow tables. Additionally, data in sub-tables submitted at lower-
level units, such as villages, towns, and townships need to be
summarized at the end of the accounting period. If these lower-
level organizations in villages and towns have special
circumstances, such as insufficient statistical talent and limited
professional knowledge, they only need to collect basic data, and
there is no need to form a professional and complete NRBS.

Report Format
The NRBS can be presented in either a symmetric or a matrix
format. The left-hand side of a symmetrical report lists the
natural resource asset projects, and the right-hand side lists
the natural resource liabilities and natural resource benefit
projects. The columns are set at the beginning and end of the
period, and the physical quantities and their units and values are
set separately below. The matrix report adopts the SNA mode,
referring to the format of the National Economic Accounting
System (2008 edition) for presentation. The main word column is
the listing of the balance formula, and the object column is the
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listing of the relevant departments (regions), which is balanced
vertically and horizontally. Only symmetrical reports are referred
to in this study, and the NRBS compiled in this study is shown in
Table 3.

Accounting System and Structure
A NRBS is compiled to provide relevant information and reflect
the continuous changes in natural resource assets and ownership
relationships. This is achieved by establishing an accounting
system that can confirm, measure, record, and statistics during
daily accounting. It is necessary to establish accounts according to
the classification of natural resource assets, natural resource
liabilities, and natural resource benefits, as well as to select an
account structure according to the position of the account in the
balance formula. According to the principle of double-entry
bookkeeping, to maintain the balance formula during the
accounting process, the account structure at the left side of the
formula should be set to “left increase and right decrease,” and the
account structure at the right side of the formula should be set to
“right increase and left decrease.” At the end of the period, all
accounts with a balance on the left belong to the left end of the
equation and are asset accounts; moreover, all accounts with a
balance on the right belong to the right end of the equation and
belong to the debt benefit account. The balances on both sides of
the account are equal, and the formula is established. The double-
entry bookkeeping method, which originated in the west, uses the
word debit and credit as bookkeeping symbols, and follows the
rule of “left borrowing and right lending,” i.e., the asset account is
recorded as a “debit increase and credit decrease,” and the liability
benefit account is recorded as a “credit increase, debit, and
decrease.” As the words “debit” and “loan” have lost their
original meaning in accounting, they only represent the
direction of increase or decrease of accounts of different
nature. Therefore, when the self-debit and credit bookkeeping
method was introduced into China, some people suggested

replacing the words “debit” and “credit” with Chinese
bookkeeping symbols, so-called “left and right bookkeeping”.
This term is easier to understand than “debit and credit
accounting method” and can better promote the development
of work to prepare the NRBS of the township.

Change in Accounting Item Types and
Balance of Trial Calculations at the End of
the Period
Change in Accounting Item Types
Compiling a NRBS involves accounting for natural resource
assets, natural resource liabilities, and natural resource
benefits, and the balance formula is as follows: natural
resource assets � natural resource liabilities + natural resource
benefits. Although the “left and right bookkeeping method” was
used in this study, it was essentially the same as the “debit and
credit bookkeeping method.” That is, each item type in the
account has two parties (2 × 2 × 2 � 8), and there are eight
categories of accounting items, which are described as follows. In
the first category, the natural resource asset category subjects
increase and decrease, and the amount of increase and decrease is
equal, and the balance relationship remains unchanged. In the
second category, the natural resource liability category subjects
increase and decrease, and the amount of increase and decrease is
equal but the balance relationship is not. In the third category, the
amount of increase and decrease between the natural resource
benefit subjects is equal, and the balance relationship remains
unchanged. In the fourth category, the increase and the other
decrease between the natural resource liability subjects and the
natural resource benefit subjects; the amount of increase or
decrease is equal, and the balance relationship remains
unchanged. In the fifth category, the natural resource asset
category and the natural resource liability category increase at
the same time, the amount is equal, and the balance relationship

TABLE 3 | Natural resources balance sheet.

Natural resource assets Opening balance Ending
balance

Natural resource liabilities
and benefits

Opening balance Ending
balance

Physical quantity unit Value unit Physical quantity unit Value unit

1. Water resources Water loss
Of which: surface water Land resource depletion
groundwater Energy resource depletion
Subtotal Depletion of forest resources
2. Land Resources Cope with pollution control liabilities
Of which: agricultural land Of which: wastewater treatment
Construction land Pay environmental compensation fees
Other land Of which: Compensation for water pollution
Subtotal Subtotal of natural resource liabilities
3. Energy Resources Natural resource benefits
Of which: renewable 1. Economic benefits of natural resources
Nonrenewable Of which: surplus distribution
Subtotal Surplus retention
4. Forest resources 2. Environmental benefits of natural resources
Of which: forest resources Air purification
Soil microorganisms Renewable resources
Subtotal Subtotal of natural resource benefits
Total natural resource assets Total natural resource liabilities and benefits
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remains unchanged. In the sixth category, which comprises the
natural resource asset category and the natural resource benefit
category, the subjects increase at the same time, the amount is
equal, and the balance relationship remains unchanged. In the
seventh category, the natural resource asset category and the
natural resource liability category decrease at the same time, the
amount is equal, and the balance relationship remains
unchanged. In the eighth category, which comprises the
natural resource asset category subject and natural resources,
the benefit subjects are reduced at the same time, the amount is
equal, and the balance relationship remains unchanged.

Trial Balance
At the end of the accounting period, all accounts are balanced,
and a trial balance sheet is prepared for audit verification. When
the beginning, end, and balance of the period are equal on the left
and right, the accounts can be settled and the NRBS and its sub-
tables are prepared.

CONCLUSION

We analyzed the basic elements within a NRBS, the associated
measurement methods, and the data acquisition paths and
constructed a system framework for natural resource asset-
liability project accounting. The main conclusions of this study
are as follows:

1. The basic elements of aNRBS should include the natural resource
assets, natural resource liabilities, and natural resource benefits; of
these, the natural resource benefits include economic and
environmental benefits (Sharma and Mahendru, 2017).

2. A measurement method, which employs a combination of
both physical and value quantities, should be used to quantify
the natural resource assets and liabilities.

3. To obtain reliable natural resource asset and liability data, the
following are a pre-requisite: the rules and regulations for

preparing NRBSs should be unified; a person in charge should
be appointed, and their corresponding responsibilities and
obligations should be clearly stated; and an electronic
information system should be established for storing and
processing process data throughout the entire process (Yan
et al., 2021).

4. According to the basic elements of a NRBS, including the
natural resource assets, natural resource liabilities, and natural
resource benefits, the basic balance formula for natural
resource asset-liability project accounting is as follows:
natural resource assets–natural resource liabilities � natural
resource benefits (Zutshi et al., 2021).
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A range of studies have been observed, covering the title of climate change and its linkage
with the agriculture sector. This would justify the claim that changing environment has its
several outcomes for which the agriculture sector cannot be ignored. The purpose of this
study is to investigate the impact of various climate change dynamics and modelling on the
four indicators of agriculture sector. Overall, five panel economies were selected having
highest level of agriculture output in the world economy. The time duration of the study was
during 1990–2018 with yearly data as collected from world development indicator or WDI.
The study analysis was conducted while applying four panel regression models like
ordinary least square, fixed effect estimator, least square dummy variable, and finally
the random effect. For better understanding, study findings are empirically explained. The
results confirm that both positive and negative impact of various proxies of climate change
on agriculture dimension of selected economies. More specifically, it is observed that
higher climate change in the form of carbon emission from different sources are causing a
downturn effect on the agriculture export while at the same time, they are causing an up-
ward shift in the agriculture import of selected economies. Besides, study has reasonably
disrobed various policy implications both in theoretical and practical perspective. However,
some limitations are also under observation. Firstly, this study considers the limited number
of explanatory variables for reflecting the changing climate trends among top five
agriculture economies of the world. However, there are still range of other factors
which can be observed in the future studies to examine their influence on the selected
indicators of agriculture industry. Secondly, this study has applied traditional panel models
where no implication is observed for the dynamic panel methods like Generalized methods
of Moments or GMM. Thirdly, this study has not provided any evidence for the cross-
country analysis. Fourthly, this study has limited time span along with missing examination
of both short run and long as well. Future studies may address these limitations for better
implication in both theoretical and practical perspective.
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INTRODUCTION

In the recent time, there is a growing evidence that greenhouse
gases have already begun to warm the planet in a range of
categories along with their economic, social and financial
perspective [Ramanathan and Feng, 2009; Amen et al., 2020;
Chien et al., 2020; Kamran et al., 2020). As per the report of
Intergovernmental Panel on Climate Change (IPCC), 2007], if the
issue of changing climate is not addressed on some serious
ground, then the stock of greenhouse gasses is expected to
grow over the next century as well (Mahasenan et al., 2003;
Mendelsohn, 2008; De Salvo et al., 2013; Aleixandre-Benavent
et al., 2017; Nawaz et al., 2020a; Nawaz et al., 2020b; Sun et al.,
2020). These conditions have generated the extensive need of
climate change modelling that could help to predict the climate
changing for the long period of time. The climate models are
considered as an extension of weather forecasting (Singh et al.,
2021). However, weather models make predictions for short
timespans and over specific areas while climate models analyze
long time spans. Climate change modellings predict how
conditions will change on average over the coming decades.

Although there are various impacts as expected from the
global climate change, however, one of the growing concerns
in the literature is that climate change has its direct impact on the
agriculture sector and its output (Ali et al., 2017; Kumar et al.,
2018; Kumari et al., 2020; Mahato, 2014). For example, there are
many studies which have discussed the relationship between
climate change and agriculture sector both in developed and
developing economies (Calzadilla et al., 2013; Calzadilla et al.,
2014; Chen et al., 2016; Foster and Kalenkoski, 2013; Ignaciuk
and Mason-D’Croz, 2014). For example, Walthall et al. (2013)
have provided their view that increasing carbon dioxide is causing
more temperature along with the altered precipitation patterns
for the agriculture productivity. Meanwhile such changing
climate is found to be vulnerable to the livestock production
system as well and also generate the need of climate change
modellings that provide the climate conditions of coming
decades. Additionally, the projection for the crops and
livestock production system has revealed the fact that the
effect from changing climate over the next 25 years will be
mixed. The reason is that agriculture sector is significantly
depending upon the range of economic system process which
supports the productivity including the soil quality maintenance
and water regulation as well. They have further predicted the fact
that extreme climate change has an increasing influence on the
value of total productivity of agriculture sector of the world (Dar
et al., 2020; Dar et al., 2021a).

Based on the above discussions, the agriculture sector has
played a significant role in the economy of the country and
climate changes put adverse impact on it and need to be
investigate the foremost solution. Thus, the present study
examines the impact of climate changes predicted through
climate change models on the agriculture development in
New Zealand, Argentina, Australia, Japan, and Brazil. The
remaining part of the study consist on the literature review,
research methods, results and discussions and end with the
implication, limitations and future directions.

LITERATURE REVIEW

The association between climate change and agriculture sector
output has provided some meaningful theoretical and empirical
perspectives, (Lehtonen et al., 2021; Malik et al., 2021; Ofoegbu and
New, 2021). It is observed that focus of various studies in the
present literature is not only the key issues as linked with the
climate change and agriculture sector, but also to provide some
outstanding policy implications, however, ignored the influence of
climate change modelling role on the predictions of climate that
also has impact on the agriculture sector (Dar et al., 2021b). For
example, Adams et al. (1998) has claimed that climate is the
primary determinant of agriculture sector and its productivity
due to the fact that over the years, there is a dramatic change
in the agriculture sector productivity due to environmental
concerns in both developed and developing economies. Their
paper has reviewed the literature regarding the physical and
economic aspects in the field of climate change and
environmental concerns but ignored the climate change
modellings role. Mishra and Sahu (2014) have also explored the
economic impact of climate change on the agriculture sector of
coastal Odisha. The study findings have confirmed the fact that
most of the climate and control variables have their significant
influence on the net revenue per hectare of the region. Meanwhile,
they have used the trends of various seasons over the time of
30 years and found that rising temperature might have its adverse
impact on the coastal zone agriculture of Odisha.

Aydinalp and Cresser (2008) have claimed that climate is to be
considered as among the primary factor for the agriculture
production. However, the potential effects of climate change
on the agriculture sector have motivated various researchers.
Therefore, their study has considered the association between the
climate change and agriculture in terms of livestock yield and its
economic consequences. They also ignored the climate change
models to predict the climate that also put positive role on the
livestock yield and its economic consequences. Karimi et al.
(2018) explain that impact of climate change on agriculture
isstill something associated with lot of uncertainties. However,
the changing climate is also expected to adversely affect the
agriculture industry in the economies like Iran. Their study
has aimed to provide documentary evidence about the linkage
between climate change and its impact on the agriculture
industry. It is confirmed that the changes in the level of yield
production is reasonably depending upon the crop type along
with the carbon emission, environmental situation, and
fertilization effect without using the climate change models.
Furthermore, for higher level of agriculture output, the efforts
from the government are quite reasonable.

Maia et al. (2018) have focused on the Brazilin economy and
expressed that it is already suffering some significant impacts
from changing climate. However, agriculture technologies may
also play their role towards attenuating the impact of extreme
events in the natural environment. Meanwhile, ecosystem may
also paly its role towards attenuating the impacts of agriculture
production. Zhang et al. (2017) express their view and stated that
climate change can shift of distribution of climatic variables like
temperature, wind spend, humidity, sunshine, and evaporation as
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well without using the climate changing models. For this reason,
their study has examined the impact of all these variables on the
crop growth during the time of 1980–2010. Furthermore, their
study has confirmed the fact that climate change is likely to
reduce the production of crop like 36.25% for the rice, 18.26% for
the wheat, and 45.10 percent for the corn in Chinese economy by
the end of current century.

Bombelli et al. (2019) express that increasing level of population
along with the food consumption and gas emission are providing
some new experiences to the world. The title of Paris Agreement has
been recognized as among the fundamental priorities for the
safeguarding the food along with ending the issue of hunger.
Furthermore, it also focuses on the vulnerabilities of the food
production system. Islam and Nursey-Bray (2017) have observed
the adaption to climate change in the agriculture sector of
Bangladesh through the role of formal institutions. The study
findings confirm the effectiveness of the formal institutions for
the adaption of climate change in the agriculture sector by
ignoring the climate change models. Additionally, they have
argued that for building an adaptive agriculture culture in the
region of Bangladesh, the role of formal institutions cannot be
ignored. Husnain et al. (2018) have provided their empirical
contribution for the climate change and agriculture. Their paper
aims to investigate such relationship through incorporating the
geographical instrument, longitude and altitude, temperature and
climate change for the agriculture sector in 60 panel economies. The
study findings confirm a negative linkage between the temperature
and agriculture sector in the targeted economies. Furthermore, it is
confirmed that magnitude for the coefficient of the temperature is
mild which is approximately 20 percent comparatively to earlier
studies. In addition, there are range of other studies who have
considered the linkage between climate change and agriculture
industry with mixed number of empirical findings (Calzadilla
et al., 2014; Ignaciuk and Mason-D’Croz, 2014).

METHODS AND VARIABLE DESCRIPTION

This study is purely quantitative in nature which has considered
seven dynamics of climate change and four from the agriculture
industry. The regional context of the study confirms that it considers
the five major agriculture economies: New Zealand, Argentina,
Australia, Japan, and Brazil. The data for the targeted economies
was collected from the official web portal of world bank group,
named as world development indicator or WDI. The time duration
of the study considers 1990–2018 with annual observations. For the
study variables, key explanatory variables are observed as Nitrous
oxide emissions measured through % change from 1990, Nitrous
oxide emissions measured in terms of thousand metric tons of CO2
equivalent, Methane emissions is measured through % change from
1990, and Methane emissions is calculated as kt of CO2 equivalent.
In addition, the other explanatory variables of the study consider the
total greenhouse gas emissions observed as % change from 1990,
total greenhouse gas emissions measured as kt of CO2 equivalent
and other greenhouse gas emissions observed as % change from
1990. These measurements are also based on the climate change
models. The values of all these independent variables are directly

achieved from the WDI during the study period. In addition, our
study has added four dependent variables which include Agricultural
raw materials exports measured in terms of % of merchandise
exports, Agricultural raw materials imports measured in terms of
% of merchandise imports, agriculture, forestry, and fishing, value
added in terms of % of GDP, and Agriculture, forestry, and fishing,
value addedmeasured through current US$. However, due to higher
amount in USD, the last dependent variable is further transformed
through taking the natural log and finally added in the regression
models.

For testing the empirical relationship between the study
variables this study has adopted four panel regression
techniques. The first one is known as simple OLS estimation
which considers the impact of all the explanatory variables on the
main dependent variables, while observing the effect of error
terms as well. This is one of the most cited method in the present
literature which is used to express the quantitative association
between the study variables (Ma et al., 2012; Foster and
Kalenkoski, 2013; Bun and Harrison, 2014; Ohlson and Kim,
2015; Bun and Harrison, 2019). For examining the relationship
between set of climate change indicators and agriculture industry
variables, following OLS regression equations are developed.

AG.RMEX�z+BaNOE+BbNOEM+BcME+BdMEK
+BdMEK+BeTGSE+BfTGEK+BgOGS+μ (1)

AGRMIM�z+BaNOE+BbNOEM+BcME+BdMEK
+BdMEK+BeTGSE+BfTGEK+BgOGS+μ (2)

AFFVAD�z+BaNOE+BbNOEM+BcME+BdMEK
+BdMEK+BeTGSE+BfTGEK+BgOGS+μ (3)

L.AFFVUSD�z+BaNOE+BbNOEM+BcME+BdMEK
+BdMEK+BeTGSE+BfTGEK+BgOGS+μ (4)

To empirically test the above stated equations, STATA-15 is
under consideration and findings for the above equations are
provided in Table 2 of the study through Model 1 to Model 4.
After examining the association between climate change
dynamics and agriculture industry factors in the selected
economies, this study applies the least square dummy
variable model which is a second model in the panel
regression. The model of least square dummy variable helps
to control and show the effect of various entities which are
under observation in any study. For example, in current
research, data for the five entities is collected for both
dependent and independent variables. Through LSDV model,
the heterogeneity effect among the various entities or unit of
observation can be controlled up to a significant level. For
applying the LSDV model, following regression equations are
developed and empirically tested. The findings for the LSDV
model are provided in Table 3 of the study.

AG.RMEXit � z + BaNOEit + BbNOEMit + BcMEit

+ BdMEKit + BdMEKit + BeTGSEit

+ BfTGEKit + BgOGSit + γ2E2 + . . . + γnEn

+ δ2T2 + . . . + δtTt + uit

(5)
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AGRMIMit � z + BaNOEit + BbNOEMit + BcMEit + BdMEKit

+ BdMEKit + BeTGSEit + BfTGEKit + BgOGSit

+ γ2E2 + . . . + γnEn + δ2T2 + . . . + δtTt + uit

(6)

AFFVADit � z + BaNOEit + BbNOEMit + BcMEit + BdMEKit

+ BdMEKit + BeTGSEit + BfTGEKit + BgOGSit

+ γ2E2 + . . . + γnEn + δ2T2 + . . . + δtTt + uit

(7)

L.AFFVUSDit � z + BaNOEit + BbNOEMit + BcMEit

+ BdMEKit + BdMEKit + BeTGSEit

+ BfTGEKit + BgOGSit + γ2E2 + . . . + γnEn

+ δ2T2 + . . . + δtTt + uit

(8)

After applying the least square dummy variable model, next
step is to apply the fixed effect regression model which only
controls the heterogeneous effect for the different entities.
However, the regression coefficient under fixed effect is almost
similar to least square dummy variable model. The findings for
the fixed effect regression model for all dependent variables are
provided in Table 4.

AG.RMEXit � z + BaNOEit + BbNOEMit + BcMEit

+ BdMEKit + BdMEKit + BeTGSEit

+ BfTGEKit + BgOGSit + αi + eit (9)

AGRMIMit � z + BaNOEit + BbNOEMit + BcMEit + BdMEKit

+ BdMEKit + BeTGSEit + BfTGEKit + BgOGSit

+ αi + eit

(10)

AFFVADit � z + BaNOEit + BbNOEMit + BcMEit + BdMEKit

+ BdMEKit + BeTGSEit + BfTGEKit + BgOGSit

+ αi + eit

(11)

L.AFFVUSDit � z + BaNOEit + BbNOEMit + BcMEit

+ BdMEKit + BdMEKit + BeTGSEit

+ BfTGEKit + BgOGSit + αi + eit (12)

Lastly, our study has applied the random effect model which
assumes that unlike the fixed effects model, the variation across
entities is assumed to be random and uncorrelated with the
predictor or independent variables included in the model.
Therefore, we study has applied the following regression
equations for the random effect.

AG.RMEXit � z + BaNOEit + BbNOEMit + BcMEit

+ BdMEKit + BdMEKit + BeTGSEit

+ BfTGEKit + BgOGSit + uit + εit (13)

AGRMIMit � z + BaNOEit + BbNOEMit + BcMEit + BdMEKit

+ BdMEKit + BeTGSEit + BfTGEKit + BgOGSit

+ uit + εit

(14)

AFFVADit � z + BaNOEit + BbNOEMit + BcMEit + BdMEKit

+ BdMEKit + BeTGSEit + BfTGEKit + BgOGSit

+ uit + εit

(15)

L.AFFVUSDit � z + BaNOEit + BbNOEMit + BcMEit

+ BdMEKit + BdMEKit + BeTGSEit

+ BfTGEKit + BgOGSit + uit + εit (16)

The findings for the above random effect regression equations
are presented under Table 5.

RESULTS AND DISCUSSION

A detailed level of descriptive outcomes is provided under Table 1
based on the all the study variables. The findings predict that
highest mean score is observed from NEOEM, MEK, and TGEK.
Whereas all these variables have provided the evidence for the
relatively higher value of standard deviation as well. Furthermore,
ME indicates the lowest mean score in all the top five agriculture
economies as observed under present study. Additionally. our
study has also conducted an individual descriptive analysis for all
five targeted economies. In case of New Zealand, highest mean
trend is reflected by Total greenhouse gas emissions (% change
from 1990) which is 78,612.41, followed by Nitrous oxide
emissions (thousand metric tons of CO2 equivalent) in terms
of 14,886.9. The rest of the descriptive trends under present study
are provided in Table 1.

Table 2 predicts the regression results for all the four
dependent variables as presented in Model 1 to Model 4,
respectively. It is observed that AG. RMEX, AGRMIM,
AFFVAD, and L. AFFVUSD are the key dependent variable to
reflect the agriculture economies for all the panel countries. The
study findings confirm that the impact of Nitrous oxide emissions
(% change from 1990) on the first dependent variable is highly
significant and negative at 1 percent. This means that for every
single unit increase in the value of Nitrous oxide emissions (%
change from 1990), there is decline of −0.247 in the value of
Agricultural raw materials exports (% of merchandise exports)
during the study period of 1990–2018. This relationship is
expressed through regression coefficient of −0.247 and
standard error of 0.032, respectively. However, contrary to the
above findings, the influence of Nitrous oxide emissions
(thousand metric tons of CO2 equivalent) on the Agricultural
raw materials exports (% of merchandise exports) is positively
significant at 1 percent. Furthermore, similar relationship is
observed between Methane emissions (% change from 1990)
and agriculture export in the top five agriculture economies
during the study period. However, the influence from MEK
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TABLE 1 | Data of different variables collected from 1990–2018 for followed countries.

New Zealand Argentina Australia

Variable Mean Max Min Stdeve Variable Mean Max Min Stdeve Variable Mean Max Min Stdeve

NOE 11.1694 25.58296 −0.95727 8.746914 NOE 17.11151 40.43137 −1.81079 15.02206 NOE 2.597631 29.59701 −18.1761 11.23369
NOEM 14,886.9 15,940 14,280 3,735.442 NOEM 41,147.24 48,340 35,380 11,019.18 NOEM 78,110 109,130 54,650 24,257.75
MEK 33,072.07 33,830 31,840 8,274.872 MEK 112,914.1 123,540 105,660 28,734.14 MEK 145,624.8 175,690 118,280 39,278.4
ME 2.110519 7.370646 −2.45781 2.433111 ME −3.90465 0.48392 −15.0284 4.339745 ME 6.756071 18.23448 −2.18237 5.72375
TGSE 13.9121 27.17266 −0.38797 9.536842 TGSE 24.45458 54.37849 0.237739 17.95444 TGSE 79.52351 157.4166 −0.58771 58.72834
TGEK 78,612.41 84,250 70,440 20,110.24 TGEK 308,283.8 367,320 243,030 87,247.02 TGEK 576,366.2 673,130 503,740 151,896.3
OGS −52.673 −1.48019 −85.5788 37.28458 OGS 105.093 333.4832 −40.8418 98.33672 OGS 948.3549 2,120.761 −20.2875 763.1183
AGRMEX 13.27934 18.91734 8.912395 2.934753 AGRMEX 1.713634 4.349714 0.881347 1.026199 AGRMEX 5.270447 10.65632 2.134787 2.884597
AGRMIM 0.872899 1.210776 0.616814 0.188721 AGRMIM 1.433508 2.492597 0.880018 0.608094 AGRMIM 1.099 2.04973 0.586277 0.489087
AFFVAD 6.0485 7.981385 4.471293 1.730534 AFFVAD 6.372982 10.32817 4.457826 1.490358 AFFVAD 2.805155 4.209132 1.897969 0.564303
AFFFVAUSD 6.65E + 09 8.2E + 09 4.56E + 09 1.52E + 09 AFFFVAUSD 2.4E + 10 3.12E + 10 1.62E + 10 4.73E + 09 AFFFVAUSD 2.54E + 10 3.25E + 10 1.61E + 10 5.27E + 09

Brazil Japan

Variable Mean Max Min Stdeve Variable Mean Max Min Stdeve

NOE 20.10375 51.97623 0.02629 14.4406 NOE −14.9202 3.475043 −32.5638 13.16941
NOEM 144,607.9 184,380 106,590 43,305.33 NOEM 23,282.07 31,350 18,010 7,276.075
MEK 365,670 424,800 285,240 102,677.3 MEK 28,440.34 37,850 21,110 8,807.921
ME 23.38656 54.00997 1.471793 17.09733 ME −26.8022 −2.39612 −41.8016 16.89647
TGSE 16.38607 86.11634 -24.5447 30.44566 TGSE 6.956999 13.35066 −1.1062 4.414434
TGEK 854,292.1 1105900 593,950 264,873.8 TGEK 1257168 1338630 1171570 316,578.9
OGS 3.821635 99.33697 −76.2468 44.70101 OGS 55.24606 95.86325 12.56603 32.50231
AGRMEX 4.057687 5.657866 3.058174 0.966931 AGRMEX 0.607364 0.864253 0.464236 0.120886
AGRMIM 1.831182 4.318985 1.007113 0.858802 AGRMIM 3.389171 7.280848 1.515555 1.981913
AFFVAD 5.120731 8.536411 4.115756 1.047571 AFFVAD 1.261144 1.892111 0.996606 0.526087
AFFFVAUSD 5.7E + 10 8.75E + 10 3.14E + 10 1.8E + 10 AFFFVAUSD 5.41E + 10 6.62E + 10 3.98E + 10 2.14E + 10

NOE, means Nitrous oxide emissions in terms of % change from 1990; NOEM, means Nitrous oxide emissions in terms of thousand metric tons of CO2 equivalent; ME, means Methane emissions measured through % change from the year
1990; MEK, means Methane emissions observed through kt of CO2 equivalent during the study period; TGSE, means total greenhouse gas emissions as observed through % change from 1990; TGEK, indicates the total amount of
greenhouse gas emissions (kt of CO2 equivalent); OGS, reflects the other greenhouse gas emissions (% change from 1990); AGRMEX, indicates Agricultural raw materials exports; AGRMIM, indicates Agricultural raw materials imports (% of
merchandise imports); AFFVAD, indicates the amount of Agriculture, forestry, and fishing, value added measured through % of GDP; LAFFFVAUSD, reflects log value of Agriculture, forestry, and fishing, value added as 2015 US$.
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and TGSE is highly significant and negative, provided that there is
an adverse and significant impact of MEK and TGSE on
Agricultural raw materials exports (% of merchandise exports).
Finally, the findings under Table 2 observed highly significant
impact from OGS which indicates a direct association between
OGS and first dependent variable of the study. The value of
overall coefficient of determination in the first dependent variable
is 92.3 percent, reflecting a higher level of variation in the
agriculture export due to climate extreme indicators.

For the second dependent variables, the study findings show
that Agricultural raw materials imports (% of merchandise
imports) is positively and significantly determined by NOE,
MEK, and OGS, while significant and negative impact is
observed by NOEM and TGSE, respectively. This would claim
that for mixed trend in Agricultural raw materials imports (% of
merchandise imports) is found by the selected explanatory
variables of the study. For the third dependent variable,
Agriculture, forestry, and fishing, value added (% of GDP), our
study output confirms that NOE, MEK, and OGS are positively
determining it, whereas NOEM, ME < and TGEK are observed as
an adverse determinant. This would also justify the claim that there
is a direct as well as indirect impact of climate extreme dynamics on
the Agriculture, forestry, and fishing, value added (% of GDP) in
panel economies. Finally, the study results under fourth multiple
regression model are observed for the Agriculture, forestry, and
fishing, value added (current US$) where the positive and

significant impact from MEK, OGS and TGSE is observed.
However, the impact from MEK and TGSE is observed as
positively significant for the fourth dependent variable of the study.

Table 3 considers the output for the regression results as
observed with the help of least square dummy variable model,
where the effect of individuals entities is added and presented.
The findings confirms that NOE has its negative influence on the
first dependent variable; Nitrous oxide emissions (% change from
1990). This would indicate that higher such type of emission is
causing lower level of Agricultural raw materials exports (% of
merchandise exports). However, the impact from NOEM on
Agricultural raw materials exports (% of merchandise exports)
is positively significant at 1 percent with the lowest value of
standard error and higher level of confidence; 99 percent.

However, the influence from MEK and ME is observed as
insignificant under full sample output. Additionally, our study
findings through dummy variable model indicate that TGSE is
negatively and significantly linked with the Agricultural raw
materials exports (% of merchandise exports). Furthermore,
the influence from all four dummy variables for the selected

TABLE 2 | Climate extreme and agriculture dynamics under OLS estimation.

Variables (1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

NOE −0.247*** 0.0684*** 0.0846*** −0.00682
(0.0324) (0.00803) (0.0141) (0.00921)

NOEM 0.000535*** −5.23e-05*** −0.000097*** 5.14e-06
(4.00e-05) (1.34e-05) (2.49e-05) (1.45e-05)

ME 0.212*** 0.0387*** −0.0631*** −0.00724*
(0.0159) (0.00796) (0.0125) (0.00430)

MEK −0.000322*** 2.67e-05*** 5.91e-05*** 7.31e-06***
(1.94e-05) (5.49e-06) (1.34e-05) (2.08e-06)

TGSE −0.0413** −0.0807*** −0.0363*** 0.0141**
(0.0160) (0.00739) (0.0100) (0.00720)

TGEK −1.51e-05*** 4.16e-06*** −3.71e-06*** −9.91e-07
(5.39e-07) (3.57e-07) (2.43e-07) (1.45e-06)

OGS 0.00531*** 0.00392*** 0.00410*** −0.000875***
(0.00121) (0.000465) (0.000763) (9.17e-05)

Constant 20.28*** 1.152*** 6.204*** 9.294***
(0.777) (0.103) (0.269) (0.0357)

Observations 109 109 107 66
R-squared 0.923 0.865 0.849 0.887

NOE, means Nitrous oxide emissions in terms of % change from 1990; NOEM, means
Nitrous oxide emissions in terms of thousand metric tons of CO2 equivalent; ME, means
Methane emissions measured through % change from the year 1990; MEK, means
Methane emissions observed through kt of CO2 equivalent during the study period;
TGSE, means total greenhouse gas emissions as observed through % change from
1990; TGEK, indicates the total amount of greenhouse gas emissions (kt of CO2
equivalent); OGS, reflects the other greenhouse gas emissions (% change from 1990);
AGRMEX, indicates Agricultural raw materials exports; AGRMIM, indicates Agricultural
raw materials imports (% of merchandise imports); AFFVAD, indicates the amount of
Agriculture, forestry, and fishing, value added measured through % of GDP;
LAFFFVAUSD, reflects log value of Agriculture, forestry, and fishing, value added as
current US$, robust standard errors in parentheses, ***p < 0.01, **p < 0.05, *p < 0.1.

TABLE 3 | Climate extreme and agriculture dynamics under LSDV estimation.

Variables Model 1 Model 2 Model 3 Model 4

NOE −0.0965* 0.0498*** 0.0562 −0.00406
(0.0514) (0.0157) (0.0414) (0.00509)

NOEM 0.000341*** −6.51e-05* −1.12e-05 1.75e-05
(0.000105) (3.22e-05) (8.34e-05) (8.84e-06)

ME −0.198 0.231*** −0.0565 0.0612***
(0.0841) (0.0258) (0.0728) (0.0106)

MEK 0.000141 −0.000276*** 1.65e-05 −6.31e-05***
(0.000102) (3.11e-05) (8.37e-05) (1.11e-05)

TGSE −0.139*** −0.0704*** −0.0409** 0.000454
(0.0318) (0.00974) (0.0259) (0.00487)

TGEK 1.75e-05** 6.13e-06*** 4.21e-06 4.61e-06***
(6.45e-06) (1.98e-06) (5.47e-06) (1.17e-06)

OGS 0.00410*** 0.00242*** 0.00294** −0.00187***
(0.00127) (0.000390) (0.000995) (0.000139)

_Iid_2 −34.77*** 19.63*** −1.632 4.667***
(6.171) (1.890) (5.229) (0.727)

_Iid_3 −42.64*** 22.55*** −5.173 4.391***
(6.891) (2.111) (5.915) (0.798)

_Iid_4̂ −47.35*** 8.876*** −11.60 —

(7.701) (2.359) (7.166)
_Iid_5̂ −41.08*** 17.76*** −3.957 —

(5.794) (1.775) (5.095)
Constant 8.852*** 7.723*** 6.135*** 11.00***

(2.191) (0.671) (1.826) (0.259)
Observations 109 109 107 66
R-squared 0.961 0.948 0.860 0.941

NOE, means Nitrous oxide emissions in terms of % change from 1990; NOEM, means
Nitrous oxide emissions in terms of thousand metric tons of CO2 equivalent; ME, means
Methane emissions measured through % change from the year 1990; MEK, means
Methane emissions observed through kt of CO2 equivalent during the study period;
TGSE, means total greenhouse gas emissions as observed through % change from
1990; TGEK, indicates the total amount of greenhouse gas emissions (kt of CO2
equivalent); OGS, reflects the other greenhouse gas emissions (% change from 1990);
AGRMEX, indicates Agricultural raw materials exports; AGRMIM, indicates Agricultural
raw materials imports (% of merchandise imports); AFFVAD, indicates the amount of
Agriculture, forestry, and fishing, value added measured through % of GDP;
LAFFFVAUSD, reflects log value of Agriculture, forestry, and fishing, value added as
current US$, robust standard errors in parentheses, ***p < 0.01, **p < 0.05, *p < 0.1,̂ the
impact from Iid4, and Iid5 is omitted due to very minor effect.
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agriculture economies is found to be negatively significant which
implies that there is a significant need to control the effect of such
heterogeneity while observing the association between climate
threatening factors and agriculture key indicators. In addition, the
influence from the climate threating factors on the second
indicator of agriculture industry of all five economies is also
presented under Table 3. The findings confirm a direct
association between NOE and Agricultural raw materials
imports (% of merchandise imports) which specifies that
higher NOE is leading to higher level of agriculture import.
Meanwhile, the impact of NOEM on the Agricultural raw
materials imports (% of merchandise imports) is positively
significant at 10 percent. In addition, our study findings
confirm the fact that MEK and TGSE are also showing their
negative impact on the Agricultural raw materials imports (% of
merchandise imports). However, TGEK and OGS are observed as
a positive indicator for higher amount of agriculture import in all
the selected economies. Furthermore, our study findings have
confirmed that dummy variables have their significant and
positive impact on the agriculture import. These findings have
confirmed the idea that higher climate changing elements like
carbon emission is leading towards lower amount of agriculture
export and at the same time, causing an upward shift for the
agriculture imports.

In addition, the findings underModel 3 (Table 3) specifies that
only the factors like Total greenhouse gas emissions (% change
from 1990) and other greenhouse gas emissions (% change from
1990) are observed as significant determinants of Agriculture,
forestry, and fishing, value added (% of GDP). This would justify
the argument that there is a mixed effect from the environmental
threatening dynamics on the agriculture industry of top five agro-
economies. Furthermore, the influence on the agriculture,
forestry, and fishing, value added (current US$) as measured
through log values have provided the evidence that there is a
negative impact from MEK and OGS. However, we have a
positive effect of TGEK on Agriculture, forestry, and fishing,
value added (current US$).

Table 4 predicts the relationship between agriculture factors
and climate extreme dynamics as measured through fixed effect
regression coefficients. The findings have confirmed that NOE
has its negative and significant impact while NOEM is positively
and significant linked with it. This would justify the claim that
there is a mixed trend between the Nitrous oxide emissions (%
change from 1990), Nitrous oxide emissions (thousand metric
tons of CO2 equivalent) and Agricultural raw materials exports
(% of merchandise exports). It means that higher NOE is
adversely affecting the agriculture export while NOEM is
causing a direct change in it. However, ME has provided the
evidence for the negative but insignificant influence on
Agricultural raw materials exports (% of merchandise exports).

In addition, the findings under Model through fixed effect
regression estimator also indicates that there is a negative and
significant impact from MEK and TGSE while positive and highly
significant impact is observed through TGEK. This would again
claim that these environmental dimensions have also shown a
mixed effect on the Agricultural raw materials imports (% of
merchandise imports). Meanwhile, OGS has also provided the
evidence that there is a positive and significant impact on the value
of Agricultural raw materials imports (% of merchandise imports).

Under third regression model, our study examines the influence
of selected environmental variables on Agriculture, forestry, and
fishing, value added (% of GDP). The results have confirmed that
there is a negative and significant impact of Total greenhouse gas
emissions (% change from 1990) on the stated value of Agriculture,
forestry, and fishing, value added (% of GDP). This means that for
every single unit increase in the value of TGSE, there an effect of
−0.0472 on the value of Agriculture, forestry, and fishing, value
added (% of GDP). Meanwhile, OGS has shown a positively
significant impact on the value of Agriculture, forestry, and
fishing, value added (% of GDP).

Furthermore, Model 4 provides the evidence for examining
the influence from all set of explanatory variables on the fourth
dimension of agriculture sector among selected economies. The
results confirm that ME and TGEK have their significantly
positive impact on Agriculture, forestry, and fishing, value
added (current US$), whereas the influence from MEK and
OGS is highly significant and negative. Finally, the model
fitness specifies that there is a higher level of variation in the
key dependent variables, except for Agriculture, forestry, and
fishing, value added (% of GDP), where the total value of
explained variation is only 32.1 percent.

TABLE 4 | Climate extreme and agriculture dynamics under fixed effect
estimation.

Variables Fixed effect Fixed effect Fixed effect Fixed effect

Model 1 Model 2 Model 3 Model 4

NOE −0.0965* 0.0498*** 0.0562 −0.00406
(0.0514) (0.0157) (0.0414) (0.00509)

NOEM 0.000341*** −6.51e-05* −1.12e-05 1.75e-05
(0.000105) (3.22e-05) (8.34e-05) (8.84e-06)

ME −0.198 0.231*** −0.0565 0.0612***
(0.0841) (0.0258) (0.0728) (0.0106)

MEK 0.000141 −0.000276*** 1.65e-05 −6.31e-05***
(0.000102) (3.11e-05) (8.37e-05) (1.11e-05)

TGSE −0.139*** −0.0704*** −0.0409** 0.000454
(0.0318) (0.00974) (0.0259) (0.00487)

TGEK 1.75e-05** 6.13e-06*** 4.21e-06 4.61e-06***
(6.45e-06) (1.98e-06) (5.47e-06) (1.17e-06)

OGS 0.00410*** 0.00242*** 0.00294** −0.00187***
(0.00127) (0.000390) (0.000995) (0.000139)

Constant −24.30*** 21.43*** 1.862 14.01***
(6.510) (1.994) (5.798) (0.758)

Observations 109 109 107 66
R-squared 0.691 0.878 0.321 0.803
Number of ids 5 5 5 3

NOE, means Nitrous oxide emissions in terms of % change from 1990; NOEM, means
Nitrous oxide emissions in terms of thousand metric tons of CO2 equivalent; ME, means
Methane emissions measured through % change from the year 1990; MEK, means
Methane emissions observed through kt of CO2 equivalent during the study period;
TGSE, means total greenhouse gas emissions as observed through % change from
1990; TGEK, indicates the total amount of greenhouse gas emissions (kt of CO2
equivalent); OGS, reflects the other greenhouse gas emissions (% change from 1990);
AGRMEX, indicates Agricultural raw materials exports; AGRMIM, indicates Agricultural
raw materials imports (% of merchandise imports); AFFVAD, indicates the amount of
Agriculture, forestry, and fishing, value added measured through % of GDP;
LAFFFVAUSD, reflects log value of Agriculture, forestry, and fishing, value added as
current US$, robust standard errors in parentheses, ***p < 0.01, **p < 0.05, *p < 0.1.
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Finally, Table 5 confirms the regression results as measured
through random effect estimation. It is observed that NOE is
found to be significant indicator among all three dependent
variables, however, its impact on Agriculture, forestry, and fishing,
value added (current US$) is negatively insignificant. Meanwhile,
Nitrous oxide emissions (thousandmetric tons of CO2 equivalent) has
explained the fact that there is a direct impact on Agricultural raw
materials exports (% of merchandise exports), while negative and
significant impact on AG, RMEX and AGRMIM, respectively. In
addition, Methane emissions (% change from 1990) or ME confirms
its positive impact on agriculture export and import while negative
influence onAgriculture, forestry, andfishing, value added (%ofGDP,
and log of current USD). Furthermore, the study findings under
random effect output also confirms somemixed output whereMEK is
negatively impacting on the agriculture export and at the same time, it
is showing its adverse impact on the value of agriculture import.
Meanwhile, TGEK is showing its similar impact for lowering down the
export and pushing more pressure towards agriculture import among
the member states. Finally, OG is observed as positively significant
determinant for all four dependent variables of the study.

CONCLUSION AND POLICY
IMPLICATIONS

This study describes several outputs while determining the
economic output of changing climate predicted through climate
change models on agriculture among top five agro-based
economies. The study has provided some mixed results. For
example, it is found that agriculture export in the selected
economies is negatively affected by some of the climate change

dynamics based on climate change models, whereas the level of
agriculture import is positively and significantly affected by some
of the climate change indicators. Meanwhile, the impact on
Agriculture, forestry, and fishing, value added (% of GDP, and
current USD) has also provides some mixed evidence. The study
findings have provided the evidence that both the environmental
factors and key agriculture indicators are closely linked to each
other. Meanwhile, mixed evidence further confirms that both
positive and negative impact from environmental threats is here
specifically among the top agriculture economies of the world. The
empirical analysis under current study has explored the climate
sensitivity that is predicted through climate change models for the
agriculture sector. For this purpose, in order to control the adverse
impact of changing climate as measured through set of dimensions,
it is very important to develop some strategic polices and tactical
planning. furthermore, it is also important to note that different
climate dynamics have their differential impact on the agriculture
sector. This impact has suggested that such impact will greatly
depend on the local climate of selected economies in the upcoming
years. However, putting some significant efforts can lower down
the adverse impact of climate factors on the agriculture sector. For
example, it is suggested that government in the selected economies
need to work on minimizing the impact of carbon emission on
both export and import factors. Additionally, it is suggested that all
the targeted economies should immediately work to shift towards
some renewable energy sources which can create lower
environmental impact. This effort would result in stability in
the climate and in return there will be better agriculture output
for more export and lower import as well. Furthermore, the
government departments specifically those responsible for the
changing climate are highly suggested to review the current

TABLE 5 | Climate extreme and agriculture dynamics under random effect estimation.

Variables Random effect Random effect Random effect Random effect

Model 1 Model 2 Model 3 Model 24

NOE −0.247*** 0.0684*** 0.0846*** −0.00682
(0.0189) (0.00661) (0.0112) (0.00681)

NOEM 0.000535*** −5.23e-05*** -0.000097*** 5.14e-06
(4.39e-05) (1.54e-05) (2.49e-05) (1.14e-05)

ME 0.212*** 0.0387*** -0.0631*** −0.00724*
(0.0188) (0.00658) (0.0114) (0.00310)

MEK −0.000322*** 2.67e-05*** 5.91e-05*** 7.31e-06***
(2.01e-05) (7.03e-06) (1.13e-05) (1.97e-06)

TGSE −0.0413** −0.0807*** −0.0363*** 0.0141**
(0.0175) (0.00613) (0.0105) (0.00551)

TGEK −1.51e-05*** 4.16e-06*** −3.71e-06*** −9.91e-07
(6.41e-07) (2.24e-07) (4.18e-07) (1.11e-06)

OGS 0.00531*** 0.00392*** 0.00410*** −0.000875***
(0.00133) (0.000466) (0.000767) (0.000109)

Constant 20.28*** 1.152*** 6.204*** 9.294***
(0.519) (0.181) (0.299) (0.0437)

Observations 109 109 107 66
Number of ids 5 5 5 3

NOE, means Nitrous oxide emissions in terms of % change from 1990; NOEM, means Nitrous oxide emissions in terms of thousand metric tons of CO2 equivalent; ME, means Methane
emissions measured through % change from the year 1990; MEK, means Methane emissions observed through kt of CO2 equivalent during the study period; TGSE, means total
greenhouse gas emissions as observed through % change from 1990; TGEK, indicates the total amount of greenhouse gas emissions (kt of CO2 equivalent); OGS, reflects the other
greenhouse gas emissions (% change from 1990); AGRMEX, indicates Agricultural raw materials exports; AGRMIM, indicates Agricultural raw materials imports (% of merchandise
imports); AFFVAD, indicates the amount of Agriculture, forestry, and fishing, value addedmeasured through% of GDP; LAFFFVAUSD, reflects log value of Agriculture, forestry, and fishing,
value added as current US$, robust standard errors in parentheses, ***p < 0.01, **p < 0.05, *p < 0.1.

Frontiers in Environmental Science | www.frontiersin.org January 2022 | Volume 9 | Article 8076818

lisha et al. Mitigate Carbon Emission and Energy

260267

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


study findings while developing any related policies. However, the
economic outcome of climate change as observed in this research
would also support to various economists as well. Besides,
researchers and academic concerns in the field of climate
change and agriculture economy may also get significant benefit
from the findings under present study. However, some limitations
are also associated with the current study. Firstly, this study
considers the limited number of explanatory variables for
reflecting the changing climate trends among top five
agriculture economies of the world. However, there are still
range of other factors which can be observed in the future
studies to examine their influence on the selected indicators of
agriculture industry. Secondly, this study has applied traditional
panel models where no implication is observed for the dynamic
panel methods like Generalized methods of Moments or GMM.
Thirdly, this study has not provided any evidence for the cross-
country analysis. Fourthly, this study has limited time span along
with missing examination of both short run and long as well.
Future studies may address these limitations for better implication
in both theoretical and practical perspective.
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The current paper assesses the drivers of health care expenditure such as urbanization,
natural resources, economic expansion, and CO2 utilizing quarterly data from 2000Q1 to
2018Q4. The research applied the novel dual adjustment approach to identify the long run
association between healthcare expenditure and urbanization, economic growth, natural
resource and CO2 emissions. The main novelty of the dual adjustment approach is that the
approach offers another way to cointegration analysis by relaxing the implicit assumption
of the singular adjustment in cointegration analysis. The outcome of the dual adjustment
approach affirmed cointegration among the variables in the long run. Furthermore, we
applied fully modified ordinary least square (FMOLS), dynamic ordinary least square
(DOLS) and canonical cointegrating regression (CCR) estimators and their results
disclosed that economic growth, urbanization, and CO2 emissions increase health care
expenditure while natural resource rent mitigates healthcare expenditure in China.
Moreover, the spectral causality test uncovered that urbanization, economic growth,
natural resource, and CO2 emissions can predict healthcare expenditure at various
frequencies. Based on these findings, China’s policymakers should establish strategic
environmental management policies that improve healthy and clean air to reduce
healthcare costs. In addition, policymakers in China should reevaluate their urban
development strategies to avoid negative externalities associated with fast urbanization.
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INTRODUCTION

The pursuit of economic progress fueled by high amounts of
energy usage has resulted in an increase in air pollution, which is
hazardous to human health (Shahzad et al., 2020; Adebayo et al.,
2021a; Güngör et al., 2021; Adebayo et al., 2021b). For several
nations, developing a responsive health system to combat the
growing health implications of environmental degradation is
critical. All emerging countries such as China want to build a
strong healthcare system, but rising health spending is eating up a
large portion of their gross domestic product (Doğan et al., 2021;
Fareed et al., 2021; Ghazouani et al., 2021; Shah et al., 2021). As a
result, (Zaidi and Saidi, 2018) pointed out that the alarming rate
at which health expenditures are rising is outpacing GDP growth
in several economies, particularly in the emerging economies.
According to (UNEP, 2016), emerging nations spend around 5%
of their GDP on health-linked expenses caused by pollution
(UNEP, 2016). As a result, the goal of universal healthcare
access is jeopardized due to rising healthcare expenses
(Atuahene et al., 2020; Yang et al., 2021; Zeeshan et al., 2021).

China’s health spending per capita has risen from less than
US$42.11in 2000 to more than US$501 in 2019 (See Figure 1).
The explanations for this expansion are numerous. The most
significant factors are the rising ageing population and standard
of living. China’s health expenditure per capita and total health
expenditure has risen rapidly since 1978. The total health
expenditure was roughly 3% of GDP in 1978, and by the
1990s, it had risen to around 4% of GDP (World Bank, 2021).
Since the Chinese healthcare reform commenced in 2009, the rate
has risen to over 5%, reaching 6% in 2016.

In the empirical literature, there are various factors such as
income, energy use, CO2 emissions, population, economic
growth, and health status of citizens and many others that can
influence healthcare expenditure in various nations. For example,
(Chaabouni et al., 2016) scrutinized the drivers of health
expenditures in 51 nations and their findings unveiled that an
upsurge in GDP contributes to health expenditures. Similarly,

(Yang et al., 2021) assessed the drivers of healthcare expenditure
based on the STIRPAT framework from 1995 to 2018. The authors
employed AMG and CCEMG approaches to assess this connection
and their outcomes disclosed that urbanization, industrialization,
ecological footprint, and economic expansion triggers health
expenditures while globalization mitigates health expenditure.
Likewise, (Ampon-Wireko et al., 2021) applied the PMG, panel
causality and DOLS approaches to assess the drivers of healthcare
expenditure in emerging nations. Their outcomes show that natural
resources, urbanization, economic growth and CO2 increase
healthcare spending in addition, there is a feedback causal
interrelationship between economic expansion and health
spending. The literature pertinent to this work offers limited
insight on drivers of healthcare expenditure such as income,
urbanization, natural resource extraction, and CO2 emissions. As
a result, we investigate the interrelationship between health spending
and its determinants (economic growth, CO2, urbanization, and
natural resources) in China, which is the most populated country in
the world.

Examining the relationships between these variables in China
has become extremely relevant from a policy standpoint. In the
absence of effective national policies, healthcare costs and the
resulting deprivation of people are expected to rise, necessitating
the urgency for this research. Moreover, natural resource
exploitation caused health threats because of the numerous
chemicals disposed at mining sites, which has not gotten the
recognition it deserves in terms of human healthcare. The
current paper differentiates itself by offering a vigorous analysis
of the combined impact of economic growth, urbanization, natural
resource, and CO2 on healthcare expenditure in China within the
framework of advanced econometric approaches such as the dual
adjustment method. The main novelty of the dual adjustment
approach is that the approach offers another way to cointegration
analysis by relaxing the implicit assumption of the singular
adjustment in cointegration analysis. In addition, we applied
spectral causality, fully modified ordinary least square (FMOLS),
dynamic ordinary least square (DOLS) and canonical cointegrating
regression (CCR) estimators to assess these interconnections.

The subsequent section of the research is as follows: Section 2
illustrates a summary of past studies which is followed by
methodology and data in Section 3. Findings and discussion
are presented in Section 4. The research concludes in Section 5.

SYNOPSIS OF RELATED STUDIES

Health spending encompasses all expenditures for the health
services provision, nutrition activities, health-related emergency
assistance and family planning activities, but it omits the
provision of sanitation and drinkable water. Increased
pollution of the environment, the spread of diseases, income
disparities and overcrowding in cities in emerging and developed
nations have drawn policymakers’ and researchers’ attention to
the drivers of healthcare expenditures. Over the years, several
studies (Chaabouni et al., 2016; Chaabouni and Saidi, 2017;
Haseeb et al., 2018; Zaidi and Saidi, 2018; Shahzad et al.,
2020) have been conducted on the drivers of health

FIGURE 1 | Trend of health expenditure per capita in China from 2000 to
2018.
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expenditure; however, findings have produced mixed results. For
instance, utilizing a dataset from 1995 to 2013, (Chaabouni et al.,
2016) assessed the determinants of health expenditures in 51
nations. The investigators utilized GMM estimator and panel
causality to uncover the interrelationship and their findings
uncovered that a rise in CO2 contributes to health
expenditures in the selected nations.

Moreover, using China and India, (Atuahene et al., 2020)
scrutinized the nexus between health expenditure, GDP and
CO2 utilizing dataset between 1960 and 2019 and GMM
estimator. Their outcomes uncovered that CO2, GDP and
health spending all have a strong interconnection. For both
nations, the empirical research unveiled that CO2 has a
considerable positive influence on health spending, but
economic expansion has a detrimental effect on health
expenditure during the research period. In addition, no
significant connection exists between urbanization and health
expenditure in India while in China, urbanization impacts
health expenditure positively. Likewise, the research of (Zeeshan
et al., 2021) on the asymmetric nexus CO2 and health expenditure
in China from 1990 to 2019 disclosed that positive (negative) shock
in CO2 impacts health expenditure positively (negatively). Using
10 nations with the highest healthcare expenditures, (Yang et al.,
2021) assessed the drivers of healthcare expenditure based on the
STIRPAT framework from 1995 to 2018. The authors employed
AMG and CCEMG approaches to assess this connection and their
outcomes disclosed that urbanization, industrialization, ecological
footprint, and economic expansion triggers health expenditures
positively while globalization mitigates health expenditure.

Some studies have also incorporated natural resources into their
model to assess drivers of healthcare expenditure. For example,
using a dataset from 2000 to 2018, (Ampon-Wireko et al., 2021)
applied the PMG, panel causality and DOLS approaches to assess
the drivers of healthcare expenditure in emerging nations. Their
outcomes showed that natural resources, urbanization, economic
growth and CO2 increase healthcare spending. In addition, there is
a feedback causal interrelationship between economic expansion
and healthcare spending. Likewise, the research of (Nikzadian
et al., 2019) for OPEC nations on the nexus between health
care expenditure and natural resources using a dataset from
2002 to 2015 and panel OLS reported that natural resources
impact healthcare expenditure positively. Similarly, the study of
(Wang et al., 2019) using a dataset from 1975 to 2017 and
bootstrap ARDL for the case of 18 OECD nations unveiled a
long-run association among CO2, economic expansion and health
expenditure. In addition, the authors observed feedback causal
interconnectedness between healthcare expenditure and CO2 in
New Zealand and Norway.

Based on the summarized studies above, there is no agreement
on the impact of economic growth, urbanization, natural
resource, and CO2 on healthcare expenditure. Thus, the
current paper differentiates itself by offering a vigorous
analysis of the combined impact of economic growth,
urbanization, natural resource, and CO2 on healthcare
expenditure in China within the framework of advanced
econometric approaches such as the dual adjustment
approach. The main innovation of this method is that it offers

an option for analysis of cointegration by reducing the implicit
assumption of a single modification. In addition, we applied
spectral causality, DOLS, CCR and FMOLS approach to assess
these interconnections. Investigating the combinations of various
strategies serves to unlock the originality of the techniques,
resulting in reliable estimates that assist effective policy decisions.

DATA AND METHODOLOGY

Data and Model
In this research, we assess the impact of economic expansion
(GDP) on healthcare expenditure (HE) in China. We also
consider other drivers of health expenditure (HE) such as
urbanization (URB), carbon emissions (CO2) and natural
resources (NRR). The dataset utilized in the research span
between 2001Q1 and 2018Q4 (76 observations). The
dependent variable is health expenditure which is measured as
domestic general government health expenditure (% of GDP).
The independent variables are economic growth which is
calculated as GDP per capita (constant US$ 2010), natural
resource which is calculated as total natural resources rents (%
of GDP), CO2 emissions are calculated as metric tons per capita
and urbanization which is measured as Urban population (% of
total population). The data for CO2, HE, GDP, NRR and URB are
gathered from World Bank database. The research uses the
natural logarithmic version of all indicators. The research
econometric model is presented in Eq. 1 as follows:

HEt � β0 + β1CO2t + β2GDPt + β3NRRt + β4URBt + εt (1)

Where, CO2, HE, GDP, NRR and URB stand for emissions of
CO2, health expenditure, economic expansion, natural resource
and urbanization. Furthermore, t and ε stand for timeframe and
error term respectively.

Methodology
Unit Root Tests
The current paper aims to evaluate the long-run influence of
economic expansion, CO2 emissions, natural resources,
urbanization and urbanization on health expenditure in China.
Nevertheless, it is vital to capture the stationarity attributes of the
variables of investigation before assessing the long-run
association. As a result, KPSS unit root test was initiated by
(Kwiatkowski et al., 1992) to assess the variables’ stationarity
attribute. Nevertheless, with a structural break(s), the
effectiveness of conventional methods such as KPSS decreases.
As a result, the Zivot-Andrews (ZA) test proposed by (Zivot and
Andrews, 2002) which considers a single break is used in this
research. The time of structural break is determined
endogenously in the ZA unit root test. Each series is allowed
one structural break in the ZA test. One break in a series (Xt) is
endogenized in the ZA model as follows:

xt � μ̂ + θ̂DUt(T̂b) + β̂t + γ̂DTt(T̂b) + α̂xt−1 +∑
k

j�1
ĉjΔxt−j + êt

(2)
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Dual Adjustment Approach
The present study employs the dual adjustment approach which
proposed by İsmihan. (2019). The benchmark case for the dual
adjustment approach is the standard Engle-Granger (EG)
cointegration method. Hence, this study uses both dual
adjustment approach and EG cointegration approach. The
main novelty of the dual adjustment approach is that the
method gives an alternative to the cointegration analysis
relaxing the implicit assumption of the singular adjustment in
cointegration analysis. As advised by White and Granger (2011)
and İsmihan. (2019), we follow the indirect method and use the
Hodrick-Prescott (HP) filter to measure the trend and permanent
component of the variables. Scilicet, HP is the favored method of
decomposition in current analysis for numerous motives
mentioned previously but this does not certainly mean that it
is superior to others. Thus, the dual adjustment approach permits
the present study to use other popular filters which are Baxter-
King filter (BK) (suggested by (Baxter and King, 1999)) Ravn and
Uhlig (RU) and Christiano and Fitzgerald (CF) filter (suggested
by Christiano and Fitzgerald, 2003).

Following İsmihan. (2019), by employing the step-wise
methodology of dual adjustment approach, the first phase in
the dual adjustment approach is to decompose the variable in two
distinct components. The HP approach is superior method for
decomposition. However, by utilizing the HP method, the choice
of smoothing parameter is the most important step. The lambda
value for frequency of data is 100 in case of HP approach.
However, RU proposes a value of 6.25 in the case of annual
data. Hence, this study uses two different values of lambda,
i.e., 100 and 6.25. The study also uses BK and CF for the
choice of the smoothing parameter. Moreover, the study uses
the critical values of EG approach in the case of Co-HP trend
analysis. The Co-HP tend analysis has two steps. The following
equation is estimated via OLS method first step:

HEt � β0 + β1CO
l
2t + β2GDPl

t + β3NRRl
t + β4URB

l
t + εt (3)

Where, COl
2t, GDPl

t,NRRl
t andURB

l
t are the HP trend of CO2,

GDP, NRR and URB. Error term and time are depicted by ε and t.
In the second phase, the following equation is estimated.

Δµ + γµt−1 + et (4)

Where γ � p − 1. If γ � 0, the null hypothesis of “no commonHP
trend” is dismissed, which demonstrates that the residuals are not

stationary. The following equation is generated using the OLS
approach to analyse the short-run interrelationship:

HEt � β0 + β1CO
s
2t + β2GDPs

t + β3NRRs
t + β4URB

s
t + εt (5)

Where, COs
2t, GDPs

t, NRRs
t andURB

s
t are HP filtered gap parts.

Long-Run Estimators (FMOLS, DOLS and DOLS)
Fully modified OLS (FMOLS) is one of the most viable choices for
estimating long-run elasticities because it adjusts for
autocorrelation and endogeneity issues in the data series
(Kirikkaleli and Adebayo, 2020; Adebayo et al., 2021c). This
method, developed by (Pedroni, 2001), is centered on the non-
parametric method and is well-suited to achieving reliable
outcomes in small samples. The FMOLS estimator is depicted
as follows.

γ̂pGFM � M−1∑
M

i�1
γ̂pFM,1 (6)

Where, the standard FMOLS estimator is γ̂pGFM and its resultant
t-statistics is measured as follows in in Eq. 7;

t − statisticsγ̂pGFM � M−1
2∑
M

i�1
γ̂pFM,1 (7)

The distinctive association between the independent and
dependent variables in this research was uncovered using this
statistical method. To assess the FMOLS outputs’ robustness, the
DOLS and CCR long-run estimators were used.

Breitung and Candelon Causality
The DOLS, CCR and FMOLS approaches can only assess the
interrelationship between independent and dependent variables.
As a result, we applied the Breitung and Candelon (BC) Causality
test to identify the causal effect of CO2 emissions, natural
resource, GDP and urbanization on health expenditure in

TABLE 1 | Descriptive statistics.

CO2 GDP HE NRR URB

Mean 5.3817 4361.5 1.9947 2.3677 47.707
Median 5.6920 4130.3 2.1345 1.9032 47.879
Maximum 7.0459 7984.3 3.0725 5.9863 59.592
Minimum 2.5775 1723.5 0.9493 0.5718 35.446
Std. Dev 1.6179 1929.3 0.7421 1.483752 7.2021
Skewness −0.5203 0.2621 0.0226 0.7180 −0.0490
Kurtosis 1.7739 1.7708 1.3988 2.5440 1.7821
Jarque-Bera 8.1893 5.6545 8.1244 7.1898 4.7274
Probability 0.0166 0.0591 0.0172 0.0274 0.0940
Observations 76 76 76 76 76

TABLE 2 | Unit root tests.

KPSS unit root test

HE GDP CO2 NRR URB

t-statistic 0.1702*** 0.2756* 0.2881* 0.2563* 0.3043*

Δ HE Δ GDP Δ CO2 Δ NRR Δ URB

t-statistic 0.1102 0.1958** 0.1112 0.0726 0.1075

ZA Unit Root Test

HE GDP CO2 NRR URB

t-statistic −4.9820 −3.8402 −4.4688 −4.3687 −3.2018
SB 2010Q2 2009Q2 2010Q1 2007Q2 2016Q1

Δ HE Δ GDP Δ CO2 Δ NRR Δ URB

t-statistic −5.6527** −5.5556** −4.9683*** −5.1842** −44.346*
SB 2010Q2 2007Q2 2011Q2 2014Q2 2005Q2

1, 5 and 10% significance level are depicted by *, ** and ***. Δ represents the first
difference. SB stands for structural break date.
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China. According to (Alola et al., 2021) and (Adebayo and Rjoub,
2021), the main difference between the time-domain and
frequency-domain methods is that the time-domain method
notifies us where a particular adjustment appears within a
time series, whilst the frequency-domain method tests the
degree of a particular variance in the series. The BC uncovers
causality at dissimilar frequencies.

FINDINGS AND DISCUSSION

Pre-Estimation Outcomes
Table 1 displays the statistics summary for the studied variables.
The mean of GDP (4361.5) is the highest which ranges from
1723.5 to 7984.3. This is accompanied by URB (47.707) which
ranges from 35.446 to 59.592, CO2 (5.3817) which ranges from
2.5775 to 7.0459, NRR (2.3677) which ranges from 0.5718 to
5.9863 and HE (1.9947) which ranges from 0.9493 to 3.0725. The
skewness value unveiled that CO2 and URB are negatively skewed

while GDP, HE, and NRR are positively skewed. The value of the
kurtosis further disclosed that all the variables (CO2, HE, GDP,
NRR and URB) are leptokurtic.

In this research, we applied KPSS unit root test to identify the
stationarity attribute of HE, GDP, URB, NRR and CO2. Table 2
reports the KPSS outcomes, and the result unveiled that HE,
GDP, CO2, NRR and URB are stationary at level. Nevertheless,
with a structural break(s), the effectiveness of conventional
methods such as KPSS decreases. As a result, the Zivot-
Andrews (ZA) test which considers a single break is used in
this research. Table 2 reports the ZA outcomes and the result
uncovered that all the variables are I(1) with HE, GDP, CO2, NRR
and NRR having a break in 2010Q2, 2007Q2, 2011Q2, 2014Q2
and 2005Q2 respectively.

Dual Adjustment Approach Outcomes
The dual adjustment method is used in this investigation. We
begin by checking for the existence of Co-HP Trend. The null
hypothesis of “no common HP trend” is overruled in all cases,

TABLE 3 | EG and Co-HP trend tests.

Engle-Granger CI
analysis

Co-HP trend analysis

λHP λRU λBK λCF

C 2.446 (16.655)* 4.223 (15.458)* 3.628 (12.606)* 22.907 (22.31)* 19.704 (23.157)*
GDP 1.285 (2.642)*** 1.115 (11.207)* 1.364 (4.119)** 6.941 (5.978)* 6.688 (7.0648)*
CO2 1.193 (5.011)* 1.174 (21.238)* 1.030 (6.148)* 0.890 (1.3847) 0.542 (0.9532)
NRR −0.204 (−5.369)* −0.221 (−23.202)* −0.181 (−6.503)* −0.245 (−3.009)* −0.205 (−2.8082)**
URB 4.316 (2.602)*** 3.795 (11.342)* 4.182 (3.661)** 21.767 (5.755)* 0.001 (1.7387)
DUM 0.031 (0.3472) 1.181 (15.922)* 0.505 (3.276)** 0.018 (0.2155) −20.236 (−5.854)*
EG/Co-HPw −5.980 [0.007]* −4.807 [0.066]*** −5.103 [0.013]** −6.075 [0.003]* 5.353 [0.033]**
GDP - −3.895 (−5.646)* −3.187 (−6.320)* −2.045 (−1.7649)*** −2.776 (−2.614)***
CO2 - 1.159 (4.324)* 0.953 (4.123)* 0.735 (1.029) 0.933 (1.430)
NRR - −0.085 (−6.131)* −0.082 (−10.757)* −0.043 (−1.516) −0.034 (−1.388)
URB - 6.254 (1.402) 3.942 (4.960)* 7.455 (2.119)** 4.264 (2.512)**
DUM - −0.007 (−0.887) −0.002 (−1.193) −0.064 (−0.737) −0.116 (−1.944)***
Λ - 100 6.25 - -

HP, Hodrick-Prescott (Lambda � 100); RU, Ravn-Uhlig (Lambda � 6,25); BK, CF illustrates, Baxter-King and Christiano-Fitzgerald. 1, 5 and 10% significance level are illustrated by *, ** and
*** respectively. p-value, and T-statistics are depicted by () and [] correspondingly.

TABLE 4 | Long-run run estimators (FMOLS, DOLS, CCR) outcomes.

FMOLS DOLS CCR

Coefficient t-Statistic Prob Coefficient t-Statistic Prob Coefficient t-Statistic Prob

GDP 1.3161* 3.0384 0.0034 1.3785* 3.6223 0.0006 1.3315* 2.6634 0.0096
CO2 0.9454* 4.7195 0.0000 0.9411* 4.5622 0.0000 0.9012* 3.6762 0.0005
NRR −0.1355* −4.1404 0.0001 −0.1375* −4.3055 0.0001 −0.1418* −3.5572 0.0007
URB 3.6676** 2.5278 0.0138 3.8610* 3.0128 0.0036 3.7252** 2.2310 0.0289
DUM 0.0950 1.1660 0.2476 0.1394 1.2342 0.2213 0.0496 0.4975 0.6204
C 2.4076 1.0520 0.2965 2.6455 1.2410 0.2188 2.5763 0.9646 0.3380

R2 0.98 0.96 0.98

Adj R2 0.97 0.95 0.97

S.E. of reg 0.0559 0.0526 0.0565

*, and ** signifies 1%, and 5% level of significance.
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i.e. with four separate smoothing factors. The DAA outcome is
reported in Table 3. In all cases, there is proof of long-run
interrelationship between health expenditure and economic
growth, natural resource, urbanization, and CO2 emissions as
disclosed by both Co-HP trend and Engle-Granger CI
respectively. The RU, HP, CF and BK smoothing
parameters are used to examine the Co-HP trend.
Moreover, the Engle-Granger and Co-HP trend
cointegration outcomes are comparable. We dismissed the
null hypothesis of “no cointegration” as a result of
significant values of EG/Co-HPw. As a result, there is a
consistent HP trend in all HP, RU, BK, and CF in all cases.
The outcomes affirm that health expenditure is stationary
around a common part of economic growth, CO2 emissions,
natural resource, and urbanization (Co-HP trend).

The outcomes of the λBK, λRU, λCF and λHP discloses that
economic growth, and CO2 emissions impact health
expenditure positively in the long run. This infers that an
upsurge in economic growth, urbanisation and CO2

contribute to an upsurge in health expenditure in China.
Furthermore, we observed that natural resources rent
impact health expenditure negatively in China. This
demonstrates that an upsurge in natural resources rent
mitigate health spending in China. In the short run, λHP
and λRU outcomes show that CO2 emissions impact health
expenditure positively. Furthermore, we observed a negative
connection between economic growth and health expenditure
as unveiled by λBK, λRU, λCF and λHP respectively.
Moreover, we noticed negative interconnectedness between
health expenditure and natural resources as disclosed by λHP
and λRU respectively.

Long-Run Estimators (DOLS, CCR and
FMOLS) Outcomes
We also utilized DOLS, CCR and FMOLS to catch the long-run
association between health expenditure and its drivers
(economic growth, natural resource, urbanization and CO2

emissions) in China. Table 4 reports FMOLS, DOLS and CCR
outcomes. We observed positive interconnection between
economic growth and health expenditure. This implies that
keeping other indicators constant, a 1% upsurge in economic
growth increases health expenditure by 1.3161% (FMOLS),
1.3785 (DOLS) and 1.3315% (CCR) respectively. Moreover, we
established positive interconnectedness between health
expenditure and CO2 in China. This demonstrates that
keeping other factors constant, a 1% upsurge in CO2

increases health expenditure by 0.9454% (FMOLS), 1.9411%
(DOLS) and 0.9012% (CCR) respectively. The studies of
(Chaabouni et al., 2016; Chaabouni and Saidi, 2017;
Shahzad et al., 2020) reported similar outcomes by
establishing that economic growth and CO2 contribute to an
increase in health expenditure. Economic expansion is critical
for nations since it is the most reliable means of promoting
social and economic development. Nevertheless, as a result of
the related energy and other resources use, the pursuit of
economic expansion increases CO2, resulting in increased

health expenditure internationally. It underlines the fact
that as a consequence of rising pollution and other
ecologically linked diseases caused by economic expansion,
the proportion of GDP assigned to health continues to rise.
Moreover, CO2 is the key factor that has a negative impact on
people’s health, according to this research. As a result,
authorities should concentrate on CO2 and develop
measures that will help to minimize CO2. Moreover,
(Chaabouni and Saidi, 2017) noted that healthcare spending
has a crucial role in stimulating a country’s economic
expansion, stating that a high level of health spending may
contribute to improved economies of scale, social security and
effective resource allocation.

Furthermore, natural resources impact health spending
negatively. This demonstrates that keeping other factors
constant, 1% upsurge in natural resource rent decreases
health expenditure by 4.1404% (FMOLS), 4.3055% (DOLS)
and 0.1418% (CCR) respectively. The findings of the study
revealed that increasing natural resource exploitation
decreases health spending. This is encouraging because the
impact of natural resources on health spending has received
little attention in the literature. As a result, scholars will be
motivated to investigate the impact of natural resources on
health spending in greater depth. The study of (Shahzad et al.,
2020) reported a similar finding by establishing a negative
interconnection between natural resources and health
expenditure. Lastly, urbanization impacts health spending
negatively suggesting that keeping other factors constant,
1% upsurge in urbanization increase health expenditure by
3.667% (FMOLS), 3.861% (DOLS) and 3.725% (CCR)
respectively. This finding is unsurprising given the fact
that China has witnessed significant urbanization in recent
years. Thereby, an increase in urban population is anticipated
to increase China’s healthcare expenditure. The study of (Çetin
and Bakırtaş, 2019) in developing nations reported similar
findings. Moreover, the graphical findings is illustrated by
Figure 2.

Breitung and Candelon Causality Outcomes
The present research applied the Breitung and Candelon (BC)
to identify the causal effect of CO2, natural resource, economic

FIGURE 2 | Graphical findings from FMOLS, DOLS and CCR.
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growth, and urbanization on health expenditure in China. The
BC uncovers causality at dissimilar frequencies. Figures 3A–D
presents the outcome of the BC causality test. The broken-thick
blue line depicts the Test-statistic, and red (green) thick line
depicts a 5 and 10% level of significance respectively. Figure 3A
presents spectral causality from economic growth to health
expenditure. At 5% and 10% levels of significance, the null
hypothesis of “no causality” is dismissed in the long term,
which implies that economic growth can predict health
expenditure in China. Moreover, Figure 3B depicts causality
from natural resource to health expenditure and the outcome
shows that in the long-term, at 5 and 10% level of significance,
the null hypothesis of “no causality from natural resource to
health expenditure” is rejected. Furthermore, we observed
causality from CO2 emissions to health expenditure in the
middle-term at a 10% significance level (see Figure 3C). Lastly,
in the long-term and short-term, there is proof of causal linkage
from urbanization to health expenditure at a significance level
of 5 and 10% respectively. In summary, natural resources,
economic growth, urbanization and CO2 emissions can
predict health expenditure. Thus, any policy initiatives
channeled towards natural resources, economic growth,
urbanization and CO2 emissions will impact health
expenditure.

CONCLUSION AND POLICY PATH

Conclusion
Emerging economies are increasingly confronted with healthcare
difficulties as their urban populations rise at a rapid rate.
Infrastructure deficiencies, inadequacies in social change, rapid
urbanization, and challenges in providing healthcare services,
among other issues, result in considerable economic
consequences for emerging countries. Though academics and
scholars have studied the causes of healthcare expenditures for
several different samples since the 1970s, studies that focus on the
probable effects of urbanization and natural resources on health
expenditures are scant. Thus, we assess the effect of natural
resources, economic growth, urbanization, and CO2 emissions
on health expenditure. Moreover, the research utilizes a quarterly
dataset spanning from 2000 to 2018 for the case of china. We
applied both KPSS and ZA unit root tests to capture variables’
stationarity features and the outcomes show that the variables are
I(1) and I(0) respectively. Moreover, we utilized the novel dual
adjustment approach to scrutinize the cointegration
interrelationship between the independent and dependent
variables. The dual adjustment approach’s main novelty is that
it gives an option to the analysis of cointegration by decreasing
the implicit assumption of single adjustment. The outcomes of

FIGURE 3 | (A) causality from economic growth to health expenditure. (B) Causality from natural resource to health expenditure. (C) Causality from carbon
emissions to health expenditure. (D) Causality from urbanization to health expenditure.
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the dual adjustment approach affirmed cointegration among the
variables. Furthermore, we utilized the FMOLS, DOLS and CCR
approach to catch the long-run association and the outcomes
show that economic growth, CO2 and urbanization increase
health expenditure while natural resource decreases health
expenditure. Lastly, BC test outcomes show that all the
variables (natural sources, economic growth, urbanization and
CO2 emissions at various frequencies.

Policy Suggestion
Furthermore, China should implement environmental quality-
linked policies and strategies to reduce health-related ailments, as
environmental quality has been linked to an increase in
healthcare spending. First and foremost, policymakers in
China should reassess their urbanization strategies in order to
minimize the negative externalities that may result from urban
expansion population increase. As a result, authorities in China
should raise their investments in the sustainable restructuring of
their cities’ current infrastructure. Furthermore, decision-makers

should establish fiscal measures that take into account the
potential effects of urban expansion. Second, officials should
enact new legislative measures to prevent unsustainable
migration from rural to urban regions. Lastly, the outcomes
suggest that China should develop environmental management
initiatives to improve clean, and healthy air in order to reduce the
burden on healthcare costs. Several policy recommendations
could be made based on the research’s empirical outcomes.
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This paper investigates the impact of GDP, renewable energy consumption, patents, and
innovation on carbon intensity in Saudi Arabia. For this purpose, we use panel data from
1990 to 2019 and applied pooled OLS with fixed effect and quantile regression techniques
to check the long-run association between variables. The results show that GDP is
enhancing carbon intensity in Saudi Arabia. However, renewable energy consumption is a
significant factor in reducing carbon emission. Further, it is also confirmed that patents and
innovation can help reduce carbon intensity in Saudi Arabia. These results are also
confirmed through quantile regression analysis. Our results are robust to alternative
tests as well. Capital subsidies and feed-in-trade are important policy implications to
promote the use of renewable energy.

Keywords: carbon intensity, innovations, renewable energy, Saudi Arabia, quantile regression

INTRODUCTION

Carbon intensity means the amount of carbon emitted by using per unit of energy. It is a fact that the
majority of the carbon in the atmosphere is the result of the high amount of fossil fuel consumption,
including oil. However, economies cannot grow without using energy because basic economic
sectors, including industries and transportation, are dependent on energy use (Shahzad et al., 2022).
Still, some factors can significantly reduce overall carbon intensity without interrupting economic
growth and reducing the negative overall environmental impacts of speedy economic growth. Hence,
almost all countries are trying to explore and use such factors.

The importance of reduction in carbon intensity is essential. However, for a country like Saudi
Arabia, whose economy is heavily deepened on fossil fuels (Tlili, 2015), the significance of low carbon
intensity is highlighted. The main reason behind the Saudi economy’s top ranking is that it is the
largest producer and exporter of oil and petroleum products (Bradshaw et al., 2019). However, due to
the abundance of fossil fuels in the country, its consumption is very high. All sectors of the Saudi
economy use oil and petroleum products for energy, making carbon intensity extremely high (Fatima
et al., 2021). The annual carbon intensity per kilogram of oil equivalent consumed is shown in
Figure 1. It can be seen that significant efforts to reduce carbon intensity has been taken, however, it
is still very high. This situation calls for immediate attention to identify ways to reduce carbon
intensity.

Previously researchers investigated the factors that can help to reduce carbon intensity without
affecting economic growth while environmental degradation can be reduced. In this context
(Waheed et al., 2018; Farooq et al., 2019; Sarwar, 2019; Li et al., 2021) found that forests can be
used to reduce carbon intensity. They assert that forests reduce carbon from the atmosphere and help
provide an alternative low carbon-emitting alternative source of energy. According to these studies,
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forests help reduction of carbon emission in selected countries.
Also, enhancement in income level is considered beneficial for
reducing carbon intensity (Sarwar, 2019; Sarwar and Alsaggaf,
2019; Hashmi et al., 2020). The positive impact of income on
carbon intensity is when people will afford to buy expensive but
energy-efficient products. Also, the latest and technically
enhanced vehicles would help to reduce carbon emission.
Similarly, according to (Sarwar et al., 2019; Sarwar et al.,
2021), education can also play a vital role in combating
environmental issues. When people get the required
knowledge, the awareness regarding the environment will be
enhanced. They will try to reduce the negative impacts of their
energy use. Besides these factors Suleman Sarwar and Alsaggaf
(2021) found that governance can also help to counter the carbon
issues, and it can reduce carbon emission.

Previously, researchers have explored different factors that can
help to control carbon emission and reduce carbon intensity;
however, as mentioned above, the issue of carbon intensity is still
at its peak (Adebayo et al., 2021; Adebayo and Kirikkaleli, 2021;
Kirikkaleli and Adebayo, 2021; Kirikkaleli et al., 2021; Adebayo
et al., 2022; Miao et al., 2022). Hence, the current study is an effort
to introduce a few practical solutions. There are three main
contributions of this study. The first contribution is to
investigation the nexus between economic growth and carbon
intensity in Saudi Arabia. It is a fact that countries try to
accelerate economic growth, but this cannot be done without
using energy. However, using energy sources negatively impact
the environment, as fossil fuels are the main energy source. Saudi
Arabian economy is highly dependent on energy-intensive
sectors (Taylan and Demirbas, 2016), and due to the
abundance of oil in the country, it is widely used in all
sectors. This huge usage of oil results in a high amount of
carbon intensity. Nevertheless, no research directly explored
the impact of economic growth on carbon intensity in the
Saudi context. This study is an effort to fill this gap.

The second contribution is exploring the impact of renewable
energy consumption on carbon intensity in Saudi Arabia. It has
been proved that renewable energy can play a significant role in
reducing energy-related emissions and can help reduce carbon

intensity (Rahman et al., 2022). Instead of non-renewable energy
sources, including oil, renewable energy sources emit a very low
amount of carbon, and renewable energy’s carbon intensity is
significantly low. However, Saudi Araba is neglected in empirical
research regarding renewable energy and carbon intensity. The
current study uses Saudi Arabian data to put forward some
important policy implications. The third contribution is
regarding the investigation as to how patents can solve
environmental issues by reducing carbon intensity. Patents can
play a role in reducing carbon intensity by enhancing energy
efficiency (Cheng et al., 2019). Hence, it is important to check
whether the positive effects of patents are also valid in Saudi
Arabia. The last contribution is the association between
innovation and carbon intensity in Saudi Arabia. Innovation
can help in controlling carbon intensity because technically
enhanced products are proved to be less carbon-intensive.
Shaikh et al. (2018) asserts that technical innovations can
reduce carbon emission because technically improved products
use less amount of energy, and hence these products emit low
carbon.

Hence, based on the above discussion, this study has four
objectives, including checking the nexus between GDP and
carbon intensity in Saudi Arabia. Also, to check the role of
renewable energy in mitigating carbon intensity. The last
objective of the current study is to investigate the significance
of patents and innovation for reducing carbon intensity.

LITERATURE REVIEW

Carbon intensity explains how much carbon is emitted by using
one unit of energy. It is a fact that economic growth is dependent
on those sectors which are energy-dependent, including
industrialization, transportation etc. Hence, it is logical to say
that carbon intensity enhances with increased economic growth
in terms of gross domestic product (GDP). Previously researchers
tried to explore the nexus and found some important insights. In
this regard Rahman et al. (2022) explored emerging economies
from 1990 to 2018 to investigate if carbon intensity in these

FIGURE 1 | Carbon intensity per kilogram of oil equivalent oil consumed (Ritchie and Roser, 2020).
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countries is related to their rapid growth. Using the Pool Mean
Group technique, their analysis suggests that the economic
growth sectors in these countries increase carbon intensity.
Another study by Cheng et al. (2018) used data from 28
European Union countries to check if economic growth in
these countries is related to carbon intensity. By applying the
panel quantile regression technique, they found a heterogeneous
and asymmetric relationship between economic growth and
carbon intensity. Specifically, they noted that in countries
where carbon emission is either medium or high, economic
growth helps in reduction in carbon intensity. Alongside,
Vujović et al. (2018) also concluded that carbon intensity and
economic growth are positively related. They used data from
European Union countries and asserted that economic growth
and carbon intensity are interrelated due to high energy
consumption. Li and Lin (2016) used Chinese data to know if
rapid economic growth in the country is increasing carbon
intensity or not. Their result revealed that although China’s
economic growth is higher, it is negatively impacting carbon
intensity. They found that negative effects of industrial
development and energy intensity are reduced due to high
economic growth. Also, it makes unclean energy mix
beneficial for carbon intensity, making the overall nexus
between economic growth and carbon intensity negative.

Due to the increased amount of carbon intensity, countries are
struggling to find solutions, and renewable energy is considered a
viable solution. Researchers also tried to check that renewable
energy is essential for reducing carbon intensity. Rahman et al.
(2022) explored emerging economies to find this nexus. Using
data from 1990 to 2018 and the pool means group technique and
ARDL method, they found that carbon intensity in these
countries is significantly reduced due to increased renewable
energy. Similarly, Zhang et al. (2022) used data from nine top
carbon-emitting countries to investigate if renewable energy can
solve the issue of carbon intensity in these countries. Using
modern econometric techniques, they found that carbon
intensity is significantly reduced by increased use of renewable
energy.

Another study by Cheng and Yao (2021) also checked the
same nexus in 30 Chinese provinces. They used data from 2000 to
2015 and found that renewable energy and carbon intensity are
significantly and negatively related in the only long run. However,
in the short-run renewable energy does not affect carbon
intensity. Likewise, Zheng et al. (2021) asserts that a 1%
increase can reduce renewable energy influences carbon
intensity and almost 0.043% of carbon intensity in renewable
energy development. Like this, Yu et al. (2020) also researched the
relationship between renewable energy and carbon intensity and
found that a 1% increase in renewable energy generation reduces
0.149% carbon intensity. However, they concluded that this effect
is more prominent in areas with high or low carbon intensity.
Likewise, Shahzad et al. (2018) used data from China and India to
know if renewable energy is related to carbon emission intensity
in these countries. Using the ARDL method, they found that
renewable energy is a major factor in reducing carbon emissions.
Waheed et al. (2018) also researched the same nexus in Pakistan,
and by ARDL approach, they show that increasing renewable

energy use can reduce carbon emission in the long run and
short run.

Patents can also play a vital role in reducing carbon intensity as
it restricts using energy and other carbon-emitting sources. To
check this notion, Huang et al. (2021) used provincial data from
China from the year 2000–2016 and through dynamic panel
threshold model, they found that carbon intensity can be
significantly reduced through patents in terms of output of
energy-saving R & D. This means through energy patents,
countries can reduce carbon intensity significantly. Another
study Cheng et al. (2019) used data from BRICS countries
from the year 2000–2013 to know if patents can help reduce
carbon intensity in these countries. Through panel OLS and
quantile regression, they found that environmental patents
accelerates carbon emission and ultimately carbon intensity.
Ibrahiem (2020) explored Egyptian data to know if patents
help reduce carbon emission and intensity in the country.
They used data from 1971 to 2014 and applied ARDL,
FMOLS, DOLS, and Toda-Yamamoto techniques. Results
revealed a direct relationship between patents and carbon
emission in the country, which suggest that instead of
decreasing the carbon emission, patents are adding to the
carbon emission.

Similarly, Ganda (2019) checked the same nexus in OECD
member countries from 2000 to 2014. They applied the
Generalized Method of Moments (GMM) technique, and
results suggest that triadic patent families and carbon emission
are significantly and positively related. Likewise, (Wang et al.,
2012), tried to explore how much domestic patents for fossil-
fueled technologies are helping in the reduction of carbon
emission. They used the STIRPAT method and concluded that
domestic patents for fossil-fueled technologies do not impact
carbon emission in Beijing.

Innovations can be a tool to reduce carbon intensity, and this
nexus is explored by (Ali et al., 2020) in the Malaysian context.
They used data from 1985 to 2016 and, through the ARDL
technique, found that there is bidirectional causality between
technical innovations and carbon emission in the long run.
Another study by Dauda et al. (2019) used data from 18
countries from 1990 to 2016 and applied CADF unit root test
and FMOLS and DOLS techniques. Their analysis revealed that in
G6 countries, there is a significant and negative association
between innovation and carbon emission. However, there is a
significant and positive association between innovation and
carbon emission in MENA and BRICS countries. Töbelmann
and Wendler (2020) researched data from EU-27 countries from
1992 to 2014 to investigate if environmental innovations play any
role in reducing carbon emission. Through Generalized Methods
of Moments, they found that innovation does not play any role in
the reduction of carbon emission. Shaikh et al. (2018) used
Chinese data from 1980 to 2017 to explore the nexus between
technological innovation and carbon emission. They used the
ARDL technique, revealing that technological innovation and
carbon emission are not related. Additionally, Yu and Du (2019)
used provincial data from China from 1997 to 2015 to check if
high-speed growth provinces and low-speed growth provinces
show the same type of association between technological
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innovations and carbon emission. Their STIRPAT analysis shows
that technological innovations more prominently enhance
carbon emission than high-speed growth provinces in low
growth provinces.

In view of the above mentiond literature, it is evident that
previous studies have less focus on Saudi Arabia. However, to
cover the gap, we examine the role of creativity on carbon
intensity. For this, we use two proxies, patent and innovation.
The findings of current studies will be useful for policy making.

DATA AND METHODOLOGY

Data Sources and Model
This study investigates the impact of economic growth, renewable
energy consumption, patents, and innovation on carbon intensity
for Saudi Arabia. For analysis purposes, this paper utilizes annual
data of Saudi Arabia from 1990 to 2019. Data for all variables is
obtained from World Development Indicators. As far as the
measurement of variables is concerned, carbon intensity is
measured as kg per kg of oil equivalent energy use, GDP
represents gross domestic product per capita (constant 2010
dollars), renewable energy is % of total electricity production
from renewable sources, patents are measured as patent
applications, and innovation is used from innovations index
(0–100). The data is collected from the World Development
Bank Indicators (WDI), we use the simulation method to fill
the missing values.

The basic model of our hypothesis is presented in linear form
as following:

CIi,t � f(GDPi,t, RECi,t, PATi,t) (1)
CIi,t � f(GDPi,t, RECi,tINOVi,t, ) (2)
CIi,t � f(GDPi,t, RECi,t, PATi,t, INOVi,t) (3)

whereas, CIi,t presents carbon intensity in sample countries with
its independent variables chosen as GDP per capita (GDPi,t), and
renewable energy consumption (RECi,t), patent application
(PATi,t), innovations (INOVi,t). The empirical form of carbon
intensity function is as follows:

CIi,t � αi,t + β1GDPi,t + β2RECi,t + β3PATi,t + εi,t (4)
CIi,t � αi,t + β1GDPi,t + β2RECi,t + β3INOVi,t + εi,t (5)
CIi,t � αi,t + β1GDPi,t + β2RECi,t + β3PATi,t + β4INOVi,t + εi,t

(6)
To avoid the estimation concern, the data of all the variables

(except carbon intensity) are transformed into natural
logarithms. The empirical models of carbon intensity function
with natural logs.

Methodology and Estimation Strategy
We utilized panel data, which might possess the features of unit
root issues. Hence, we initially investigated the unit root
properties of the variables by applying Levin Lin-Chu (LLC)
unit root test introduced by Levin et al. (2002) and Harris-
Tzavalis unit root tests. After confirming the integration

properties of the variables, we further apply Kao cointegration
for examining the long-run relationship between the variables.
After confirming no cointegration between variables, the main
analysis uses pooled OLS with the fixed effect technique.
Additionally, quantile regression analysis is performed to
check which quantile provides stronger independent variables’
association with carbon intensity.

Generalized Method of Moments
To examine the panel data regression, Hansen introduced
the Generalized method of moments (GMM) in 1982. When
number parameters are larger than the number of moments
conditions or smaller than moment conditions, HMM is
suitable. Suppose it advised that GMM must be used when
the equation has endogenous variables. Also, in the case
of unobserved heterogeneity, GMM is appropriate. Here,
random as well as fixed effect estimators are not consistent.
Previously, many researchers proposed the GMM technique
to estimate panel data in case of inconsistent estimators
across a huge number of cross-sections and infinite
periods (Uddin et al., 2017; Ganda, 2019; Muhammad,
2019). Hence, the primary hypothesis of the current study is
checked through GMM regression to address the unobserved
heterogeneity.

Panel Quantile Regression
Panel quantile regression is utilized in this study to examine the
impact of independent variables on the dependent variable. It is
important to know the impact of independent variables on
carbon intensity at different quantiles. However, traditional
conditional mean regression is used in previous studies.
However, there are chances of getting biased relevant
coefficients. The major advantages of quantile regression are
no requirement for the normality of economic sequence
required in ordinary least square. Also, the impact of extreme
values can be calculated by quantile regression which cannot be
done in the ordinary least square method. Quantile regression has
the following formula:

yi � x′
iβθ + μθi, 0< θ < 1 (7)

Quantθ(yi|xi) � xiβθ (8)
Where.

x = Vector of independent variable
y = Explained variable
θ= Quantile point
μ = Random distribution term.
β = Parameter vector through Eq. 9

min∑
yi ≥x′iβ

θ
∣∣∣∣yi − x′

iβ
∣∣∣∣ +∑

yi < x′iβ
(1 − 0

∣∣∣∣yi − x′
iβ
∣∣∣∣) (9)

Besides other advantages, quantile regression makes it possible
to understand the relationship between study variables beyond
the mean of data. Hence, it makes it possible to understand those
outcomes distributed non normally, and there is a nonlinear
relationship between outcomes and predictors. Quantile
regression allows us to drop the assumption that the
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relationship between variables operates similarly at the upper tail
as at the mean level. Hence, important determinants of carbon
intensity for different subgroups of independent variables can be
identified. Also, under and over, the depression in the data can be
addressed through quantile regression. The robustness of quantile
regression motivates us to investigate the determinants of carbon
intensity in Saudi Arabia.

EMPIRICAL RESULTS AND DISCUSSION

Descriptive Statistics
Table 1 illustrates the descriptive statistics of all the variables,
which shows the normality of the data. It can be seen that the
highest mean value corresponds to carbon intensity, whereas the
lowest mean value is for innovation. As far as the volatility is
concerned, carbon intensity is the most volatile and economic
growth is the least volatile.

Unit Root Test
For proper analysis, the stationarity of the data is necessary. To
check this, a unit root test is applied in this study; two types of
tests are used, including the LLC unit root test and the Harris-
Tzavalis test unit root test. Table 2 shows the results of both tests,
and it is evident that in the LLC test, carbon intensity, renewable
energy consumption, and patents are stationary at a level, but
economic growth and innovation are non-stationary. However, at
the first difference, all variables are stationary. The same is the
case with the Harris-Tzavalis test unit root test. Only a few
variables are stationary at the level, and all variables are
stationary at first difference.

Cointegration Test
Unit root tests confirm that their variables are stationary at the
level. Hence, it is necessary to apply cointegration tests to check
the integration between variables. For this purpose, five different
types of tests are used, and results are reported in Table 3. It can
be seen that in all models and all tests, values are significant at a
1% level of significance. This suggests that the null hypothesis of
the unit root should be rejected, and the alternative hypothesis
should be accepted. Hence, there exists no unit root in the data.

Long-Run Analysis
Table 4 presents the results of Long-Run Analysis Using Pooled
OLS with Fixed Effects for three models. Estimation results for

Model 1 show that the coefficient of GDP is positive and
significant at a 10% level of significance. The coefficient value
is 0.841 suggesting the 1% increase in GDP increases the carbon
intensity by 0.841%. This result is aligned with the findings of
(Rahman et al., 2022). It is a fact that economic growth is
dependent on development in energy-intensive sectors,
including industrial and transportation. In Saudi Arabia, these
sectors are dependent on fossil fuels to generate electricity to be
used as energy. However, higher fossil fuel consumption leads to
high carbon emission. The coefficient for renewable energy
consumption is negative and significant at a 5% significance
level, and the coefficient value is -0.008. This shows that
renewable energy consumption helps reduce carbon intensity;
if consumption of renewable energy increases by 1%, carbon
intensity reduces by 0.008%. Waheed et al. (2018) also found the
same type of results. This negative association can be interpreted
as the Saudi government trying to diversify the economy from oil
to non-oil sector, and the use of renewable energy is also
increased. Due to this, consumption of non-renewable energy
sources is reduced in the overall energy mix. Hence, this reduces
the overall carbon emission from energy consumption. The
association between patents and carbon intensity shows that
the coefficient is negative and significant at the 10% level. The
value of the coefficient is -0.103; hence increase in patents reduces
carbon intensity, and 0.103% carbon intensity reduces by a 1%
increase in patents. Huang et al. (2021) also suggest that patents
help to control carbon emission and hence carbon intensity
reduces. In Saudi Arabia, patents application is increased to
9782 in 2020 from 1242 in just 10 years. This improvement
enables investors and producers to exploit innovation by
getting the required return on investment. This also enables
them to invest in technically enhanced methods of production
which are less energy-intensive. This reduces the overall carbon
emission.

Now turning our attention towards Model 2, an extension of
Model 1 by adding innovation in the basic model consisting of
GDP and renewable energy consumption. In this model, again,
the coefficient of GDP is positive and significant at 10%
significance, suggesting that the increase in GDP increases
carbon emissions. The value of the coefficient is 0.889. Hence,
it can be said that a 1% increase in GDP increases carbon intensity
by 0.886%. Likewise, the coefficient of renewable energy
consumption is again negative and significant at a 10%
significance level with a coefficient value of −0.137. This

TABLE 1 | Descriptive statistics.

Variables Ob Mean Std.Dev Min Max

CI 360 181.305 1194.323 −5772.000 2479.000
GDP 360 9.149 1.183 7.207 11.152
REC 360 8.799 20.343 −3.010 75.165
PAT 360 5.200 2.280 0.693 9.642
INOV 360 2.753 1.869 −3.507 4.542

Note: CI, represents the carbon intensity; GDP, is the gross domestic product for the
respective country; REC, is presenting renewable energy consumption; PAT, is the
patent of country i at time t, INOV, shows the innovation.

TABLE 2 | Panel unit root analysis.

Variables LLC unit root test Harris-Tzavalis test
unit root test

Level First difference Level First difference

CI −5.687*** −8.621*** −6.436*** −27.746***
GDP −0.467 −3.674*** −1.598** −29.488***
REC −5.784*** −0.674* −1.399* −21.432***
PAT −1.958** 3.749* 3.869 −25.978***
INOV 0.367 −1.921** 0.905*** 4.758***

Note: ***, **, * denote statistical significance at 1, 5, and 10% levels, respectively.
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suggests that if renewable energy consumption increases by
1%, carbon intensity reduces by 0.137%. The results regarding
the innovation show that there is a significant and negative
association between innovation and carbon intensity. The
value of the coefficient is −0.164, and the level of
significance is 1%. Hence, if innovation increases by 1%,
carbon intensity reduces by 0.164%. Previously Dauda et al.
(2019) also found a negative relationship between innovation
and carbon intensity.

As far as the third model is concerned, which is an extension of
Model 1 by adding patents and innovation, the results show that
GDP and carbon intensity are negatively and significantly related
at a 10% significance level. However, the magnitude of impact is a
little low compared to the other two models. The coefficient value
is 0.468 showing that a 1% increase in GDP increases carbon
intensity by 0.468%. The relationship between renewable energy
consumption and carbon intensity is positive in this model,
opposite to previous studies. This suggests that a 1% increase
in renewable energy consumption increases carbon intensity in
the long run. The coefficient for patents is negative and significant
at a 5% significance level. The coefficient value is −0.556, which
means a 1% increase in patents reduces 0.556% in carbon
intensity. The coefficient of innovation is negative and
significant at a 5% level of significance. The value of the
coefficient is −0.165. Hence, it can be said that if innovation
increases by 1%, carbon intensity reduces by 0.165%. Shaikh et al.
(2018) also assert that innovation is the key to reducing
environmental degradation by reducing carbon intensity.

Quantile Regressions Analysis
In order to provide a more robust estimation, quantile regression
is used, and results are reported in Table 5. In Model 1, The
coefficient of GDP is positive and significant at a 5% level of
significance with a value of 1.574. This suggests that GDP and
carbon intensity are positively related, and a 1% increase in GDP

increases carbon intensity by 1.574%. However, the coefficient of
renewable energy is insignificant, showing that renewable energy
consumption is irrelevant to carbon intensity. This result is
opposite to many previous studies (Budzianowski, 2012; Zheng
et al., 2021; Rahman et al., 2022). One plausible explanation for
this insignificant relationship is that oil resources are abundant in
the country. Hence, people usually use fossil fuels instead of
renewable energy sources. In the case of patents, the coefficient is
negative and significant at a 5% level of significance, and the
coefficient value is −0.060. Hence, it can be said that a 1% increase
in patents helps in the reduction of 0.060% carbon intensity. In
Model 2, again, GDP is positively and significantly related to
carbon intensity with the coefficient of 0.033. This shows that a
1% increase in GDP increases carbon intensity by 0.033%.
Nevertheless, again renewable energy consumption is not
related to carbon intensity in this model. In Model 2,
innovation is added in the basic model, and results suggest a
negative and significant relationship between innovation and
carbon intensity at a 1% level of significance.

In the last model, Model 3, all variables are simultaneously
added to the equation. Here, GDP and carbon intensity are
positively and significantly related at a 5% level of significance,
and the coefficient value is 0.957. This shows that a 1% increase in
GDP increases carbon intensity by 0.957%. However, in this
model, renewable energy consumption shows the impact on
carbon intensity, and the coefficient is negative and significant
at a 10% level of significance. The coefficient value is −0.420;
hence, if renewable energy consumption increases by 1%, carbon
intensity reduces by 0.420%. The same is the case for patents,
which is also negatively and significantly related to carbon
intensity at a 5% significance level. The value of the coefficient
is −0.273. This suggests that a 1% increase in patents reduces
carbon intensity by 0.273%. Similarly, the innovation results show
a negative and significant association between innovation and
carbon intensity at a 1% significance level. The coefficient of

TABLE 3 | Panel cointegration analysis.

Estimates Model 1 Model 2 Model 3

t-stat P-value t-stat P-value t-stat P-value

Modified Dickey-Fuller t-statistic −4.784*** 0.000 −6.547*** 0.00 −4.522*** 0.000
Dickey-Fuller t-statistic −6.136*** 0.000 −7.497*** 0.000 −8.759*** 0.000
Augmented Dickey-Fuller t-statistic −3.854*** 0.000 −4.875*** 0.006 −4.903*** 0.006
Unadjusted modified Dickey Fuller t-statistic −9.764*** 0.000 −6.968*** 0.000 −6.857*** 0.000
Unadjusted Dickey-Fuller t-statistic −5.573*** 0.000 −9.225*** 0.000 −9.014*** 0.000

Note: Model is estimated as per our baseline model specification. *** shows significant at 1% level.

TABLE 4 | Long-run analysis using pooled OLS with fixed effects.

Coefficient Coefficient Coefficient

GDP 0.841* 0.886* 0.468**
REC −0.008** −0.137* 0.833*
PAT −0.103* −0.556**
INOV −0.164*** −0.165**

Note: ***, ** & * imply the significance level at the 1, 5 and 10%, respectively.

TABLE 5 | Quantile regressions analysis with fixed effects.

Coefficient Coefficient Coefficient

GDP 1.574** 0.033** 0.957**
REC 0.122 0.103 −0.420*
PAT −0.060** −0.273**
INOV −0.893*** −1.384***

Note: ***, ** and * imply the significance level at the 1, 5 and 10%, respectively.
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innovation is −1.384; thus, a 1% increase in innovation reduces
1.384% in carbon intensity.

Table 6 presents the complete results of quantile regression,
and it is evident that the impact of GDP on carbon intensity gets
significant from the 50th quantile and remains significant in the
75th and 90th quantiles. However, the strongest impact of GDP on
carbon intensity is in the 50th quantile, where the value of the
coefficient is positive and significant at a 1% significance level. If
GDP increases by 1%, carbon intensity increases by 0.802%. The
same is true with renewable energy consumption, which is also
significantly related to carbon intensity in higher quantiles.
However, the magnitude of impact gets higher if we move to
upper quantiles and gets highest in the 90th quantile, where a 1%
increase in renewable energy consumption reduces carbon
intensity by 0.834%. Hence, it can be said that consumption of
renewable energy starts impacting carbon intensity after reaching
a certain limit. However, the strength of the relationship is low in
these quantiles because the level of significance is 10%.
Considering the patents, it can be seen that the relationship
between patents and carbon intensity is significant in all
quantiles. However, the 75th quantile shows the most
noticeable impact where a 1% increase in patents reduces
carbon intensity by 0.870%. In the case of innovation, only the
10th quantile show insignificant association with carbon intensity
and in all other quantiles, innovation is significantly related to
carbon intensity.

Nevertheless, in the 25th quantile, there is a significant and
positive relationship between innovation and carbon intensity. In
50th and above quantiles, innovation is reducing carbon intensity.
The highest level of impact is in the 75th quantile, where a 1%
increase in innovation reduces carbon intensity by 0.743%. The
quantile regression also confirms that although high economic
growth increases carbon intensity in Saudi Arabia. Still, carbon
intensity can be controlled through the consumption of
renewable energy, patents and innovation without interrupting
the economy’s growth.

Robustness Tests
We have applied two robustness tests to further confirm our main
findings, including Difference GMM (DGMM) and FGLS
Estimates. The results of both tests are reported in Table 7.
The results of the DGMM test validate the findings of the main
analysis. The coefficients of renewable energy consumption,
patents, and innovation are negative; however, the coefficient
of GDP is positive, according to the expectations. In the case of
FGLS estimates, coefficients of GDP and innovation are aligned
with the results of OLS estimates; however, the coefficients of

renewable energy consumption and patents are opposite. The
relationship between renewable energy consumption and carbon
intensity is insignificant, but the relationship between patents and
carbon intensity is positive. It is also important to mention the
null hypothesis of autocorrelation. Hence, it can be said that our
models are free from autocorrelation issues. Also, there is no issue
of heterogeneity, i.e. AR (2). Hence, instruments and error terms
are not correlated.

CONCLUSION AND POLICY
IMPLICATIONS

The main aim of the current study is to investigate the
relationship of GDP, renewable energy consumption,
patents, and innovation with carbon intensity in the Saudi
Arabian context. Results of OLS regression suggest that an
increase in GDP increases carbon intensity. However, an
increase in renewable energy consumption, patents, and
innovation helps mitigate carbon intensity. The quantile
regression results also suggest that GDP is a significant
contributor to carbon intensity, and rapid economic growth
creates environmental issues in Saudi Arabia. Also, renewable
energy consumption is a good solution because it helps
decrease carbon intensity. Together, quantile regression also
proved the significance of patents and innovation as a solution
for the carbon intensity problem.

Following important policy implications can be established
based on these findings.

• The government should encourage the private sector to
invest in production and use renewable energy.

• Efforts should be made to modify the overall energy mix.
• Policymakers should encourage and make more strong
environmental regulations to introduce more enhanced
environment-related patents in the market.

• More resources should be allocated to make different sectors
of the economy energy efficient so that sustainable
development can be achieved.

TABLE 6 | Quantile regressions at each quantile.

Q10 Q25 Q50 Q75 Q90

GDP 0.071 1.152 0.802*** 0.783** 0.799***
REC 0.301 0.137 −0.119* −0.642* −0.834*
PAT −0.643** −0.568** −0.750** −0.870** −0.440***
INOV −0.546 0.152* −0.284* −0.743** −0.137***

Note: ***, ** and * imply the significance level at the 1, 5 and 10%, respectively.

TABLE 7 | Robustness check with difference GMM (DGMM) and FGLS estimates.

Variables DGMM FGLS

Coefficient Coefficient

GDP 1.633** 0.691***
EC −1.097* 0.013
PAT −0.650* 0.009*
INOV −0.273*** −0.327***
Constant − 0.874
Observations 360 360
F-statistic 19.43 79.03
Number of Instruments 292 −

AR (1)/Autocorrelation 0.091 No
AR (2)/Panels 0.121 Homoscedastic

Notes: ***, ** and * imply the significance level at the 1, 5 and 10%, respectively. We used
the difference GMM, approach with forwarding differenced instrumental variables in
empirical modelling. AR1 & AR2 are p-values for Arellano–Bond test for first-order serial
autocorrelation & Arellano–Bond test for second-order serial autocorrelation.
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• It is noted that in quantile regression, renewable energy is
not significantly related to carbon intensity. To improve the
impact of renewable energy consumption government
should offer capital subsidies on renewable energy so that
initial investments can be offset and more firms can try to
develop or use renewable energy. (Özcan and Yıldırım,
2018). also, suggest that to enhance the use of renewable
energy. Another way is to boost the investment in
renewables through Feed-in-tariff. In this way, small
producers will be encouraged to produce renewable
energy making it less costly and promoting its use. It is
also found by (Yang et al., 2021) that FIT is a much better
strategy in terms of expected output and lower price.

• The government should encourage and support the use of
energy-efficient technologies, which can be done through
different policies and programs for public facilities and
government operations. For this purpose, energy-related
data management is essential. Also, building standards for
energy efficiency for public buildings are a good option.

• Government should make sure that enough energy
appliances and vehicles are available for public use so

that carbon intensity due to the transportation sector can
also be reduced.

• At the government level, renewable energy and energy-
efficient operations and maintenance activities should be
promoted.

• Tax credit for renewable energy production is also a valid
option to promote the production of renewable energy from
biomass and solid wastes.
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Regional Sustainable Development
and Spatial Effects From the
Perspective of Renewable Energy
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Management, Shoolini University, Solan, India, 3Pakistan Institute of Development Economics, Islamabad, Pakistan

Green development is crucial for promoting high-quality and sustainable economic and
social development. In China, green development is key to achieving the national goals of
building a beautiful China and rejuvenating the nation. In this study, we employed a slacks-
based measure data envelopment analysis method to calculate the green development
efficiency value of panel data from Anhui Province, China, from 2005 to 2020. Moreover,
the Malmquist Index was used to dynamically analyze the green total-factor productivity
and decomposition index of 16 cities in Anhui Province. Exploratory spatial data analysis
was used to measure the spatial relationship of the green development efficiency value for
each province in Anhui Province. Then, we established the spatial lag model according to
the spatial correlation and perform a comprehensive analysis of the impact and spillover
effects. The results show that: The overall green development efficiency of all urban areas in
Anhui Province showed a fluctuating trend, but most cities exhibiting medium of higher
green development efficiency.Various cities exhibited spatial aggregation, with high, high,
and low values of green development efficiency.The industrial structure, digital economy
development, and the urbanization level showed relatively significant positive correlations
with the regional economic development level, whereas the energy structure and level of
opening up showed a significant negative correlation.The influence of environment
management and scientific and technological development was not significant.the
industrial structure, and the urbanization rate showed positive effects on local green
development but negative spillover effects on surrounding areas, whereas the energy
structure, relative economic development, and level of opening up produced positive
spillover effects.

Keywords: sustainable development, spillover effect, influencing factor, spatial correlation, renewable energy

INTRODUCTION

Since the 18th National Congress of the Chinese Communist Party, China has been exploring ways to
combine economic development with environmental protection in ecological progress, focusing on
green development as a core principle of ecological progress. The concept of green development
includes the new concept of innovative, coordinated, green, open, and shared development, and is the
key premise of sustainable development (Shahzad et al., 2021). In 2005, the general secretary
proposed the concept of “green mountains and clear water are equal to mountains of gold and silver,”
which states that creating a green environment requires adhering to the concepts of gradual
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ecological and green development, constructing a new scientific
development engine, promoting the development of a green
economy, and transforming ecological benefits into economic
benefits (Song et al., 2022). Thus, green and sustainable
development requires the effective integration of economic
development with the ecological environment. Green
development is also key to achieving ecological civilization and
is a prerequisite for economic and social development. As China
enters the 14th stage of its Five-Year Plan in 2021, there is a broad
consensus to promote a new and green style of development (Xia
et al., 2022).

Previous research on green development mainly includes the
following two aspects: measurement of the green development
efficiency and factors influencing the efficiency of green
development. Regarding the measurement of the green
development efficiency, Reinhard et al. (2000) used input and
output factors to effectively evaluate and measure technological
and environmental efficiency, Lozano and Gutiérrez, (2011) used
SBM analyses the efficiency of 39 Spanish Airports, Guo et al.
(2017) established a model redistribution scheme from the
perspective of pollutants that considered multiple factors
through multi-criteria analysis and input–output analysis,
evaluated the spillover effect, and conducted Monte Carlo
simulations and sensitivity analysis. Feng et al. (2017) used
DEA to evaluate and compare the green development
performance index of 165 counties in 41 regions of China,
and analyzed the influencing by using Tobit censored
regression model. Another study comprehensively analyzed the
development trend, correlation, factor change, and heterogeneity
of 20 urban agglomerations in China divided into four
development zones (Huang and Lin, 2017; Sun et al., 2021a;
Shahzad et al., 2022). Furthermore, Zhou et al. (2020) used the
slacks-based measure (SBM)-Malmquist Index, Thayer index,
and spatial Markov chain to comprehensively analyze the
spatio-temporal differences and dynamic characteristics of the
green development level, as well as the natural, human, and social
factors using Tobit regression. Based on fuzziness and
uncertainty, Li et al. (2020) used an evaluation method based
on the S-type cloud model to evaluate the green development
level of 13 cities in China from five environmental perspectives.
Moreover, Finally, Tian and Liu (2021) employed the super-
efficiency SBM-DEA model and the global Malmquist Index
decomposition method to reveal a relatively high level of
regional green development efficiency in Shaanxi Province,
China.

To evaluate the factors influencing the efficiency of green
development, Acemoglu et al. (2012), the endogenous and
directional technological change factors are introduced into
the growth model with environmental impact, and the
spillover effects related to regional environment are solved by
using functions. Burnett et al. (2013) used the energy demand
model to collect panel data to conduct in-depth studies on the
relationship between carbon dioxide emissions and economic
activities, and explained the spatial dependence between states to
conduct relevant studies. Moreover, Chen (2016) employed SBM-
Undesirable and Malmquist Exponential models to measure the
evolution and variation of environmental efficiency in China, and

used spatial metrics to explore the effects of environmental
regulation, urbanization, industrial structure, and technological
innovation on regional green development. Other research has
used the super-SBMmodel and spatial Durbin model to study the
evolution of China’s green development from the perspective of
spatial correlation and heterogeneity, while comprehensively
considering spillover effects (Che et al., 2018; Sun et al.,
2021b; Zhao et al., 2022). Li et al. (2019) used TopSIS and
obstacle degree analysis to study spatial and temporal changes
in the green development level and limiting factors in Shaanxi
Province. Yuan et al. (2020) analyzed the impact of finance on
regional green development, as well as spatial threshold and
spillover effects, for 272 prefecture-level cities using spatial
Durbin and panel threshold regression model. Additionally,
Liu et al. (2019) analyzed differences in green development by
k-means clustering, and measured the efficiency of green
innovation using improved SMB-DEA, whereas Wu et al.
(2020) employed panel data and the DEA model to measure
the level of green development, introducing the super-PEBM
model (based on Pearson’s correlation coefficient) to study the
regional differences and other problems. Furthermore, Merino-
Saum et al. (2020) Used the electrical definition as a concept to
study the green development of the region, the potential trade-
offs and synergies between the economic and environmental
dimensions are studied. Wang and Li, (2020) considered the
impact of environmental welfare efficiency and industry on green
development for 30 provinces in China based on the network
loose measure. Peng (2020) used urban data to analyze the impact
of regional strategic interaction and green productivity, as well as
different spatial matrices to analyze the corresponding effects of
the green development index. Subsequently, Liu et al. (2020) used
kernel density estimation and panel data model to perform a
corresponding evaluation and difference analysis on green
development of agriculture. According to the SLX model, Hille
et al. (2021) used the dynamic panel Han-Phillips Estimator to
estimate the spillover effect of neighboring provinces. Finally, Si
et al. (2021) used the SBM-DEA model of unexpected output,
convergence coefficient, coordination matrix, GIS, and panel
Tobit model to study the efficiency of green development.

Thus, previous literature has been characterized by diverse
research methods, varied aims, and abundant results. However,
there are several areas requiring further study. 1) most of scholars
studied for large areas, such as the Yellow River basin and the
Yangtze river basin, its assessment and analysis on green
development efficiency value in 2) the research methods for
static analysis or dynamic analysis of a single method, namely
the research methods are unilateral 3) lack of spillover effects for
the influencing factors of comprehensive analysis, To some
extent, it weakens the research on the spillover effects of
relevant influencing factors on local and surrounding areas of
green development. In this study, we take Anhui Province as the
research object and conduct a statistical analysis of the efficiency
index of green development based on the super-efficiency SBM-
DEA model of unexpected output. We then establish the most
appropriate spatial econometric model based on exploratory
spatial data analysis, and analyze the factors influencing green
development and its spillover effects. This research has both
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theoretical and practical significance for understanding regional
green development efficiency in China. We use a more
comprehensive method to calculate the regional green
development level comprehensively and carefully, which has a
certain theoretical and practical significance.

MEASUREMENT OF GREEN
DEVELOPMENT EFFICIENCY IN ANHUI
PROVINCE
In this study, We selected 16 cities in Anhui province, including
Hefei, Wuhu, Bengbu, Huainan, Maanshan, Huaibei, Tongling,
Anqing, Huangshan, Fuyang, Suzhou, Chuzhou, Luan,
Xuancheng, Chizhou and Bozhou as the research object,
collected relevant data, then measured the regional green
development efficiency index.

Research Methods
Super SBM-DEA Model
DEA is a comprehensive method for multi-input and multi-
output evaluation, which can evaluate the relative efficiency
evaluation of multiple decision making units (DMUs) with
multiple inputs and outputs without quantitative
normalization of data. In this study, we used the super-SBM
model with unexpected outputs to distinguish and rank the
evaluation DMUs. Each city is regarded as a DMU, and the
input–output index data of Anhui Province from 2005 to 2020
were selected to measure the comprehensive green development
level of each city. The specific model is as follows:

PU−s−SBM: min φ � 1 + 1
m∑

m
i�1

ω−
i

xi0

1 − 1
s1+s2 (∑ni

r�1
ω+
r

yr0
+ ∑2

u�1
ω+
u

zu0
)

(s.t)xio ≥ ∑
n

j�1,z0
λjxij − ω−

i , i � 1,/m

yro ≥ ∑
n

j�1,∞ o

λjyrj + ω+
r , i � 1,/s1

zuo ≥ ∑
n

j�1,≠ 0

λjzuj − ω+
u, i � 1,/s2

λj > 0, j � 1,/, n, j ≠ o,ω−
i ≥ 0,ω

+
r ≥ 0,ω

+
u ≥ 0

where n is the number of cities, each of which contains m input
data, s1 is the expected output data, and s2 is the undesired output
data, ω represents the corresponding slack variables, λ is the
weight vector, with X, Y, and Z used to represent the inputs,
expected outputs, and unexpected production data in a matrix a,
and p is the value of efficiency.

Global Malmquist-Luenberger Index
Super-efficiency DEA provides a static description of the green
development level. According to the super-efficiency SBMmodel,
the GBL index can be used to dynamically supplement the above
model. This index can dynamically analyze changes in the

efficiency values before and after two years, and can be
decomposed into the relevant changes in efficiency and
technology. The GML index formula is as follows:

Mg(xt+1, yt+1, xt, yt) � Eg(xt+1, yt+1)
Eg(xt, yt)

The GML index can be further decomposed into the product
of technical efficiency index (EC) and the technical progress
index (TC):

Mg(xt+1, yt+1, xt, yt) � Eg(xt+1, yt+1)
Eg(xt, yt)

� Et+1(xt+1, yt+1)
Et(xt, yt)

(
Eg(xt+1, yt+1)
Et+1(xt+1, yt+1)

×
Et(xt, yt)
Eg(xt, yt)

)

� EC × TC

where xt and xt+1 represent the input vectors of different regions
in periods T and T + 1, respectively, and yt yt+1 represent the
output vectors of regions in periods T and T + 1, respectively.
Et(xt, yt) and Et+1(xt+1, yt+1) represent the distance functions of
production points in periods T and T + 1, respectively, with
period T as the reference point. GML >1 indicates that the
efficiency value of green development increases, whereas GML
<1 indicates that the efficiency value decreases.

Data Sources
Data were mainly collected from the “China Statistical
Yearbook,” “China Environmental Statistical Yearbook,”
“Anhui Statistical Yearbook,” and the corresponding statistical
yearbooks of various prefecture-level cities from 2005 to 2020.
We selected relevant data for 16 prefecture-level cities in Anhui
Province from 2005 to 2020. Individual data or controls that
could not be obtained were supplemented using the means
method.

Index Selection
To study the current situation of green development efficiency in
16 cities of Anhui Province, several factors influencing the
regional green development level from 2005 to 2020 were
selected, as shown in Table 1. According to the ecological
concept of green development, we selected the corresponding
input–output indexes that affect the level of regional green
economic development, then introduced the undesirable outputs.

Empirical Analysis
Measurement of Regional Green Development
Efficiency
First, we collected the relevant input–output indicators for the
16 prefecture-level cities in Anhui Province, and used MaxDEA
software to calculate the corresponding green development
efficiency values from 2005 to 2020 using the method of
constant return to scale. The calculation results are shown in
Table 2.

A green development efficiency value of less than one, 0.6–1.0,
and greater than one is characterized as low, medium, and high,
respectively (Tian and Liu, 2021). The green development level of
all cities in Anhui Province is medium or higher, and the overall
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TABLE 1 | Indexes used to evaluate green development efficiency in this study.

Index selection Indicator variables Unit

Inputs Labor input Number of employed persons thouTsands of people
Enterprise quantity input Number of industrial enterprises above a designated size individuals
Science and technology input Science and technology expenditure in the general public budget 10,000 yuan
Energy input Electricity consumption for the whole society billion kilowatt-hours
Monetary supply Balance of loans of financial institutions at the end of the year yuan

Expected outputs Economic benefits Municipal GDP 100 million yuan
Social benefits Per capita disposable income of urban residents yuan
Industrial profits Industrial added value 100 million yuan
Ecological benefits Afforestation coverage rate of built-up areas %
— Green areas hectares

Undesirable outputs Environmental pollution Total industrial wastewater discharge 10,000 tons
Total industrial exhaust emissions 100 million standard cubic meters
Production of industrial waste solids 10,000 tons

TABLE 2 | Green development efficiency level for all cities in Anhui Province.

Cities 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Hefei 1.03 1.03 1.16 1.25 1.29 1.21 1.07 1.08 1.10 1.13 1.17 1.15 1.16 1.13 1.12 1.12
Wuhu 1.53 1.20 1.10 1.15 1.17 1.18 1.13 1.15 1.17 1.17 1.16 1.11 1.13 1.12 1.11 1.11
Bengbu 1.03 1.00 1.07 1.06 1.01 1.03 1.03 1.01 1.01 1.04 1.07 1.04 1.09 1.10 1.10 1.08
Huainan 1.02 0.80 1.02 1.03 1.01 1.01 0.61 0.70 0.61 1.00 1.02 1.01 1.01 0.74 0.69 0.77
Maanshan 1.16 1.07 1.07 1.09 1.09 1.04 1.03 1.04 1.02 1.05 1.07 1.06 1.06 1.05 1.12 1.11
Huaibei 1.07 0.80 1.25 1.21 1.14 1.18 1.11 1.19 1.31 1.24 1.33 1.49 1.23 1.58 1.15 1.30
Tongling 1.08 1.00 1.25 1.29 1.30 1.39 1.39 1.42 1.46 1.46 1.16 1.10 1.13 1.12 1.10 1.10
Anqing 1.37 1.24 1.02 1.05 1.05 1.12 1.12 1.16 1.12 1.12 1.08 1.11 1.09 1.10 1.11 1.08
Huangshan 1.55 1.86 1.17 1.25 1.42 1.24 1.12 1.08 1.06 1.13 1.26 1.09 1.15 1.12 1.16 1.14
Chuzhou 1.07 1.04 1.04 1.03 1.06 1.07 1.08 1.04 1.06 1.04 1.11 1.04 1.03 1.03 1.15 1.11
Fuyang 0.90 1.10 1.04 1.06 1.02 1.07 1.02 1.00 1.02 1.09 1.07 0.66 1.02 1.08 1.07 1.05
Suzhou 1.02 1.04 1.01 1.00 0.61 1.00 1.02 1.05 1.04 1.03 1.10 1.05 1.07 1.04 1.09 1.08
Luan 0.90 1.02 0.71 1.01 0.63 1.09 1.02 0.67 1.00 1.00 1.04 1.13 1.07 1.13 1.13 1.12
Bozhou 0.80 0.90 1.29 0.90 1.48 1.23 1.24 1.31 1.21 1.21 1.08 1.14 1.03 1.04 1.04 1.04
Chizhou 1.06 1.15 1.19 1.16 1.14 1.08 1.13 1.13 1.15 1.13 1.21 1.24 1.39 1.26 1.29 1.25
Xuancheng 1.15 1.33 1.28 1.14 1.10 1.01 1.04 1.07 1.07 0.67 1.04 1.09 1.09 1.07 1.20 1.30
The average 1.11 1.10 1.10 1.11 1.10 1.12 1.07 1.07 1.09 1.09 1.12 1.09 1.11 1.11 1.10 1.11

FIGURE 1 | Radar chart of green development efficiency of various cities in Anhui Province from (A) 2005 to 2011 and (B) 2013 to 2020.
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development level is high. Most cities showing an increasing level
of green development over the 16 years and tend to be relatively
stable.

Figure1 presents radar maps of green development efficiency
for cities in Anhui Province from 2005 to 2020. Fluctuations in
the green development level are greater from 2005 to 2011, which
correspond to larger changes in the green development efficiency
value for each city. This shows that at the beginning, the level of

green development in various regions was very uneven, and there
was no corresponding effective promotion and coordinated
development. Conversely, from 2013 to 2019, the green
development level is relatively stable, which is reflected in a
lack of large fluctuations in the efficiency value. That is, after
the year of green development, all regions actively adopt relevant
strategies and development strategies. At the same time, relatively
effective interaction is formed between various regions in Anhui

TABLE 3 | Differentiated values of green development levels for selected years in the study period.

Efficiency level 2005 2010 2015 2016 2019 2020

Low quality green development level (0.80,0.90) (1.00,1.04) (1.02,1.04) (0,0.66) (0,0.69) (0,0.67)
Medium quality green development level (0.90,1.08) (1.04,1.12) (1.04,1.11) (0.66,1.06) (0.69,1.13) (0.67,1.08)
Good quality green development level (1.08,1.16) (1.12,1.24) (1.11,1.21) (1.06,1.24) (1.13,1.20) (1.08,1.14)
High-quality green development level (1.16,1.55) (1.24,1.39) (1.21,1.33) (1.24,1.50) (1.20,1.29) (1.12,1.30)

FIGURE 2 | Green development level of different cities in Anhui Province for 2005, 2010, 2015, 2016, 2019, and 2020.
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Province. The level of green development in all regions is small,
and the regional development tends to be green and high-quality
quantification.

Moreover, ArcGIS software was used to visualize the
differentiation degree of the measured green development
efficiency value. Six years (2005, 2010, 2015, 2016, 2019, and
2020) were selected to construct a differentiation map of green
development efficiency for 16 cities in Anhui Province. According to
the ArcGIS natural breakpoint method, the breakpoint interval of
annual data is shown in Table 3.

Then, according to the natural segmentation point method in
Table 3, the interval was obtained, and ArcGIS was used to reveal
the green development level in the study area for the six different
periods (Figure 2).

As can be seen from the differentiation charts of regional green
development levels in different years, the distribution areas of high
and low quality of regional green development in each year have
great changes, and no city can always maintain the corresponding
high or low level of green development. In general, the south of
Anhui Province shows a relatively high efficiency and level of green
development; most years were characterized by high-quality green
development in the middle and southern parts of the study area.
Thus, corresponding economic development in the middle and
south of Anhui is attributed to the ecological concept of green
development and circular development. However, the northern
Anhui province has been located in the region with weak green
development level, and its economic development level is relatively
backward. However, it can be seen from the figure that the level of
regional green development in northernAnhui has been improved.
Furthermore, Huaibei city in northern Anhui has a relatively high
level of green development, which is worth learning from other
cities in northern Anhui. The northern Anhui should strengthen
the development of regional green and further advance to the level
of high quality green development.

Figure 3 shows the change in the arithmetic mean green
development efficiency for all cities in Anhui Province over the
study period. The mean green development efficiency is
consistently greater than one, indicating a good green
development level, and gradually increases from 2005 to
2010, then drops after 2010, before rising steadily from

2014, reaching a relatively stable trend of green
development in recent years.

Decomposition of Green Development Efficiency
Using the GML Index
The GML index with a global reference was used to measure
the change of technology level in different periods. The total-
factor productivity was decomposed as follows:

Total − factor productivity index (MI)
� technical efficiency index (EC)

+ technical progress index (TC)
According to Table 4, from 2005 to 2020, the overall total

factor productivity and technological progress and technical
efficiency index shows a rising trend, that green development
level of the cities in Anhui province overall rose steadily, in
Anhui province in the development of green technology
innovation has increased, but the city’s green management
method. At the same time, it can be seen from the geometric
average of the three efficiency values that the total factor
productivity of green development efficiency in Anhui
province increased by 3.05%, the technical efficiency index
increased by 0.6%, and the technological progress index
increased by 3.11% during the period from 2005 to 2020,
but the technical efficiency index developed relatively
slowly. It shows that Anhui province should pay attention
to the management and structural improvement of urban
green development.

During the five years from 2011 to 2015, the total factor
productivity was lower than 1, and the total factor productivity
showed a downward trend, accompanied by the decline of
technological innovation index. In these years, the development
of secondary and tertiary industries in Anhui province has led to
the neglect of environmental governance and the emergence of
environmental pollution problems. Starting from 2015, Anhui
Province has paid great attention to the development of green
economy, promoted the planning and construction of national new
urbanization and vigorously promoted the construction of green
development and ecological civilization. In other years, the total
factor productivity showed a rising trend, and in 11 years, the total
factor productivity showed a rising trend, showing a good
development trend.

It can be seen from Figure 4 that the development trend line
of total factor productivity of regional green development in
Anhui province is consistent with the development trend of
technological progress, which shows a synchronous change
trend, indicating that technological progress is an important
factor affecting regional green development. In the long run,
the total factor productivity of regional green development has
been rising steadily in the fluctuation, and the green total
factor productivity is mostly above 1. After the big fluctuation
in 2014–2015, the total factor productivity of green
development has been adjusted in time, which makes the
total factor productivity of green development rise to a high
level and tend to be stable.

FIGURE 3 | Change in the mean green development efficiency in Anhui
Province over the study period.
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EXPLORATORY SPATIAL DATA ANALYSIS
OF REGIONAL GREEN DEVELOPMENT
LEVEL
Global Moran’s Index
Spatial correlation analysis of the green development level was
performed for 16 cities in Anhui Province from 2005 to 2020
using global and local Moran’s indices. Prior to the spatial
autocorrelation analysis, we constructed the inverse distance
spatial matrix of each city. As the study area includes major
cities in a single province, the distance between cities is
relatively small, and their spatial distribution is relatively
dense and compact; therefore, the inverse distance spatial
matrix was deemed appropriate for the calculation:

W � { 1/dij dij ≥ d
0 dij < d

Here, W is the inverse distance weight matrix, and dij is the
distance between the spatial subjects in I and J, which is based

on the above analysis of the green development level. The
green development level is the main indicator, and the global
Moran’s index is calculated using STATA software.

According toMoran’s I’s test results (Table 5), spatial aggregation
occurs among the green development levels of various cities in
Anhui Province, and the spatial correlation fluctuates. Moreover, the
spatial correlation of green development efficiency is relatively weak
from 2005 to 2010, then becomes gradually stronger from 2010.
Except for a significant negative correlation in 2014, most years
exhibit a positive spatial correlation, leading to spatial aggregation.
Overall, both spatial correlation and aggregation of the regional
green development efficiency are observed in Anhui Province, as
well as a negative correlation in some years.

Local Moran’s Analysis
Additionally, we calculated local Moran’s scatter plots using STATA
software to evaluate the spatial aggregation of green development
efficiency in 16 cities of Anhui Province (Figure 5). Owing to space

TABLE 4 | Decomposition of the green development efficiency by the GML index.

Total factor productivity(MI) Technical
efficiency index(EC)

Technological
progress index(TC)

2005–2006 1.004296719 1.029347559 0.976773223
2006–2007 1.036217158 0.955312143 1.09800415
2007–2008 1.041494206 1.042219928 1.01057228
2008–2009 0.869294308 0.946568015 0.924020795
2009–2010 1.085759242 1.072823515 1.033946074
2010–2011 1.143789592 0.957221013 1.199359243
2011–2012 0.980472539 0.999924994 0.990212288
2012–2013 0.974580918 1.026507266 0.951891004
2013–2014 0.97193581 1.021577058 0.968556234
2014–2015 0.857579456 1.042954148 0.825012239
2015–2016 1.185765976 0.977300426 1.208930611
2016–2017 1.102183436 1.027938326 1.087128367
2017–2018 1.169587837 0.997754056 1.181313393
2018–2019 1.058009414 0.989492369 1.06975099
2019–2020 1.041952879 1.018864237 1.019753754
Geometric mean 1.030545062 1.006432881 1.031148804

FIGURE 4 | Malmquist index decomposition trend chart of green
development efficiency during the study period.

TABLE 5 | Global Moran’s index.

Variables I z p-value*

2005 GDE −0.111* −0.356 0.072
2006 GDE −0.035* 0.217 0.082
2007 GDE 0.14*** 1.986 0.004
2008 GDE −0.029* 0.379 0.070
2009 GDE 0.005* 0.616 0.053
2010 GDE −0.102* −0.434 0.066
2011 GDE 0.009** 0.696 0.048
2012 GDE 0.072** 1.109 0.026
2013 GDE 0.046** 0.922 0.035
2014 GDE −0.224** −1.394 0.016
2015 GDE 0.019** 0.732 0.046
2016 GDE 0.031** 0.85 0.039
2017 GDE 0.139*** 2.567 0.001
2018 GDE 0.027** 0.802 0.042
2019 GDE 0.13* 0.499 0.061
2020 GDE 0.012* 0.653 0.051
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limitations, the scatter plots were only produced for specific years.
The data are mainly distributed in the upper right, upper left and
lower left quadrants, that is, they show high–low, low–high, and
low–low aggregation. Generally, the results indicate relatively
obvious spatial aggregation, which further indicates that the level
of regional green development is positively correlated with the
clustering distribution and exhibits spatial aggregation. A positive
spatial correlation was observed in most years.

FACTORS INFLUENCING DYNAMIC
CHANGES IN GREEN DEVELOPMENT
EFFICIENCY IN ANHUI PROVINCE
Spatial Econometric Model
The spatial econometric model is a unique econometric model
that can be used to discuss the spatial relationship between
geographical economic units. According to the spatial

FIGURE 5 | Local Moran’s scatter plots for different years in the study period.
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correlation analysis described in Exploratory Spatial Data
Analysis of Regional Green Development Level Section, the
regional green development efficiency of Anhui Province is
characterized by obvious spatial autocorrelation. Therefore, a
spatial econometric model was constructed using the following
formulas to comprehensively evaluate and analyze the green
development efficiency of Anhui Province.

1) Spatial lag model (SAR):

yit � ρ∑
n

j�1
ωijyjr + βxit + μi + λi + εit

2) Spatial error model (SEM):

⎧⎪⎪⎨
⎪⎪⎩

yit � βxit + utt + μi + λi

utt � ρ∑
n

j�1
ωijujt + εit

3) Spatial Durbin model (SDM):

yit � ρ∑
n

j�1
ωijyjt + βxit + θ∑

n

j�1
ωijxjt + μi + λi + εit

In the above formulas, yit represents the explained variable of
the region i in the period t, xit represents the explanatory variable
of the dimension 1 × k, ωij is the spatial weight matrix, εit and uit
represent the random error term, and μi λi represent the spatial
effect and time effect, respectively. For the same reasons described
in Exploratory Spatial Data Analysis of Regional Green
Development Level Section, we used the inverse distance spatial
matrix to construct the spatial econometric model.

Influencing Factors and Research
Hypothesis
Calculations of the green development level should include
multiple influencing factors. According to the results of
previous studies and the availability of data, we evaluated
the regional green development efficiency of Anhui
Province from eight aspects (Table 6) with a view to
determining ways of improving the level of green
development. The green development efficiency (GDE)

calculated from 2005 to 2020 for 16 cities in Anhui
Province was employed as the explained variable. The
explanatory variables were as follows.

Level of Economic Development (GDP)
A higher level of economic development can promote the
gathering of talent, and the inward flow of talent can revitalize
regional green development and improve the utilization efficiency
of resources and energy. The per capita GDP after excluding the
price factor was selected to represent the economic development
level. Hypothesis H1: there is a positive correlation between the
economic development level and green development efficiency.

Energy Structure
China’s industrial energy consumption mainly depends on coal;
however, no corresponding statistics on coal consumption exist
for some prefecture-level cities in Anhui Province. We selected
the ratio of industrial electricity consumption to total electricity
consumption to measure the energy structure. Hypothesis H2:
there is a positive correlation between the energy structure and
green development efficiency.

Industrial Structure
Generally, because of the development of secondary industry,
secondary industry elements such as relative development require
high energy consumption; therefore, secondary industry could
inhibit the green development level. Moreover, the area of green
development is mainly dependent on tertiary industry. Therefore,
we selected the ratio of the tertiary industry output value to the
secondary industry output value to represent the industrial
structure. Hypothesis H3: the industrial structure will
effectively reduce the efficiency of urban green development.

Environmental Governance
The Porter hypothesis states that environmental management
can stimulate businesses to invest in environmental technology,
resulting in innovation that can offset the cost effects and enhance
the level of development; thus, environmental regulation has an
incentive effect on green development. However, according to the
cost constraint theory, environmental regulation will increase the
production cost of enterprises and affect the development of
economic and technological efficiency. In this study, we used the
comprehensive utilization rate of industrial waste and solids as a
proxy variable for the environmental governance of businesses.

TABLE 6 | Selection of factors influencing the efficiency of green development.

Type of variable Index description Symbol

Explained variable Level of green development Green development level of regional economy GDE
Explanatory variables Level of economic development GDP per capita GDP

Energy structure Industrial electricity consumption/total electricity consumption in society ES
Industrial structure Output value of tertiary industry/output value of secondary industry IS
Intensity of environmental governance Comprehensive utilization rate of industrial waste and solids ER
Digital economy Number of broadband Internet access users DIGE
Urbanization rate Permanent population urbanization rate UR
Degree of technological development General public budget science and technology/GDP TD
Opening to the outside world Foreign direct investment lnOD
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Hypothesis H4: environmental governance has an uncertain
impact on green development efficiency.

Development of the Digital Economy
Development of the digital economy can effectively improve the
efficiency of economic operation. Furthermore, the digital
economy can generate information interaction, reduce
resource waste, and improve the relative efficiency of resource
allocation. Here, we selected the number of regional Internet
users to measure the level of regional green development.
Hypothesis H5: development of the digital economy will
increase regional green development efficiency.

Urbanization Level
Relative development of the urbanization level indicates
continuous development of the local economy and improved
resource and energy utilization efficiency, which can increase the
green development efficiency. The urbanization rate is expressed
as the ratio of permanent urban residents to the total population.
Hypothesis H6: there is a positive correlation between the
urbanization level and green development efficiency.

Degree of Scientific and Technological Development
Improvement of the scientific and technological level can
improve the production mode and resource utilization
efficiency of enterprises. Moreover, technological progress can
promote the independent innovation of green production
technology, thereby effectively improving the utilization degree
of resources and further improving the utilization efficiency of
resources. In this study, we measured the level of scientific and
technological development using the ratio of science and
technology expenditure to the GDP of each city in Anhui
Province. Hypothesis H7: scientific and technological
development has a positive effect on regional green development.

Openness (lnOD)
According to the pollution haven hypothesis, foreign developed
countries will transfer high-polluting and energy-consuming
industries to developing countries, where the resulting
environmental degradation will also increase the cost of
pollution control in the region. However, the pollution halo
hypothesis holds that opening to the outside world will attract
and introduce foreign advanced technology, high-quality talent,
and foreign direct investment, whereby the demand for green

products and fierce competition in the international market are
conducive to improving green development efficiency. In this
study, the utilization level of foreign capital is represented by the
actual utilized foreign direct investment in each city, which is
treated logarithmically. Hypothesis H8: the degree of openness
has an uncertain effect on the efficiency of urban green
development.

Empirical Results of the Spatial
Econometric Model
Based on the eight selected indicators, we empirically analyzed
the economic data of 16 urban areas in Anhui Province over the
past 16 years. Descriptive statistics of the variables used in this
study are shown in Table 7.

Model Selection
In the spatial econometric model, ordinary least squares
regression was first adopted, and the Lagrange Multiplier
test was then performed on the regression results in order
to determine whether the model exhibited spatial error or
spatial lag (Table 8). The test results of the spatial error model
and the robust spatial error model were not significant.
However, the two test methods of the spatial lag model
passed the significance level of 0.01, indicating that the
general panel regression exhibited a spatial lag effect. As the
significance of the two spatial lag test methods was
significantly higher than that of the spatial error model, the
spatial lag model was initially constructed.

The preliminary regression results of the three models are
shown in Table 9. The spatial lag model exhibited the highest R
squared value. According to the Akechi information criterion
scores for SAR (−7.727, 31.270), SEM (−14.239, 24.758), and
SDM (−39.613, 31.291), the SAR model was selected as the
optimal model. Then, Hausman’s test was conducted to
determine whether random or fixed effects should be used.
The test value was positive (25.68) and the significance level
was 0.0042, indicating that the fixed effects model should be
selected. We also tested the optimality of regional fixed effects,
time fixed effects, and double fixed effects. According to the R
squared value, the most suitable model was the spatial Durbin
model with time fixed effects (Table 10).

Final Model Regression Results
The form of the optimal model, i.e., the SAR model with fixed
time effects, is as follows:

TABLE 7 | Descriptive statistics of variables used in this study.

Variale Obs Mean Std.Dev Min Max

GDE 256 1.112007 0.1662892 0.6086016 1.857068
GDP 256 3.372301 2.307842 0.376141 11.5623
ES 256 0.6531584 0.1463952 0.31 1.008338
IS 256 0.952676 0.393336 0.3213621 2.16689
ER 256 0.8870855 0.1121682 0.4007 1
DIGE 256 48.28035 53.48539 3 365
UR 256 0.5031922 0.1308707 0.238 0.794
TD 256 0.0041835 0.003663 0.0000839 0.0193759
lnOD 256 10.30169 1.321967 6.304449 14.84543

TABLE 8 | Lagrange Multiplier test results.

Variable Statistic p Value

LM test — — —

Spatial error
— LM-lag 3.674 0.055
— R-LM-lag 5.282 0.022
Spatial lag
— LM-error 9.438*** 0.002
— R-LM-error 11.046*** 0.001
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GDEit � ρ∑
N

j�1
ωijGDEit + a0 + β1GDPit + β2ESit + β3ISit + β4ERit

+ β5DIGEit + β6URit + β7TDit + β8GSit + β9LnODit

+ μi + λi + εit

where i, j � 1, 2, . . . , N; t � 1, 2, . . . , T. The final model
regression results are shown in Table 11. The regression
results and corresponding regression coefficients calculated by
STATA indicate the factors affecting green development of the
regional economy in Anhui Province.

1) The economic benefit index has a positive effect on the
regional green development efficiency, with a significance
level of 1%, which verifies hypothesis 1. Thus, each unit
increase in per capita GDP will increase the regional green
development level by 0.122 units, indicating the importance of
economic benefits to regional green development.

2) The energy structure has a significant negative impact on
regional economic development, inhibiting the regional green
development efficiency of each city in Anhui Province. This
verifies hypothesis 2.

3) The industrial structure has a significant positive impact on
regional green development, which verifies hypothesis 3.
Specifically, higher development of tertiary industry
compared with secondary industry has a corresponding
positive impact on regional economic development, which
indicates the importance of a rational distribution of the
industrial structure and an appropriate increase in tertiary
industry development.

4) The intensity of environmental governance has a negative but
not significant impact on regional green development
efficiency. This proves the Porter hypothesis and indicates
that the impact of environmental regulation on green
development efficiency has not reached the Porter
inflection point, that is, the impact of environmental
management intensity on regional green development
efficiency has not transformed from the negative effect of

TABLE 9 | Model preliminary regression results.

SAR SEM SDM — SAR SEM SDM

GDP 0.122*** 0.127*** 0.114*** Wx — — —

(6.73) (7.06) (5.53) GDP — — 0.004
ES −0.963*** −1.003*** −0.680*** — — (0.04)

(−5.99) (−6.06) (−3.14) ES — — 2.466*
IS 0.259*** 0.279*** 0.334*** — — (1.78)

(4.32) (4.45) (4.58) IS — — 1.159***
ER −0.001 −0.003* −0.005*** — — — (2.74)

(−0.83) (−1.66) (−2.74) ER — — −0.013*
DIGE 0.004*** 0.004*** 0.004*** — — — (−1.76)

(7.84) (8.21) (7.58) DIGE — — −0.007**
UR 0.004** 0.003 −0.002 — — — (−2.21)

(2.03) (1.48) (−0.70) UR — — −0.034***
TD 1.554 6.032 5.686 — — — (−2.75)

(0.23) (0.83) (0.74) TD — — 14.487
lnOD −0.052** −0.039 0.026 — — — (0.44)

(−2.18) (−1.61) (0.89) lnOD — — 0.294**
Spatial — — — — — — (2.26)
rho −0.510*** — −0.585*** r2 0.298 0.234 0.277

(−2.66) — (−2.84) aic −7.727 −14.239 −39.613
lambda — −0.780*** — bic 31.270 24.758 31.291

— (−3.75) — N 256.000 256.000 256.000
Variance
sigma2_e 0.051*** 0.048*** 0.042*** — — — —

(11.10) (10.80) (10.97) — — — —

TABLE 10 | Mode l selection results.

Ind Time Both

Main
GDP 0.007 0.122*** 0.003

(0.56) (6.73) (0.16)
ES 0.195 −0.963*** 0.192

(1.06) (-5.99) (0.99)
IS 0.112** 0.259*** 0.155***

(2.34) (4.32) (2.72)
ER −0.002* −0.001 −0.002*

(−1.83) (−0.83) (−1.91)
DIGE 0.001** 0.004*** 0.001**

(2.41) (7.84) (2.15)
UR 0.011*** 0.004** 0.010***

(4.51) (2.03) (4.37)
TD 9.356 1.554 12.514**

(1.55) (0.23) (2.06)
lnOD −0.001 −0.052** 0.006

(-0.08) (-2.18) (0.30)
Spatial
rho −0.016 −0.510*** −0.507***

(−0.18) (−2.66) (−2.67)
Variance
sigma2_e 0.020*** 0.051*** 0.018***

(11.31) (11.10) (11.11)
r2 0.002 0.298 0.003
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“cost of compliance” to the positive effect of “innovation
compensation.” Specifically, the “compensation effect” of
environmental management has not offset the “cost effect.”

5) Development of the digital economy has a significant positive
impact on regional green development efficiency, which
verifies hypothesis 5. That is, a digital economy driven by
data and informatization can effectively promote information
exchange and interworking, and improve the level of regional
green development.

6) An increase in the regional urbanization level has a positive
and significant effect on regional green development, which
verifies hypothesis 6.

7) Scientific and technological development has a positive
impact on regional green development, but does not pass
the significance test, which negates hypothesis 6. This result
suggests that the regional development of science and
technology may be caused by enterprises strengthening
research and development into profit-oriented production
technology, whereby businesses blindly pursue economic
benefits and invest less in research and development into
clean technology. This with Qiu Zhaolin and Wang Yehui
conclusion is the same, technology research and development
can improve the ecological efficiency, but at present, around
the core technology research and development of Anhui level
is not high, and the enterprise research and development tend
to be more productive technology research and development
of the scale expansion, ignoring the clean and environmentally
friendly production technology research and development.
The reason may be that enterprises tend to strengthen the
research and development of profit-oriented production
technology, that is, they blindly pursue economic benefits
and invest less in the research and development of clean
technology. At the same time, it may be that the technology
market in Anhui province develops late, the transaction
volume is small, and it is not effective to promote the
progress and diffusion of regional green development
efficiency. It still needs time to develop, and it cannot
significantly improve the operation efficiency of regional
system. Investment in science and technology has not
significantly improved the efficiency of green development.

8) The level of opening up has a significant negative effect on
regional green economic development. This confirms the
pollution haven hypothesis, in which attracting foreign

capital reduces the need for green development, and the
introduction of multinational enterprises leads to pollution
within the region. Thus opening up brings a heavy
environmental burden to the local area and inhibits the
efficiency of regional green development.

Decomposition of Spatial Spillover Effects
The effects of different influencing factors were decomposed into
direct effects and brief effects (Table 12). The economic benefits
of per capita GDP growth include the green development of local
regional economy, and the significant positive impact on local
regional economic development has a positive impact on the level
of green development. However, due to the relative imbalance of
inter-regional development, there will be a “siphon effect” that
makes the surrounding resources flow to the cities and regions
with superior development, which will also have a negative
impact on the surrounding areas. Economic elements and
resource elements always flow to more developed cities and
regions, which leads to a corresponding competition effect
with neighboring cities. Thus, a relative improvement in the
local economic development level will have adverse effects on
neighboring cities. Although the energy structure has an adverse
effect on local green development, it will generate a positive

TABLE 11 | Final regression results of the spatial lag model.

GDE Coefficient Std. Error z P > z 95% Conf Interval

GDP 0.122*** 0.018 6.730 0.000 0.087 0.158
ES −0.963*** 0.161 −5.990 0.000 −1.278 −0.648
IS 0.259*** 0.060 4.320 0.000 0.142 0.376
ER −0.00119 0.001 −0.830 0.405 −0.004 0.002
DIGE 0.00364*** 0.000 7.840 0.000 0.005 0.003
UR 0.00414** 0.002 2.030 0.043 0.000 0.008
TD 1.554 6.729 0.230 0.817 14.742 11.635
lnOD −0.0520** 0.024 −2.180 0.029 −0.099 −0.005
rho −0.510 0.192 −2.660 0.008 −0.887 −0.134
sigma2_e 0.051 0.005 11.100 0.000 0.042 0.060

TABLE 12 | Decomposition of spatial spillover effects.

Variables LR_Direct LR_Indirect LR_Total

GDP 0.126*** −0.0429*** 0.0832***
(0.0194) (0.0151) (0.0163)

ES −0.995*** 0.335*** −0.659***
(0.158) (0.112) (0.148)

IS 0.270*** −0.0923** 0.178***
(0.0597) (0.0369) (0.0442)

ER −0.00125 0.000424 −0.000823
(0.00141) (0.000524) (0.000939)

DIGE 0.00375*** 0.00127*** 0.00502***
(0.000460) (0.000423) (0.000460)

UR 0.00436** −0.00145* 0.00291*
(0.00206) (0.000808) (0.00151)

TD 1.816 0.642 2.458
(6.871) (2.486) (4.514)

lnOD −0.0522** 0.0175* −0.0347**
(0.0229) (0.00949) (0.0162)

Observations 256 256 256
R-squared 0.298 0.298 0.298
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spillover effect in neighboring cities. This is attributed to
environmental pollution caused by industrial energy
consumption and relatively low energy utilization efficiency in
the city; however, this can lead to outflow of the urban population
and talent to neighboring cities. According to the significance test,
adjustment of the industrial structure can lead to a positive
impact on the regional green development level but produce
significant negative spillover effects. That is, adjustment of the
industrial structure may occur through the transfer of highly
polluting enterprises to surrounding cities, resulting in a decline
in their green development level. Thus, the industrial structure of
Anhui Province has not yet achieved complementary advantages
and coordinated development between urban areas.

Development of the digital economy plays a positive role in
promoting development of the local green economy, but also has
significant spillover effects, indicating synergistic development
and effective information exchange between various urban areas
in Anhui Province. An increase in the local urbanization level can
promote green economic development; however, surrounding
areas will experience negative spillover effects because outflow of
the local population will have an adverse influence on the green
development level. Although the direct effect of opening up to the
outside world is negative, the spatial spillover effect is positive.
That is, increased opening up to the outside world may compete
with local industry and have a negative impact on local economic
development. However, according to the “pollution haven”
hypothesis, the arrival of foreign high-polluting industry leads
to a local brain drain, a local increase of pollution-intensive
industry, and deterioration of the ecological environment,
which may “crowd out” development of provincial innovation
factors, leading to a high-tech brain drain at the provincial level.
Finally, the influence of scientific and technical development and
environmental governance is not significant. This may be because
of a substantial difference in environmental governance intensity
and technological development level between cities in Anhui
Province; thus, the combined spatial effect was not significant.

CONCLUSIONS AND
RECOMMENDATIONS

In this study, we used panel data for 16 prefecture-level cities
in Anhui Province from 2005 to 2020 and the super-SBM
model to measure the green development efficiency of Anhui
Province. The global Malmquist Index was used to analyze
dynamic changes in the green development efficiency and
establish a corresponding spatial lag model. The modeling
results revealed the influencing factors and spillover effects of
green development efficiency in Anhui Province, from which
we drew the following conclusions.

The overall green development efficiency of all urban areas in
Anhui Province showed a fluctuating trend, with most cities
exhibiting medium of higher green development efficiency.
According to spatial correlation analysis of the green
development level in Anhui Province, various cities exhibited
spatial aggregation, with high, high, and low values of green
development efficiency. Among the factors influencing the level

of green development, economic development, the industrial
structure, digital economy development, and the urbanization
level showed relatively significant positive correlations with the
regional economic development level, whereas the energy
structure and level of opening up showed a significant negative
correlation with the regional green development efficiency. The
influence of environment management and scientific and
technological development was not significant. Regarding the
various spatial spillover effects, economic efficiency, the industrial
structure, and the urbanization rate showed positive effects on local
green development but negative spillover effects on surrounding
areas, whereas the energy structure, relative economic development,
and level of opening up produced positive spillover effects.

Based on these findings, we propose the following
recommendations for improving regional green
development in Anhui Province. First, the level of regional
economic development needs to be improved accordingly. The
green development of regional economy cannot be separated
from the high-quality development of regional economy, and
the development of regional economy cannot be separated
from the support of the government, government functions
should be fully developed to achieve win-win economic, social,
and environmental benefits. Efforts should be stepped up to
promote green development, eliminate low-quality
enterprises, improve laws and regulations on environmental
protection, and resolutely implement the green development
strategy. Second, we should strengthen regional cooperation
and exchanges, promote digital economy interaction to
establish a solid communication mechanism, strengthen
project exchange and joint innovation, and speed up
cooperation in resource development, environmental
governance, industrial docking, and other areas. Third, the
adjustment of the energy mix and industrial structure is also
crucial, it is important to accelerate rational adjustment of
industrial and energy structures. This includes reasonably
adjusting the relative development degree of tertiary and
secondary industries and transforming and upgrading the
industrial structure to improve the efficiency of green
development. green transformation of small- and medium-
sized enterprises should be promoted, and advanced
manufacturing and new energy industries should be
vigorously developed. Meanwhile, the government needs to
strengthen the green supervision of enterprises in the region
and carry out effective environmental supervision. The
urbanization level of the region also plays an important role
in promoting the green development of the region. Fourth, we
propose improving the utilization of foreign investment
structure. Specifically, we should attach importance to the
quality of foreign investment, and avoid turning local areas
into a foreign “pollution refuge.” We should also strengthen
the standards for introducing foreign enterprises, and
implement corresponding supervision and strict regulation
of the environmental governance of foreign enterprises.
Fifth, it is important to increase the input of green scientific
and technological innovation. This can be achieved through
increased government support for independent innovation,
acknowledging that scientific and technological input is an
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important driving force for regional green development. Due
to the relative regional limitations of this study as well as the
relative limitations of research methods and data, more in-
depth studies are needed in the future to further discuss and
deeply study the level of regional green development.
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Global tourism has witnessed a significant positive implication on the development of
developing economies. Despite the positive implication of tourism, it imposes a serious
environmental cost such as environmental pollution. Brazil receives a large number of
tourists each year that potentially affects economic growth and development. Therefore,
this study investigates the effect of tourism onGDP and CO2 emissions in Brazil. We used a
nonlinear ARDL approach to examine the nexus between tourism, economic growth, and
CO2 emissions in Brazil for the period 1995–2018. The outcomes of this study reveal both
short-run and long-run associations between tourism, GDP per capita, and CO2 emissions
in Brazil. Nevertheless, both tourism and economic growth cause significant deterioration
of the environment quality in Brazil. These findings suggest that the policymakers shall look
for more sustainable and eco-friendly economic growth and tourism policies to preserve
the environmental quality in Brazil.

Keywords: tourism, economic growth, environment, nonlinear ARDL, Brazil

INTRODUCTION

The global tourism industry has changed remarkably with exponential growth in tourism demand in
the past few decades. This trend consequently causes environmental degradation and a high level of
energy consumption at the tourist destination. The ultimate effect of high energy consumption
results in environmental pollution, mostly in the form of CO2 emissions. The CO2 emission from the
last few decades as a result of global warming has become a growing concern of researchers. The CO2

emissions, as the leading contributor to global warming, have nearly quadrupled since the early 1960s
(Koçak et al., 2020; Adebayo and Kirikkaleli, 2021; Shahzad et al., 2021). Global warming has adverse
implications for the economy, government, lifestyle, and social and geopolitical development (Bilgili
et al., 2016; Adebayo and Rjoub, 2021). Global warming and climate change have caused millions of
people to suffer from hunger, disease, floods, and water shortages (Escobar et al., 2009). The World
Health Organization (2018) reported poor air quality levels in several cities in the low- and middle-
income countries with a population of more than 100,000. An earlier assessment by the World
Health Organization (2016) reported about 7 million premature deaths due to air pollution The CO2

emissions are perceived as the cost of tourism due to various tourist activities. Therefore, it raised
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concerns about the adverse effects of energy use in the tourism
industry. Therefore, it is imperative to assess the potential future
effects of tourism on environmental quality, especially for the
economies in which tourism has a significant contribution
towards GDP.

Tourism has shown a profound positive influence on the
economic growth across the globe in the last 4 decades, and
this sector has emerged as an important driver in the process of
economic development for both the developed and developing
countries (Li and Lin, 2015; Cetin et al., 2018; Park et al., 2018;
Cannonier and Burke, 2019; Chai et al., 2019; Kirikkaleli et al.,
2021). Blake et al. (2006) compare the effects of the productivity
of various tourism sectors on economic development and found
that the tourism sector has a significant positive effect on
economic development. Liu et al. (2018) employ the
exogenous economic growth theory by assuming that
productivity is exogenous with a diminishing return to the
capital. They presented tourism activity as an exogenous
tourism productivity shock to economic growth using the case
of Mauritius under the dynamic stochastic general equilibrium
(DSGE) model. Their findings posit that tourism creates
employment opportunities; brings foreign capital inflow;
improves infrastructure; provides significant contributions to
the development of manufacturing, agriculture, and service
sectors; increases the revenue of hotel business; and thus has
an overall positive impact on the economy (Zaman et al., 2017;
Zhou et al., 2018; Koçak et al., 2020). Despite the benefits of
tourism for the economy, it also has some adverse effects, for
instance, the pollution issue. Due to escalated economic activities
and energy consumption, tourism significantly contributes
towards the CO2 emissions in an economy. Hence, tourism is
an important factor that directly or indirectly affects the local as a
well global ecosystem. According to the UNWTO Tourism
statistics, international tourist arrivals recorded a 7% growth
and international tourism receipts increased by 4.9% in 2017.
Tourism contributed towards revenues from international
passenger transport services by 240 billion USD. In addition,
tourism ranks third in the global export earnings category after
chemicals–fuels and the automotive sector in 2017 (UNWTO,
2018; Shahzad et al., 2020). Tourism epitomized approximately
3.5% of economic growth and approximately 3.5% of total
employment in Brazil’s economy in 2014 (WTTC, 2018).
While tourism is not a recent phenomenon in Brazilian
society, mass tourism certainly is.

Previous studies have explored the negative impacts of tourism
activities on the host country’s environment for different
countries including France, Spain, the United States, China,
Italy, Mexico, the United Kingdom, Turkey, Germany, and
Thailand. Their findings suggest that tourism has an adverse
effect on the environment quality (Lee and Brahmasrene, 2013;
Tang et al., 2014; Aziz et al., 2020). Though it boosts the
transportation, catering, and accommodation businesses in the
host country (Nepal, 2008; Howitt et al., 2010; Rosselló-Batle
et al., 2010; Scott et al., 2010; Lee and Brahmasrene, 2013). The
environmental degradation is a complimentary phenomenon
with the development process, industrialization, and economic
growth. Extant literature also pointed out some other factors

responsible for the environmental degradation, including
population growth, urbanization, trade, energy consumption,
foreign direct investment, and financial development (Li and
Lin, 2015; Cetin et al., 2018; Dong et al., 2018; Nasrollahi et al.,
2018; Park et al., 2018; Kirikkaleli and Adebayo, 2021).

Tourism in Brazil is a growing sector that has a significant
contribution to the development of the economy. In 2018, 6.589
million tourists visited Brazil. In addition, Brazil ranks as the
third top tourist destination in Latin America after Mexico and
Argentina. This study investigates the association between
economic growth, tourism, and CO2 emissions to assess the
implications of economic and tourist activities on the
environmental quality using the case of Brazil. Brazil is a very
significant BRICS economy, whose substantial economic growth,
tourism, and GDP together lead to a high level of energy
consumption and CO2 emissions. Therefore, it is essential to
explore the nexus between tourism, GDP, and CO2 in Brazil. This
study contributes to the existing literature from the following
aspects: firstly, there are a few studies that explore tourism for
GDP and CO2 emissions for Brazil. However, they used linear
methods of analysis; this study provides a more detailed analysis
by using nonlinear Autoregressive Distributed Lag (ARDL) tools,
which are capable of capturing the nonlinear relationship
between tourism, CO2 emissions, and GDP. Secondly, most of
the studies did not capture the short-run and long-run
relationship between tourism, GDP, and CO2 emissions; the
nonlinear ARDL approach provides a comprehensive analysis
for both short-run and long-run relationships among the
variables. The application of nonlinear models is particularly
important because it captures dynamic relationships among the
variables and is closer to reality. Most of the variables have
dynamic trends and conventional linear models do not
accurately capture the actual association between the variables,
but the nonlinear model provides a reasonable prediction. The
rest of the paper is organized as follows. Literature Review entails
the detailed review of literature, The Case of Brazil: Stylized Facts
presents the stylized facts of Brazil, The Case of Brazil: Stylized
Facts and Methodology presents the methodology and empirical
results, and Empirical Analysis concludes the study.

LITERATURE REVIEW

Tourism and Economic Growth
The impact of tourism on economic growth can be elaborated
through the tourism-led growth hypothesis, which posits that the
development of tourism leads to economic growth (Gwenhure
and Odhiambo, 2017). Various theoretical frameworks supported
this hypothesis; Dornbusch et al. (2014) follow the endogenous
growth model by introducing the tourism factor in terms of
technological investment and skill development, which stimulate
economic growth in an economy. In addition, tourism provides
employment opportunities for unemployed, low, and unskilled
labor, which leads to economic development (van der Schyff et al.,
2019). Various studies have investigated the relationship between
tourism and economic growth. Akama (2016) used tourism and
economic growth data from 1980 to 2013 in Kenya; they reported
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that economic development can be achieved by improving local
tourism. Bento (2016) confirmed the tourism-led hypothesis for
economic growth in Portugal. Similarly, Arslanturk et al. (2011)
used the input–output method and exhibited that tourism
contributes to economic growth in Turkey. Likewise, Shahzad
et al. (2017) examined the tourism-led hypothesis in Mexico and
found that the development of tourism has positive impact on
economic growth.

The findings from a majority of the research related to tourism
impact on economic growth can be subdivided into three groups.
The first group of studies concludes that there is a unidirectional
association between tourism development and economic growth.
Khoshkhoo et al. (2017) using the input–output model revealed
that the development of tourism industry in Iran significantly
promoted local economic development. Likewise, a study
reported a long-run positive association between tourism,
economic growth, and employment in Pakistan (Manzoor
et al., 2019). Govdeli and Direkci (2017) used data of 34
OECD countries from 1997 to 2017 and found that
development of tourism opportunities enhances economic
growth in these countries. The second group of researchers
contend, though, that development in the tourism industry
and economic growth reinforce each other due to a
bidirectional causal relationship. For example, the study of
Roudi et al. (2019) used Granger causality analysis and
observed that development of tourism creates economic
development in small island states. Likewise, economic growth
also positively impacts tourism growth. Similarly, Besel and Uğur
(2017) employed time-varying causality analysis and Fourier co-
integration techniques and found a bidirectional causal linkage
between tourism development and economic development in
Turkey. Notwithstanding, the third group of studies assert that
tourism development does not affect economic growth. As shown
by the work of Arslanturk et al. (2011) and Kokotovic (2017)
using vector error correction mechanism for Turkey, Croatia, and
Czech Republic, respectively, they rejected the tourism-led
economic growth hypothesis for these countries.

Tourism and the Environment
Tourism is a fast-growing economic activity. In 2017, tourism
contributed 10% of the world’s total GDP. Besides, it assumes
one-tenth of total jobs and has 7% share in global trade
(UNTWO, 2018). Globally, tourism industry has exhibited
tremendous growth in the last few decades despite the socio-
political instability and economic crisis (Paramati et al., 2017).
Although tourism contributes to economic growth and job
creation, at the same time, it deteriorates the eco-system by
increasing the environmental waste and escalating carbon
emissions (Shi et al., 2019). Policymakers are also under
immense pressure for the ongoing and ever-increasing
environmental problems of global warming and climate
change caused by an extremely high level of carbon
emissions. The world development indicator on carbon
emissions states that carbon emissions in 2014 have
increased 300% as compared to the emissions in 1968.
Perhaps it is due to these severe issues that the discussion
of sustainable and low carbon emission economies has

emerged to reduce the level of emissions, which is causing
significant damage to the ecological system.

Various studies have investigated the impact of tourism
activities on environmental degradation and pollution in
different countries using a variety of methods. The studies by
Lee and Brahmasrene (2013), Tang et al. (2014), and Tang et al.
(2017) found that tourism has adverse effects on environmental
quality due to increasing levels of carbon emissions while
transportation activities constitute a major portion of the total
carbon emissions. The study of Gössling (2002) revealed that land
degradation and the use of fossil fuel have further magnified
environmental problems including global warming and climate
change. Transportation and accommodation activities are
directly linked to tourism and contribute 4.4% towards the
total carbon emissions (Peeters and Dubois, 2010). It is,
therefore, asserted that higher energy consumption and
deterioration of the environment is a major cause of carbon
emissions caused by tourism development (Zhu et al., 2021). Hall
et al. (2013) argued that tourism not only boosts economic
activity, but also increases carbon emissions; hence, its further
effects on climate change are an important challenge for
policymakers.

Economic Growth and the Environment
Themost essential factor for achieving sustainable development is the
preservation of environmental quality (Kyoto Protocol to the United
Nations, 1997). Higher energy consumption for achieving fast-paced
economic growth causes significant degradation in environmental
quality. Economic growth is characterized by urbanization,
industrialization, and improvement in transportation infrastructure,
causing a higher level of energy consumption that ultimately
compounds carbon emissions. Various studies have been carried
out for examining the relationship between economic growth and
carbon emission froma single-country andmulti-country perspective.
Using the case of China and employing cointegration and causality
analysis, the results show that CO2 emissions lead to an upsurge in the
current as well as future economic growth (Lv et al., 2019). Likewise,
Abid (2015) examined the relationship between economic growth and
carbon emissions for Tunisia from 1980 to 2009. The Granger
causality test and vector error correction mechanism were used for
empirical investigation. The results confirmed a unidirectional
causality between economic growth and carbon emissions and
found a monotonically growing relationship between these two
aspects in Tunisia. Yang et al. (2015) tested the causal relationship
between tourism and carbon emissions among 71 countries from
1971 to 2010. The association among various variables was found to
be dynamic in nature because of various patterns of development and
region-specific characteristics. The developing countries show
monotonically aggregate models and inverted U-shaped curves.
On the other hand, developed countries show inverted M-shaped
and N-shaped models to depict this association. Ahmad et al. (2017)
examined the environmental Kuznet Curve (EKC) from 1992 to 2011
in Croatia. The VECM and ARDL models were used to test the
relationship between carbon emissions and economic growth. A
bidirectional causality based on VECM was reported in the short
run and a unidirectional causality was observed in the long run.
Besides, an inverted U-shaped association between economic growth
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and carbon emission was found in the long run, hence validating the
EKC hypothesis. Bano et al. (2018) studied the impact of economic
growth and human capital on carbon emissions in Pakistan from
1971 to 2014 using VECM and ARDL techniques. Results of the
Granger causality suggest no short-run relationship between
economic growth and carbon emissions, whereas carbon emission
causes economic growth in the long run. Jardón et al. (2017) carried
out research on 20Caribbean and LatinAmerican countries to test the
relationship between economic growth and carbon emissions using
data from 1971 to 2011. Results of EKC hypothesis exhibited an
inverse U-shaped relationship with a carbon emission and economic
growth. The research on exploring the nexus between CO2 emissions
and economic growth has mainly concentrated into two streams. The
first stream of literature suggests an inverted U-shaped relationship
between environmental pollutants and economic growth, which is
known as the Environment Kuznets Curve (EKC), though recent
studies on EKC revealed that there exists an inconsistent association
between CO2 emissions and economic growth (Fang et al., 2019).
However, results from these studies are highly contingent upon
regional and country-level specific dynamics. The second stream of
literature examines the relationship between energy consumption and
economic growth such as Grossman and Krueger (1995). The
empirical findings of their study postulate varying linkages
between energy consumption and economic growth. This dynamic
association can be attributed to the choice of datasets, model
specifications, and the econometric technique involved.

THE CASE OF BRAZIL: STYLIZED FACTS

CO2 Emissions and GDP
Figure 1 depicts a graphical trend between carbon emissions and
growth in GDP per capita in Brazil. GDP growth posts an upward
movement from 1995 to 2014 and a downward trend afterward
up to 2016. Subsequently, GDP again reveals a growth trend up to
2018. Similar variations can be observed in carbon emissions

during the same period. Carbon emissions in Brazil increased
between 2008 and 2014 and a visible decreasing trend is observed
afterward up to 2017, though a sudden rise is exhibited in 2018.
Overall, the movement of CO2 and GDP suggests a direct
association between these two variables in the context of
Brazil. This pattern conjectures that the Brazilian government
is not deploying green technology; therefore, the country is
experiencing a higher level of pollution emissions. Hence, the
government should encourage the use of eco-friendly
technologies to reduce the amount of emissions without a
slump in the GDP growth. However, the nexus between
economic growth and the environment needs to be explored
further to ensure sustainable economic growth and development.

GDP and Tourism
Figure 2 shows the co-movement between GDP and tourism in
Brazil. It depicts an upward trend for both the GDP and
tourism in Brazil. Though GDP is increasing steadily as
compared to tourism growth, various shocks can be
observed in the number of tourism arrivals in Brazil.
Nevertheless, tourism activities have posted an upward
growth from 1995 to 2000, which is attributed to the
incentives and rebates offered by the government to entice
more tourist inflow. However, a decreasing trend in tourism
arrivals can be observed from 2000 to 2003, which is mainly
due to the various taxes levied by the government. The period
between 2010 and 2018 shows a marked increase in tourism
arrivals in Brazil. Overall, the graph suggests that GDP has an
indirect positive co-movement with tourism. Tourism
revenues boost government revenues, household income,
and increase employment opportunities, therefore leading to
economic growth and prosperity for a country.

Tourism and CO2 Emissions
Figure 3 demonstrates the trend between tourism and carbon
emissions in Brazil. Carbon emissions show an upward

FIGURE 1 | CO2 emissions and GDP. Source: World Development indicators.
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movement from 1995 to 2014 and a visible decrease can be
observed from 2014 to 2017. Tourism arrivals post an upward
trend from 1995 to 2000 and a downward trend can be
observed from 2000 to 2003. Tourism activities in Brazil as
shown in the figure increased from 2003 to 2006, showing a
decreasing trend up to 2010 and then onward have shown a
visible increase in tourist activities in Brazil. The overall trend
suggests that a huge increase in tourism volume brings a slight
upward increase in the amount of CO2 emissions, which
confirm somehow a direct link between tourists’ arrivals
and CO2 emissions. Tourism plays an important role in
economic growth, but at the same time, tourism has its
share of environmental concerns as tourist activities are
among the major cause of carbon emissions. The
environmental concerns from tourism and its allied

economic benefits need to be balanced in the form of low
carbon emission and high income for the tourism industry.

METHODOLOGY

The study used the following econometric model for the
empirical estimation:

CO2 � β0 + β1GDPt + β2Tt + et (1)
Where the error term µt ~ n.i.i.d(0, σ2), and CO2 is the CO2

emission.
GDP = Gross Domestic Product.
T = Tourism (total number of arrivals).
e = Normally Distributed Error Term.

FIGURE 2 | GDP and tourism in Brazil (1995–1918). Source: World Development indicators (2020).

FIGURE 3 | CO2 emissions and tourism in Brazil (1995–1918). Source: World Development indicators (2020).
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The model entails CO2 emissions as the dependent variable
to proxy the environmental quality, GDP per capita is an
independent variable, and gross domestic product is a
measure of the aggregate economic activity in the economy.
T represents tourism; we take the number of tourists arrival in
the country. Since, theoretically, both tourism and GDP have a
perceived positive association, coefficients like β1 and β2 are
assumed to have a positive expected sign. The error term is
assumed to be uncorrelated with the explanatory variables
(World Bank, 2021). The data for all induced variables are
obtained from the World Bank database from 1995 to 2019.
GDP is taken at Constant US dollar; T is the number of tourist
arrivals and CO2 emissions are taken as the emissions per
metric ton. Before proceeding with the non-ARDL estimation,
we first start with the linear ARDL framework to show the
long-run and short-run association between the variables. Eq.
1 presents the mathematical expression for the linear ARDL
framework as follows.

ΔCo2t � β0 +∑n1

i−1β1iΔCo2t−1 +∑n2

i−0β2iΔGDPt−1 +∑n3

i−0β3iΔTt−1

+∑n4

i−0β4iΔTLt−1 + λet−1 + µt

(2)
If the outcomes reveal cointegration among the variables

like in our case “CO2 emissions, GDP, and Tourism,” then any
short-run deviation will adjust to the long-run equilibrium. In
other words, the short-run deviation will ultimately achieve
the long-run equilibrium. The “et−1” (i.e., λ) shows the short-
run dynamics, which assumes to hold a negative and
significant coefficient. The Engle and Granger (1987) and
Johansen (1995) cointegration assumed that all variables
must have the same order of integration for instance in the
order of 1. Pesaran et al. (2001) purposed the ARDL method
for the long-run estimation, which does not strictly require the
same order of integration and cointegration and thus could be
performed even if the variables do not hold the same order
property. In addition, the “et−1” in Eq. 2 is replaced by the
linear combination of lagged level variables in the model. Thus,
we can rewrite Eq. 2 as follows.

ΔCo2t � ρ0 +∑n1

i−1ρ1tΔCo2t−1 +∑n2

i−0ρ2tΔGDPt−1 +∑n3

i−0ρ3tΔTt−1
+ρ4CO2t−1 + ρ5GDPt−1 + ρ6Tt−1 + µt· (3)

In Eq. 3, the coefficients of the variables use “Δ” parameters
for the short run while the lag values are presented by using ρ4,
ρ5, and ρ6. The optimal lag is the necessary step before
proceeding to the estimation; Akaike information criterion
(AIC) may provide an appropriate lag length. Most of the
previous studies employ linear association between variables
like “CO2 emissions”, GDP, and T, which is not a realistic
approach as asymmetry could be observed in the graphical
illustration among the variables. Therefore, to investigate the
asymmetric impact of GDP and Tourism arrivals on CO2

emissions, Shin et al. (2014) introduced the nonlinear
ARDL technique using the linear model framework for the
short-run and long-run estimations. The variations in CO2

emissions, GDP, and tourism are decomposed into positive
and negative partial sum as follows:

GDP+
t � ∑

t

j−1
ΔGDP+

j � ∑
t

j−1
max(ΔGDPj, 0)

GDP−
t � ∑

t

j−1
ΔGDP−

j � ∑
t

j−1
min(ΔGDPj, 0)

T+
t � ∑

t

j−1
ΔTax+

j � ∑
t

j−1
max(ΔTaxj, 0)

T−
t � ∑

t

j−1
ΔTax−

j � ∑
t

j−1
min(ΔTaxj, 0)

The above equations show positive and negative shocks of the
GDP and T (i.e., GDP+ and GDP−, and T+ and T−). The
negative–positive components show the increasing and
decreasing effects of each variable. The fact that there are two
time series, one being positive and the other being negative in the
Granger framework, suggests a hidden cointegration in this case.
In order to test the long-run relationship, Pesaran et al. (2001)
used the following equation:

ΔPt � γ0 +∑n1

i−1γ1iΔPt−1 +∑n2

i−1γ2iΔGDP+
t−1 +∑n3

i−1γ3iΔGDP−
t−1

+∑n4

i−1γ4iΔTax
+
t−1 +∑n5

i−1γ5iΔTax
−
t−1 +∑n6

i−1γ6iΔTL
+
t−1

+∑n7

i−1γ7iΔTL
−
t−1 + γ8Pt−1 + γ9GDP+

t−1 + γ10GDP−
t−1

+γ11Tax+
t−1 + γ12Tax

−
t−1 + γ13TL

+
t−1 + γ14TL

−
t−1 + µt

(4)

EMPIRICAL ANALYSIS

This section provides the detailed outcomes of nonlinear ARDL.
Table 1 shows the ADF unit root results by using the stationarity
analysis. Although the same order of stationarity is not
prerequisite for the long-run relationship, it helps to
understand the order of integration. We used the Schwarz
information criterion (SIC) for the optimal lags selection
including the constant and trend term in the ADF unit root
equation. The ADF unit result shows that all the variables are not
stationary at level and become stationary at first level. Therefore,
we can proceed to use the bound test.

The long-run estimations are sensitive to the optimal lag
selection in estimations. Bahmani-Oskooee and Bohl (2000)

TABLE 1 | ADF unit root.

At level 1st difference

GDP −1.276559 (−2.893589)b −6.988356 (−2.893956)b

CO2 −1.832508 (−1.944487)b −2.042878 (−1.944487)b

T 0.592283 (−1.944487)b −2.262092 (−1.944530)a

aSignificant at 1%.
bSignificant at 5%.
cSignificant at 10%.
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and Stock and Watson (2012) indicate that fewer lags are not
capable to capture full information from the model. Contrary to
this, higher lags lead to “over-fits” of the model. Therefore,
optimal lag selection is one the prerequisite for the accurate
results. SIC criteria are used for the optimal lags for our model.
Table 2 reports the bound test results, which contains the
F-statistics and the relevant lower and upper bound values.
The table results presented in Table 2 show that F-statistics
values for both linear and nonlinear model are higher than the
upper value, which indicates the existence of cointegration in
the model.

We estimated equation (12) by using the general AIC lag
criteria for optimal lag length. We drop those variables that were
not significant to avoid inaccurate analysis as such results can
create noise in the dynamic multipliers. Table 3 shows the initial
ARDL outcomes; the model has been tested through various
diagnostic tests for the validity of outcomes. The diagnostic
results included the Breusch/Pagan heteroscedasticity test,
Ramsey RESET test, and Jarque-Bera test on normality, which

reported no issue of heteroscedasticity, serial correlation, and
normality in the error term or residuals.

The long-run estimations are reported in Table 4, which
contains both positive and negative shocks of the explanatory
variables. The positive shocks indicate a negative relationship
between CO2 emissions and GDP; this implies that due to the
development of new low-carbon technologies in the boom period,
the output that emits less CO2 is provided; this association is in
line with Kasperowicz (2015). However, in the long run, during
the recession period when GDP is declining, an increase in GDP
increases the CO2 emission, which indicates that GDP growth is a
significant source. The positive shocks of tourism hold positive,
and significant implications on CO2 emissions imply that the
number of tourist arrivals leads to high energy consumptions,
which leads to CO2 emissions. The negative shocks lead to a
decrease in CO2 emissions, which implies that a decrease in the
number of tourists reduces CO2 emissions.

The Granger causality test in Table 5 reports the casual
linkages between CO2 emissions, GDP, and T. The results
show bivariate causality between CO2 emissions and GDP.
There is a univariate causality from CO2 emissions to T,
though no causality is found from the T to CO2 emissions.
Likewise, there is a univariate causality from GDP to T. The
Granger causality outcomes further verify the baseline NARDL
model estimations; as the GDP causes CO2 emissions due to high
level of economic activities, tourism also causes CO2 emissions
due to a high level of energy use and increase in the aggregate
consumption in the economy. The results of this study resemble
those of Lee and Brahmasrene (2013), Jardón et al. (2017),
Govdeli and Direkci (2017), Chengcai Tang et al. (2017), and
Zhu et al. (2021).

TABLE 2 | Bound test.

Test statistic Value K

F-statistic 22.37819 4

Critical Value Bounds
Significance I0 Bound I1 Bound

10% 1.9 3.01
5% 2.26 3.48
2.5% 2.62 3.9
1% 3.07 4.44

TABLE 3 | Short-run estimations.

Variable Coefficient

D (CO23(−1)) 1.8003740a (0.087359)
D (CO2(−2)) −1.303515a (0.192234)
D (CO2(−3)) 0.370801a (0.228695)
D (CO2(−4)) −0.770552a (0.221590)
D (CO2(−5)) 1.115004a (0.174679)
D (CO2(−6)) −0.561129a (0.071531)
D (GDP_POS) 0.115260a (0.015651)
D (GD_POS(−1)) −0.399175a (0.074615)
D (GDP_POS(−2)) 0.243940a (0.052521)
D (GDP_POS(−3)) −0.064272b (0.015427)
D (GDP_NEG) 0.132721a (0.021530)
D (GDP_NEG (−1)) −0.414651a (0.096442)
D (GDP_NEG (−2)) 0.223980a (0.070371)
D (GDP_NEG (−3)) −0.050885b (0.022231)
D (T_POS) 0.000328 (0.001950)
D (T_POS(−1)) −0.008389c (0.004640)
D (T_POS(−2)) 0.006623a (0.001829)
D (T_NEG) 0.002448a (0.000303)
CointEq (−1) 0.003765a (0.000646)

aSignificant at 1%.
bSignificant at 5%.
cSignificant at 10%.

TABLE 4 | Long-run estimations.

Variable Coefficient

GDP_POS −1.36511a (0.17148)
GDP_NEG −0.87433b (0.28167)
T_POS 0.44563a (0.03467)
T_NEG −0.65022b (0.12343)

aSignificant at 1%.
bSignificant at 5%.
cSignificant at 10%.

TABLE 5 | Pairwise Granger causality tests.

Null hypothesis F-statistic Prob

GDP does not Granger Cause CO2 2.6668a 0.0752
CO2 does not Granger Cause GDP 5.4836b 0.0057
T does not Granger Cause CO2 6.4112b 0.0025
CO2 does not Granger Cause T 7.1079b 0.0014
T does not Granger Cause GDP 0.97047 0.3830
GDP does not Granger Cause T 4.31065c 0.0164

aSignificant at 10%.
bSignificant at 1%.
cSignificant at 5%.
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CONCLUSION

Brazil is the largest economy in Latin America and has a substantial
contribution towards CO2 emission in the region, which has far-
reaching effects on social and environmental indicators. Besides the
sluggish performance in some years, the tourist inflows to Brazil
have increased continuously during the study period. Being a
rapidly growing economy and having a huge influx of tourists
have serious repercussions for the environmental quality in the
country. Therefore, this study investigates the relationship between
CO2 emissions, tourism (T), and economic growth in Brazil. We
employ time series data from 1995 to 2018 and employ the
nonlinear ARDL method of estimation, which provides more
realistic empirical outcomes as compared to the conventional
liner estimation methods like linear ARDL. The nonlinear
ARDL model is capable of capturing the realistic scenario
regarding the association between the variables. The empirical
results depict the long-run and short-run association between CO2

emissions, GDP, and tourism. Besides, both GDP and tourism
contribute to the CO2 emissions through either negative or positive
shocks as exhibited by the nonlinear ARDL estimations. This
implies that tourist activities increase the energy consumption
in the economy, which leads to higher CO2 emissions.
Moreover, the aggregate increase in demand also leads to higher
consumption in the economy. Likewise, GDP growth is
predominantly fueled by the energy consumption during the
production process, which is also a leading contributor towards
the CO2 emissions in the economy.

Based on these findings, the study suggests that the
government shall support the carbon-neutral policies of the
UNWTO (2018) at the national level. In this context, Brazil
may roll out various policies to reduce the pollutant emissions in
the economy. (1) The transportation sector is the major producer
of CO2 emissions as the basic fuel needs of transportation vehicles
(air, road, railroad, and water) mainly depend on fossil energy
sources (Sharma and Ghoshal, 2015; Koçak et al., 2020).
Therefore, the government may encourage the use of
alternative fuels and hybrid technologies particularly in the
transport services (Raza et al., 2017). (2) The government can
implement well-defined environmental quality rules; for example,
tourist spots with more adverse effects on the environment
should allocate sufficient funds for environmental restoration
in order to preserve environmental quality. (3) The public sector
may promote renewable and clean energy production in the

economy particularly in the tourist destinations by using
subsidies or tax exemptions. (4) Environment quality can be
enhanced by implementing certified carbon credit policies and
encouraging projects such as tree plantation drives, renewable
energy production, and energy savings, and through effective
environmental education and awareness. The implementation of
these strategies can substantially improve the ecosystem and help
to reduce CO2 emissions in Brazil. The study is not without
limitations, though, as it only focuses on a single country. Besides,
it only covers the period 1995–2018 due to data unavailability for
the preceding years. This research can be extended to various
dimensions. It will be interesting to see the impact of CO2

emissions in tourist destinations on the health of the native
population living in these regions. Nevertheless, it would be
interesting to use forecasting techniques such as the neural
network to predict the long-term impact of tourism on the
environmental quality of a country. The current study has
certain limitations; in the future, researchers should consider
developed and developing regions and may include other
important variables such as globalization and culture
influences to better explain this relationship.
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To attain renewable energy goals, many developing countries, including Malaysia,
acknowledge the adoption of waste-to-renewable energy (WTRE) technologies being
the best means. The conversion of animal dung into biogas is one of the similar techniques.
For a considerable amount of time, Malaysia has witnessed an increase in animal
husbandry to generate massive feedstock, which can serve as the raw material for the
generation of biogas. With the implementation of WTRE technologies, Malaysia is starting
to use a suitable method of power generation from the conversion of animal dung to
biogas. The application of an alternative method of power generation by Malaysia is
converting animal dung to biogas. Use of animal dung conversion to biogas is considered
as a suitable method for power generation. For the application of WTRE technologies, this
phenomenon is examined by the current article. As a further step, a thorough analysis of
Malaysia’s waste management issues and the energy mix has been done. The current
issue at hand regarding the power generation in Malaysia is optimizing new and suitable
energy sources. In this regard, WTRE transition has been identified as the primary and
inevitable source of the energy transition. The article consists of an explanation of various
technologies of power generation utilizing municipal waste. Malaysia’s massive potential
capacity to produce biogas energy through waste has been analytically identified.
Malaysian animal dung can yield biogas up to 1,317.20 mm3/annum, which can
eventually result in power generation of 2.1 × 104 kWh/annum. Relevant policies are
discussed for Malaysia to implement long-term biogas generation. This study did not
include the obstacles to WTRE in Malaysia and other developing countries, providing an
opportunity for future works to consider this research dimension.

Keywords: waste-to-renewable energy transition, biogas generation, renewable energy development, sustainable
development, Malaysia

1 INTRODUCTION

Tomeet the energy requirements of day-by-day increasing population, the need for renewable energy
sources to be used as an alternative is also rising (Irfan et al., 2019b; Shahzad et al., 2020; Iqbal et al.,
2021). The current demand for energy is mostly fulfilled by fossil fuels, due to which the reserves are
decreasing, and the release of harmful gases like greenhouse gasses is increasing; that is why there is a
high demand for an alternate sustainable renewable energy (Ahmad and Jabeen, 2020; Ahmad et al.,

Edited by:
Lianbiao Cui,

Anhui University of Finance and
Economics, China

Reviewed by:
Zeeshan Fareed,

Huzhou University, China
Tomiwa Sunday Adebayo,

Cyprus International University,
Cyprus

*Correspondence:
Desire Wade Atchike

adesire3@yahoo.fr

Specialty section:
This article was submitted to

Environmental Economics and
Management,

a section of the journal
Frontiers in Environmental Science

Received: 21 December 2021
Accepted: 31 January 2022
Published: 14 March 2022

Citation:
Atchike DW, Irfan M, Ahmad M and

Rehman MA (2022) Waste-to-
Renewable Energy Transition: Biogas

Generation for
Sustainable Development.

Front. Environ. Sci. 10:840588.
doi: 10.3389/fenvs.2022.840588

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 10 | Article 8405881

ORIGINAL RESEARCH
published: 14 March 2022

doi: 10.3389/fenvs.2022.840588

327313

http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.840588&domain=pdf&date_stamp=2022-03-14
https://www.frontiersin.org/articles/10.3389/fenvs.2022.840588/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.840588/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.840588/full
http://creativecommons.org/licenses/by/4.0/
mailto:adesire3@yahoo.fr
https://doi.org/10.3389/fenvs.2022.840588
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.840588


2021a). The majority of the households in underdeveloped
countries use wood, cow dung, and residual of crops to fulfill
their energy demands, which increase the air pollution in the
houses and lead to several diseases of members of those
households (Ahmad et al., 2021b; Rehman et al., 2021).
Similarly, there is also a lack of proper sanitation and waste
management systems in developing countries (Shahzad et al.,
2021a; Shi et al., 2021). Waste is considered a burden because
many find it difficult to dispose of, but through a recycling system,
this waste can become an opportunity to generate energy (Ahmad
et al., 2020a; Adedoyin et al., 2021). Organic waste can be used to
make biogas, which does not only fulfill the household’s energy
demands but also manages the waste disposal and protect the
environment (Hossain, 2019; Shahzad et al., 2021b). According to
Mittal et al. (2018) and Ahmad and Wu (2022), sustainable
development goals (SDGs) of providing energy to all,
upgrading environmental security, and providing adequate
health and sanitation services can be achieved through the
adoption of biogas technology improving environmental
security and maintaining proper sanitation and health (Irfan
and Ahmad, 2021).

The quest for new substitute energy is caused by rising energy
demand because of accelerated the worldwide population and
depleted the non-renewable resources of energy (Langnel and
Amegavi, 2020; Irfan and Ahmad, 2022; Shahzad et al., 2022).
Moreover, a variety of environmental problems such as global
warming and air pollution are mainly generated by the use of
fossil-based fuel. Therefore, one of the finest ways to fulfill the
growing global energy demand for energy consumption is
considered to be biogas generation by utilizing the waste-to-
renewable energy (WTRE) technology (Roubík and Mazancová,
2020). Biogas is chosen among various renewal energy resources
due to its ease of generation and direct processing through
diversified approaches including fuel gas, electricity generation
combustion chambers, turbinal apparatus, and solar panels,
among others (Wang and Wang, 2019; Akram et al., 2020;
Satrovic et al., 2021). Furthermore, the slurry performs the
function of natural fertilizer in the farming lands.
Consequently, the generation of biogas is preferred. During
the anaerobic digestion (AnD), where microorganisms degrade
the organic matter in an anoxic environment, biogas is
produced (Demirbas et al., 2017; Adebayo et al., 2022). The
process usually includes the processing of a mixed compound of
biogas consisting principally of methane gas (57%), carbon
emissions (32–38%), and meager quantities of other diverse
range of gases involving hydrogen, ammonia, and nitrogen
(Bardi and Oliaee, 2021; Kirikkaleli et al., 2021). According
to numerous studies, biogas can be produced economically by
using different kinds of organic compounds, including dung
from livestock, food waste materials, other urban solid waste
materials (MSW), industrial waste sewage sludge, and crop
wastes (Bhatia et al., 2020; Irfan et al., 2020; Zou et al., 2020;
Jabeen et al., 2021b). Considering its ability to deliver many
benefits, being low cost, environmentally friendly, reducing
pathogens, and producing organic fertilizers as a by-product,
the AnD process is suggested for producing biogas by the
recent study.

The energy from non-renewable sources such as fossil fuels,
however, is majorly consumed by Malaysia. The inadequacy of
local oil generation to satisfy growing energy demand has led
Malaysia to become a net oil importer since 2006. To strategize its
energy sovereignty, it is important for Malaysia to embrace
renewables, particularly, in terms of WTRE technologies. The
national energy supply of Malaysia in 2012, as per the IEA (2021),
majorly originated from oil, while new and renewable energy
(N&RE) sources constituted a small fraction of it. The energy
resources are most likely to exist in the country in different types
of N&RE, biofuels, waste, and hydro- and geothermal-based
energies (Jabeen et al., 2019; Ahmad et al., 2020b). Presently,
Malaysia utilizes only 5% of its total renewable energy capacity,
despite having massive potential. However, by 2025, the
Government of Malaysia plans to reach up to 25% of total
renewable energy in the energy mix. In addition, economic
and population growth resulting in rapid accumulation of
waste is another obstacle faced by Malaysia. Instead of using it
as a source of WTRE-based power generation, all the organic
waste is disposed in landfills (Adebayo and Kirikkaleli, 2021;
Fatima et al., 2021).

Biogas technology has been in use in Malaysia since the 1980s
as an initiative of the Food and Agricultural Organization. Since
then, the Federal Government has begun several related projects
to test and study biogas application as Malaysia’s main source of
renewable energy. Although a large amount of feedstock was
expected from the recent increase in local animal husbandries, it
made no meaningful contribution to Malaysia’s total energy
usage. The nation, at present, is heavily dependent on fossil
fuels such as oil gas and coal. According to 2014 figures, out
of 6% of the N&RE resources contribution, the use of biofuels and
waste accounts for only 22% of the total primary energy supply,
and the contribution to electricity generation being 0.2%.
Accordingly, the objective of this article is to provide a deep
analysis of the recent trends and main features of the plan to

FIGURE 1 | Biogas production with respect to various sizes of biogas
plant. Source: Authors’ elaborations based on data from biogas plant
companies.
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implement renewable biogas generation from original waste as a
substitute for N&RE resources in Malaysia (Fatima et al., 2019).
The prevailing situation of renewable energy demand in Malaysia
and the basics required to maximize the generation of biogas is
thoroughly debated in this article. To provide a comprehensive
understanding and allowing the researchers to find the right
solution, a number of threats to achieve large-scale biogas
generation are brought to light. The biogas plants vary in size,
and determine the costs of fixing and efficiency. The biogas
plant’s capacity to cook and produce biogas is based on its
size (Irfan et al., 2019a). The biogas plant size of 5 m3 fulfills
the cooking needs of five members of agricultural households,
while the energy requirement of six members is met by a biogas
plant of 20 m3 with the same size (Figure 1).

Majority of studies focused mainly on determining the factors
behind technology adoption but neglected the WTRE
technologies application in the context of Malaysia. In
particular, none of the studies investigated the potential of
produced wastes available in the country to convert them to
electricity for industrial and household purposes. Eventually,
previous studies failed to fully take into account the potential
benefits that could be capitalized on the availability of WTRE
technologies in the country. The traditional research thus
provided substantial gaps to be filled by the recent research.
Filling these gaps would provide an estimate of the existing
potentials for the practitioners, policymakers, and electricity
generation companies to capitalize on the waste resources to
convert them to renewable energy.

The rest of the study is organized as follows: Section 2 is
devoted to the review of recent related studies. Section 3 is based
on the bird’s eye view of Malaysian energy WTRE technologies
profile. Section 4 states the biogas generation approaches and
processes in Malaysia. Section 5 deals with the calculation of the
potential biogas generation in Malaysia. Finally, Section 6
concludes this study.

2 SURVEY OF RECENT LITERATURE

The studies investigating the WTRE technologies such as biogas
plants have been studied by a vast literature. In this regard,
Yasmin and Grundmann (2019), in their study, analyzed the
impact of empowerment of women on the decision of adoption
and consumption of biogas technology for cooking in Pakistan. A
total of 312 households were selected through multistage
sampling from Punjab, Pakistan, from June 2017 to August
2017. Multivariate regression was used for analysis and
outcomes revealed that women who were old, more educated,
and financially empowered had a strong influence on the decision
of adoption of biogas technology of the household. Furthermore,
the study of He et al. (2020) used biogas produced from crop
straw as an example to analyze the willingness of households to
pay (WTP) for the project on energy utilization of crop straw led
by the local government. For collection data, 908 households were
selected through multistage sampling in rural China, and data
were collected by the survey from December 2014 to June 2015.
For evaluation probit model and interval, regression was applied,

and the findings showed that most of the households are willing
to pay for biogas utilization of crop straw and the average WTP
per household per month is 20.72 RMB. After that, Swain and
Mishra (2020) conducted their study in Odisha, India, to evaluate
the response of beneficiary households to the Pradhan Mantri
Ujjwala Yojana (PMUY) (a program by the government of India
to provide subsidized LPG to poor households) in respect of
actual use of LPG and identify the underlying factors. A
cumulative of 106 households were used to gather data, and
descriptive statistics and estimating limited dependent variable
models were used for evaluation. Findings revealed that the
education of household heads’ amount of subsidy had a
positive influence on the actual use of LPG, whereas adoption
of LPG is negatively influenced by the availability of kerosene.
Furthermore, to examine a large-scale power generation system,
an economic analysis considering environmental benefits was
applied in the study of Zhang and Xu (2020). The findings of the
study showed that biogas generation systems that are large scale
have more economical and environmental benefits than coal-
fired power generation.

In a similar fashion, Niskanen and Magnusson (2021))
performed research in Sweden to analyze the upscaling and
stagnation of farm-based biogas. For the collection of relevant
data, they conducted interviews with key shareholders and used
document studies. The study was mainly focused on three case
regions of Sweden and found different growth patterns and
stagnation factors. The study also concluded that all farmers
want stable long-term political rules and small-scale technologies
as long-term policies play an important role in the stability and
growth of farm-based biogas. To assess the use, management, and
attitude of rural communities toward biogas technology and the
role of biogas in the reduction of emissions of GHGs, Lemma
et al. (2020) conducted a research study in Ethiopia and
distributed a questionnaire to a sample of 40 biogas users and
40 non-users households for gathering relevant data. The findings
showed that the majority of biogas users had a positive attitude
toward biogas, and non-biogas users identified lack of knowledge
regarding technology and high initial investment cost as reasons
for not using biogas. The use of kerosene, fuelwood, and
charcoal was also reduced by adopting biogas, but
consumption of crop residue showed no influence, whereas
the use of biogas technology also showed a potential to
reduce the emissions of GHGs. Then, Mengistu et al. (2016)
conducted research in Northern Ethiopia to examine the factors
that influence the decision of households regarding the adoption
of biogas technology. To collect data, 179 households that use
biogas and 179 households that do not use biogas were selected
as a sample through random and purposive techniques and
applied logistic regression. The outcomes revealed that
households with male heads are more likely to adopt biogas
technology and level of income, number of cattle owned,
education level, number of trees planted, access to credit, and
distance to firewood collection site have a positive impact on the
decision of adoption of biogas technology. In their research,
Jabeen et al. (2021a) studied and found perceived cost and
benefits as the most influencing factors of green energy adoption
in Pakistan.
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Moreover, the feasibility of various sizes of biogas plants and
the factors influencing the adoption of biogas technology were
examined by Abbas et al. (2017) in Faisalabad District, Pakistan,
by distributing a questionnaire survey to 160 farmers in rural
areas of Faisalabad. For analysis, benefit–cost ratio and logit
model were applied and found that all sizes of biogas plants
were feasible, and a plant with 10 m3 area was found to be the
most feasible one, whereas the level of education of farmers was
found to influence the decision of adoption of biogas technology.
In addition, Kabyanga et al. (2018) conducted research in Uganda
to examine the economic potential of flexible balloon biogas
plants among small farmers. Data were collected using a
questionnaire survey of experimental households and 144
households that do not use biogas. Cost–benefit analysis and
sensitivity analysis were applied for the examination and found
that it is not viable for small farmers to use balloon biogas plants
as the payback period was greater than the economic life of the
biogas plant. To examine the impacts of conformity tendencies on
willingness of households to adopt energy utilization of crop
straw exampled by biogas in China, a face-to-face survey of rural
areas from December 10 to June 2015 was conducted. Regression
analysis was applied for the examination, and findings revealed
that in comparison with the significant negative impact of
conformity to rich villagers, conformity to relatives, neighbors,
and village cadres all have a positive influence on households’
willingness to adopt energy utilization of crop straw exampled by
biogas (Zeng et al., 2019). In their work, Satrovic et al. (2020)
examined and found a positive and driving effect of innovation
on economic development, which is expected to reduce
environmental degradation.

In their study, Nalunga et al. (2019) conducted a study in
Uganda to investigate the factors that influence the labor
allocation by households to biogas production, farm, and non-
farm activities. Data were collected by a household survey in
Central Uganda in September 2014 and applied a regression
model for analysis. They found that households with female
heads were more likely to allocate labor to activities of biogas
production, distance to the source of water source had a negative
influence on the allocation of labor allocation to biogas
production, and the number of cattle owned had a positive

influence. The household’s head age and size of the household
had a positive impact on the allocation of labor to non-farm
activities. To investigate the contributions of households’ critical
influence factors (CRIFs) in biogas technology (BGT) utilization,
Jabeen et al. (2020) conducted research in Pakistan. For analysis,
data were collected from seven districts of Punjab, Pakistan, by
conducting a survey questionnaire of 695 households in October
2018. The findings revealed that cooking as a utilization mode
reported a significant positive impact on BGT utilization.Women
tend to prefer BGT utilizationmore, and the education level of the
head of household and chef had a positive influence on BGT
utilization.

3 BIRD’S EYE VIEW OF MALAYSIAN
ENERGY WTRE TECHNOLOGIES PROFILE

3.1 Malaysia’s Energy and Waste Profile
The energy demand in Malaysia is expected to rise profoundly
from 96 TWh in 2019 to around 206 TWh by 2035, according to
the forecasts of IEA. Energy in Malaysia was majorly consumed
by the industry for many years. Various applications of the
industry consumed around 48% of energy. As of 2017, energy
consumption has witnessed a shift to the commercial sector,
which constituted 30% of the total energy consumption, with the
household being 21%. Figure 2 shows the division of Malaysian
sectoral energy use in 2017. Furthermore, gas was the most
utilized energy product (38%), followed by oil (33%) and coal
(21%), while LPG, biomass, and primary electricity were the
minor contributors. Figure 3 shows Malaysia’s utilization of
diverse energy products in 2017. Due to the collapse of oil
products in Malaysia and the failure of government policies to
promote domestic coal generation use, the supply of petroleum
products has decreased.

Accelerated boost of waste and population simultaneously has
created hurdles for Malaysia in the field of energy and waste.
E-waste (electronic and electrical), MSW, and industrial waste are
the common forms of waste found in Malaysia. Malaysia has
generated an E-waste of around 365 kilotons as of 2020, making

FIGURE 2 | Malaysia’s sectoral energy use in 2017.
FIGURE 3 | Malaysia’s utilization of diverse energy products in 2017.
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around 11 kg per capita. Due to negligible manpower and poor
landfill facilities, around 90% of the waste is going to sanitary
landfills, while merely 10% is being recycled. Waste management
is unsatisfactory, which is urgently needed as the landfills are
being over flooded. Organic waste arising from households and
markets constitutes half of the MSW in the country.

Society, the environment, and the economy are adversely
affected by the mismanagement of waste. The organic waste of
the country was responsible for 29% of greenhouse gas emissions
in 2016 (Fernando et al., 2018). Keeping in view the waste
management hierarchy, local authorities are committed and
keenly evaluating various strategies to devise the best possible
integrated strategic solution to the waste management problems
of Malaysia. Reduction of waste followed by recycling or reusing
is the ideal consideration for waste reduction. However, a more
reasonable solution to Malaysia’s waste problems is the
generation of energy through waste. The generation of
renewable energies, biofuels, and biogas is made possible by
converting organic waste through WTRE technologies, which
otherwise cannot be reused or recycled. The carbon footprint of
waste can also be eliminated or managed using this technique.
Reduced amount of waste reduced adverse impacts on society and
economy, and liberated land otherwise used for landfills and
disposing of the wastes.

3.2 Waste-to-Renewable Energy
Technologies Profile
Considering the waste processing methods, waste can be
converted to energy using two ways. Steam produced by
burning waste is used to generate energy in thermal
conversion. Conventional incineration (CI) and advanced
thermal techniques (AI) are the classifications of the main
process based on the output. The process of CI directs the
produced heat to steam turbines, heating, or other purposes.
Based on the kind of feedstock, the volume of energy produced
can be adjusted. Every day, waste up to 800 tons could be
eliminated with each ton of waste producing 510 kWh of
electricity using such technology. However, the steam engine
used in the CI process has a limited capacity of energy conversion
(18–23%) at a defined range of temperature of 39°C. Furthermore,
its usage increases the operational cost as it is combined with
other fuels in the co-combustion technique. In addition, it
requires changes in plant design and treatment of waste’s
physicochemical properties, such as water content, before the
process since it is not successful on all forms of waste.

AT technique is the other thermal energy conversion method
to transform WTRE technologies. Steam-generating efficiency of
CI method is increased using this method. Using modern
technology, the pressure of the boiler being raised up to
90 bar leading to the incineration process alleviates its capacity
to 28%. During incineration, the contribution of oxygen classifies
the process into pyrolysis and gasification. The latter involves
oxygen but at a level below the stoichiometric point, while the
former takes place without oxygen. The temperature must be kept
high. Solid char, biofuel, and syngas are the three various
products formed during pyrolysis at a high temperature of

299–790°C, without oxygen involvement. In comparison, the
temperature required for pyrolysis is 699–1390°C. The purity
of oxygen involved in gasification determines the quality and
heating value of syngas produced from the maximum organic
components of the waste. Energy recovery is increased using a
newly discovered gasification technique. In this method, an
extremely high temperature of 12,800°C is produced by an
electric arc-powered plasma torch converting the organic
matter from waste into high-quality syngas. A huge amount of
energy is required for this process, which makes it a high-cost
method. The waste can also chemically be converted into energy.
In this chemical conversion method, organic components of
waste are being decomposed biochemically, which produces
biogas. Heating and electricity generation can be done using
this biogas. Since the majority of the gas produced is in the form
of methane, the process is named methanation. Landfill gas
recovery and AnD are the two ways waste can chemically be
converted to energy. As it requires no pretreatment and creates a
favorable environment for microorganisms to decompose waste
on their own, LFG is considered as the easiest way among WTRE
methods.

The USA and Europe use LFG widely, and it contributes up to
3.2×106 kW worldwide. The uncontrolled biodecomposition
process may require up to 8 years to generate energy from
LFG projects. Domestic atmospheric conditions, decay rate,
and amount of waste entering the landfills determine the time
biogas generation will take. Using AnD technology can help avoid
the previously mentioned restrictions. In this process, biogas
generation is increased when microorganisms are allowed to
thrive in a perfect anoxic environment. Eventually, power
generation and heating can be done using this biogas.
Digestate, the by-product of this process, can serve as a
fertilizer to fulfill different agricultural needs. The performance
and design of AnD technology have improved over time. Dry and
wet AnD are the two forms of the process based on the type of
feedstock used. Prior to fermentation, any pretreatment
converting liquid to a homogenous pulp using a biogas plant
reactor is not required in the dry AnD process. AnD is among the
globally usedWTRE technologies. With a total potential of 7.7 Mt
of MSW, Europe, Germany, France, and New Zealand are among
the largest users of the AnD method. Its success is characterized
by its simplicity and the flexibility of scales. It is produced both in
large-scale and small-scale operations. For AnD technology to be
economical for the generation of energy and management of
waste, large-scale operations must exceed a potential of 4,000 t
per annum.

4 BIOGAS GENERATION APPROACHES
AND PROCESSES IN MALAYSIA

As Malaysia possesses a huge capacity to transform animal dung
into renewable bioenergy generation, the livestock population can
serve as a major source for providing organic raw material in
different forms like animal dung or the blood of slaughtered
animals and poultry. Factors like type, size, age, food or feeding
methods, and the kind of breeding being used play a vital role in
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the availability of animal dung from different farms. Wastes from
cattle every day can range from 8 to 18 kg, from sheep 2 kg, and
chickens yield 0.1 kg. The age and size of animals also matter
when extracting blood and rumen. In large ruminants like
buffaloes and cattle, blood weighs about 6.9% of the body of
the animals, while in small ruminants, the percentage is 3%. On
the other hand, rumen weighs 11% in large and 22% in small
ruminants. Body weight on average for large ruminants is 232 kg,
while 38 kg and 1.3 kg is the weight for small ruminants and
poultry, respectively.

In the near past, Malaysia has witnessed growth in animal
husbandries across the country, which has paved the way for the
provision of a huge amount of feedstock. This can serve as raw
material for biogas generation using the AnDmethod. Renewable
energy generation along with waste management is
simultaneously possible utilizing animal dung. Resultantly, the
destructive impact of untreated animal dung on the environment
can be reduced. Factors like the design of biogas plants, kind of
raw material, pH, temperature, and the existence of other
nutrients affect the quality and volume of biogas. There are
two types of reactor models used for biogas generation. One is
the Chinese fixed dome reactor model, which is flexible to modify,
cost-effective, more productive, and can be used for small- as well
as large-scale generation.

Conventional biogas plant reactor creates an oxygen-
deficient environment where microorganisms produce biogas
containing CO2 and CH4 by decomposing waste. Hydrolysis,
acidogenesis, acetogenesis, and methanogenesis are four stages
of the AnD process. Microorganisms hydrolyze organic
molecules, large in size and high in molecular weights, which
are used in the first step of the process. This results in small
components that are soluble in water. Short-chain fatty acids,
alcohols, CO2, and different classes of compounds are created
using the water-soluble components in the second stage called
acidogenesis. Acetogenesis involves the conversion of fatty acids
into acetic acids H2 and CO2. The last step, methanogenesis,
transforms the products of the third stage into CH4 and CO2. If
the process is conducted at optimum levels, it can result in
maximum biogas generation. According to Clemens et al.
(2018), if the process is carried out in a controlled
environment by managing the levels of temperature
(30–55°C), pH (6.6–7.0), and the number of various
nutrients, biogas generation can be made more efficient. The
kind of animal dung feedstock used determines the quantity and
composition of biogas. AnD process can yield up to
0.23–0.26 m3 of biogas along with equal quantities of CO2

and CH4 for every 1 kg of cow dung.

5 CALCULATION OF THE POTENTIAL
BIOGAS GENERATION IN MALAYSIA

Kind of animal dung, design of reactor, pH, temperature, and
availability of waste are the factors that impact the biogas
generation. The ratio of the solid and waste feedstock also
affects the generation of biogas generation. Therefore, the
estimation of the biogas generation from animal dung needs

consideration of various coefficient factors using the given
equation:

PBG � TM × RS × AVC × EBS

where PGB depicts the amount of biogas that could be potentially
generated (m3/annum), TM indicates the cumulative quantity of
dung, RS is the depiction of solid dung’s ratio, AVC is the
representation of coefficient of availability, while EBS
comprises the expected biogas generated by employing 1 kg of
dung. In addition, the expected quantity of biogas generated by
blood and matter of ruminants (EBTS) can be obtained by
considering the assumption that a cumulative amount of dung
was exploited for this process, exclusive of all leakages of
moisture. Table 1 reports the expected amounts of biogas that
could be generated through the mentioned process.

Along with this, to examine the capacity of animal dung as an
N&RE resource, electricity generated from biogas was also
approximated. The amount of methane obtained varies
depending on the type of animal dung used in AnD process;
for example, methane content in cow or chicken waste is 48–68%,
while in sheep, it ranges 35–45%. In this estimation, methane
generation from large ruminants, small ruminants, and poultry
was assumed to be 55, 40, and 55%, while 45% was the percentage
set for blood/rumen materials. The heating conversion efficiency
of the boiler was assumed to be 75%. In this way, the expected
amount of generated electricity is given by the following
expression:

Exbio � Unbio × f

where Exbio represents the expected amount of electricity to be
generated (kWh/annum), while f depicts the cumulative
efficiency required in the process of electricity conversion
from biogas. In comparison, Unbio is the depiction of non-
convertible amount of biogas energy. Unbio could be derived
by making use of the following expression:

Unbio � CVbio × Prbio

where CVbio depicts the biogas’ value of caloric, taken as 5 kWh/
m3, while Prbio represents the cumulative generation of biogas
per annum.

For renewable energy generation and legitimate waste
management, Malaysia has a massive capacity to produce
biogas from waste as an alternative source. Yet, its
implementation is low. Operations of biogas generation at all
levels are economically, technically, politically, institutionally,
and socially threatened. Operational cost-covering revenue,
cost, and related financial risks are the major economic
challenge that eventually is affected by technical factors—the
use of inefficient AnD technology results in increasing
operational cost rather than biogas generation. Government
resources and regulatory changes remain to be a threat despite
the governments’ commitment to alleviating the usage of N&RE
resources. For the successful implementation of WTRE
technologies, social awareness can be helpful to overcome the
challenge. The project may get endangered, or the government
may alter its decision to continue owing to public opposition.
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Therefore, it is important to involve all the stakeholders,
including the local authorities, in the decision-making process.

6 CONCLUSION AND POLICY PROPOSALS

To ensure the availability of renewable energy and manage waste
properly are the challenges Malaysia has come across due to the
alleviated population. These threats can be dealt with using
animal dung to produce biogas as an alternative form of
energy. This research identifies the potential generation of the
biogas from waste generated and collected from livestock farms
and slaughterhouses, which can then be used for cooking,
lighting, and electricity generation. Furthermore, the by-
products are organic, which can serve multiple agricultural
purposes involving land fertilization through biogas slurry.
Satisfying the demand for animal products in Malaysia has
increased the population of livestock, resulting in a large
amount of waste, rumen, and blood. This can serve as a
material for the generation of biogas.

Although various factors affect the amount and quality of
biogas generation, this research indicates the possibility of
estimation of biogas generation from animal dung, which was
up to 1,317.20 mm3/annum. More than 2.1× 104 kWh of
electricity can be acquired every annum using this biogas. To
implement biogas generation on a large and small scale, many
threats must be overcome. In this regard, the deployment of this
technology can still have many social, technical, political, and
institutional issues. Therefore, to make biogas one of Malaysia’s
most renewable energy resources in the future, all stakeholders
must join hands to support the implementation of WTRE

technologies. Despite the considerable potential to produce
WTRE, there could be specific barriers faced by the Malaysian
context, not incorporated and discussed by this research.
Therefore, future studies should explore and identify the
obstacles to WTRE in Malaysia and other developing countries.
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Characterizing and Defining of
Designing Sustainable
Product-Service Systems Applied to
DistributedWater-Energy-Food Nexus
Meng Gao1*, Renke He1, Carlo Vezzoli 2, Ke Ma1 and Yuting Zhang2

1School of Design, Hunan University, Changsha, China, 2Design Department, Politecnico di Milano, Milano, Italy

The Water-Energy-Food (WEF) Nexus significantly and effectively address sustainability
issues internationally. However, there has been little attention paid to the WEF Nexus
challenges related to sustainable livelihoods, such as resource access, resource security,
and resource utilization. Given the need to establish design research, policy formulation,
and resource management based on end-user needs, new research hypotheses and
available models must be proposed on a small-scale scale of households and
communities. This paper combines the Sustainable Product-Service System (SPSS)
and Distributed Economies (DE), two prospective and intertwined models combining
environmental, social, and economic sustainability with the WEF Nexus approach, to
emphasize the shift to small-scale and highly localized WEF systems and the product and
service system based on the satisfaction unit, i.e., designing SPSS applied to Distributed
WEF Nexus. This paradigm shift is presented and detailed in an 11-dimensional canvas
with an analytical, conceptual research approach to help to define and analyze the
characteristics of existing solutions and promote innovative ideas or scenarios in a
sustainable WEF nexus. The new 11-dimensional canvas tool, in particular, is thought
to have the potential to become a basic research analysis and innovative strategic tool in
this field after being tested and evaluated by forty companies, experts, and designers in
China and Italy. Finally, despite considerable implementation obstacles, this innovative
application of multi-mode integration still has the potential for win-win sustainability, to
meet human needs for clean water, safe energy, and sufficient food, ultimately accelerating
the transition to a sustainable society.

Keywords: sustainability design, sustainable product-service system, distributed water-energy-food nexus,
dimension characterizing, design strategy

1 INTRODUCTION

Water is crucial for daily use and has no substitute. Sufficient access to water and energy are not
available to everyone worldwide. As per different data, there are 2.2 billion (WHO&UNICEF, 2019),
770 million (IEA, 2020), 2.6 billion, and two billion (FAO, 2020) people who do not have access to
safe drinking water or electricity services. To achieve sustainable social development, it is particularly
critical and urgent to effectively solve resource challenges, such as water, energy, and food (Biggs
et al., 2015; Chang et al., 2016; Liu N et al., 2021). The world’s population is projected to grow from

Edited by:
Gagan Deep Sharma,

Guru Gobind Singh Indraprastha
University, India

Reviewed by:
Umer Shahzad,

Anhui University of Finance and
Economics, China

Mansi Jain,
Guru Gobind Singh Indraprastha

University, India

*Correspondence:
Meng Gao

meng_gao@hnu.edu.cn

Specialty section:
This article was submitted to

Environmental Economics and
Management,

a section of the journal
Frontiers in Environmental Science

Received: 28 January 2022
Accepted: 22 February 2022
Published: 23 March 2022

Citation:
Gao M, He R, Vezzoli C, Ma K and
Zhang Y (2022) Characterizing and
Defining of Designing Sustainable

Product-Service Systems Applied to
Distributed Water-Energy-

Food Nexus.
Front. Environ. Sci. 10:864281.

doi: 10.3389/fenvs.2022.864281

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 10 | Article 8642811

ORIGINAL RESEARCH
published: 23 March 2022

doi: 10.3389/fenvs.2022.864281

336322

http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.864281&domain=pdf&date_stamp=2022-03-23
https://www.frontiersin.org/articles/10.3389/fenvs.2022.864281/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.864281/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.864281/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.864281/full
http://creativecommons.org/licenses/by/4.0/
mailto:meng_gao@hnu.edu.cn
https://doi.org/10.3389/fenvs.2022.864281
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.864281


7.7 billion in 2019 to 8.5 billion in 2030 (10% increase), and
further to 9.7 billion in 2050 (26%) and to 10.9 billion in 2100
(42%) (United Nations, 2019); this will have an extra burden on
industrialization, economic change, and globalization as it will
cause the global demand for water, energy, and food to grow
beyond the carrying capacity of the earth (de Andrade Guerra
et al., 2020). Water is important for energy production and the
production of food requires the combined effect of water and
energy. The global energy demand will grow by 50%, food
demand will grow by 60% (FAO, 2020; UEIA, 2020), and the
time proportion of the population in water-scarce areas in the
world will be around 52% (Ko€lbel et al., 2018). Growing scarcity
can worsen access to basic needs and threaten the integrity of
ecosystems; integrated resources management, or better still, a
system design approach to water, energy, and food supply, can
effectively address and halt these trends. This has been
highlighted in the decision-making process owing to the
complex relationships between three elements (Bazilian et al.,
2011; Howells et al., 2013; Sohail et al., 2021a; Sohail et al., 2021b;
Sharma et al., 2021; Sohail et al., 2021), i.e., adopting the
systematic way to design, develop, and manage the nexus
(Bazilian et al., 2011; Leck et al., 2015; Keairns et al., 2016;
Kurian, 2017; Weitz et al., 2017; Namany et al., 2019). The
WEF Nexus has become the core of the discussion on the
formulation and follow-up monitoring of the Sustainable
Development Goals, focusing on Goal 6 (clean water for all),
Goal 7 (energy for all), and Goal 2 (food security for all). The first
step for achieving these goals could be to build a well-coordinated
nexus system (Obersteiner et al., 2016; Yen et al., 2017; Mercure
et al., 2019; Simpson and Jewitt, 2019; Borowski, 2021; Sohail
et al., 2021c; Sohail et al., 2021d). In the current year, the WEF
nexus, with a new method to clarify the complex interactions
between multiple resource systems, has been developing rapidly
in academic and scientific research (Endo et al., 2017; Liu et al.,
2017; Albrecht et al., 2018; Mabrey and Vittorio, 2018). However,
the scientifically applicable models, frameworks, and methods to
handle the WEF nexus issues applying systematic analytical
thinking still need to be further enriched. In the LeNSin
project-the International Learning Network of networks on
Sustainability (EU Erasmus+, 2015–2020) - researchers have
proposed the SPSS and the DE mode, which join
environmental, social, and economic sustainability; this has
been practiced and validated by many case studies and design
experience that were applied in various circumstances around the
world (especially in low/middle-income contexts). The SPSS and
the DE model are considered to be a win-win sustainable
opportunity for all (Sohail et al., 2014; Vezzoli et al., 2014,
2017; Kohtala, 2015; Emili et al., 2016; Petrulaityte et al., 2017;
Sohail et al., 2019a; Sohail et al., 2019; Nasrullah et al., 2021). The
identification of designing SPSS applied to Distributed WEF
Nexus characterizing was carried out using the analytical and
conceptual method (Meredith, 1993; Wacker, 1998; Sohail et al.,
2013). Establishing new insights by logically developing the
relationships of defined concepts is the focus of this approach;
in the paper, we determined the different discriminatory
dimensions of Distributed WEF Nexus and SPSS. Focus on
key dimensions, five dimensions of SPSS and nine dimensions

of Distributed WEF Nexus are grouped and analyzed to build the
original conceptual model, i.e., the 11-dimensional canvas, that
could explain the characteristics and benefits related to the
attributes of SPSS applied to Distributed WEF Nexus. This
paper has significant value and helps to fill the knowledge gap
about the combination of those three models. The objectives of
this research were: 1) To characterize the key role in designing
SPSS applied to Distributed WEF Nexus; 2) to characterize the
characteristics and models of SPSS applied to Distributed WEF
Nexus, in particular, in low and middle-income environments; 3)
to discuss critical factors and challenges characterizing the SPSS
applied to DE in the WEF Nexus approach; and 4) consider the
applications of these models to promote sustainability for all.

2 METHODOLOGY

2.1 Data Collection
After developing the 11-dimensional canvas, it was presented to
companies, experts, and practitioners in China and Italy between
May and July 2021. In this study, there were 40 people (12 from
six different companies that focus on new energy, water, and
food, 18 experts including eight professors on sustainability, five
from a national research center on innovation and sustainability,
five from a strategic design consultancy, and 10 designers who
had over 6 years of experience engaged in product and/or service
design from famous design companies) participated in the testing
activities. Testing activities assessed various aspects of the 11-
dimensional canvas: the completeness and inclusion of all
possible characteristics, the clarity and usability, and the
effectiveness. First, through a 1 h demonstration, the
interviewees were presented and introduced to the SPSS model
applied to the distributed WEF Nexus (Stein et al., 2018; Al-
Sumaiti et al., 2020).

2.2 Sustainability Potential Models
2.2.1 SPSS Applied to DE
Since the late 1990s, the concept of the SPSS has been focused on
as one of the most promising models for innovation based on the
shift from traditional product or service sales to products and
services’ combination to address specific customer requirements
(Goedkoop et al., 1999; Cooper and Evans, 2000; Mont, 2001;
UNEP, 2002; Tukker and Tischner, 2006; Baines et al., 2007).
When the product-service system (PSS) repositions unsustainable
production and consumption patterns to reduce the impact of
“satisfied units” on the environment, it is called an Eco-efficient
PSS (Manzini & Vezzoli, 2003); when sustainable benefits are also
related to social ethics, it is called SPSS (Vezzoli et al., 2015;
Mahfooz et al., 2017; Vezzoli et al., 2018; Mahfooz et al., 2019).
DE is a concept proposed as a response to the present industrial
production system, which can accelerate the development of
small-scale, decentralized, and flexible units that are connected
in coordination and utilize local resources (Johansson et al.,
2005). In addition, DE is used in the innovation of regional
sustainable development strategies. Therefore, “area” is
considered (IIIEE, 2009) as a small network entity integrated
into the network, which has the advantage of being more flexible
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and adapting to changes. In the LeNSin project, DE is defined as
giving end-users control over basic activities and optimizing the
point-to-point network structure of production and sales by
sharing resources, commodities, information and knowledge,
realizing a paradigm shift from a centralized large-scale
production unit and distribution system to a small local
production unit. The definition has so far been reorganized as
follows (LeNSin, 2019): The SPSS and the DE models, or better
still their combination, have been considered as promising
methods to tackle economic, environmental, and socio-ethical
issues in low/middle-income (all) contexts (Vezzoli et al., 2014;
Jiang et al., 2021). The SPSS applied to DE can reduce the initial
(capital) cost of DE hardware purchase (which may not be
affordable) and the operating cost of DE hardware
maintenance, repair, and upgrade (which may lead to
interruption of use), improve the level of local employment
and related skills, and increase the economic income of
producers/providers, to design DE production units and
products with low environmental impact, and achieve the
sustainable development to obtain resources, goods, and
services (LeNSin, 2015–2020) (Figure 1).

2.3 The WEF Nexus
The WEF nexus provides an analytical framework for studying
the dynamic interaction of water, energy, and food resource flow,
using a systematic method to analyze the interaction of
stakeholders, and proposing a very effective sustainable
development strategy, which has been recognized by more and
more international organizations and academia. (Meadows et al.,
1972; Levison et al., 1977; Allan, 2003; Qadir et al., 2007; Endo
et al., 2017; Liu et al., 2017). However, the WEF nexus framework
was first proposed in the World Economic Forum (2011) and
defined as a major risk for global economic and social

development. Then at the Nexus conference in Bonn, Hoff,
(2011), it took into account global trends and potential areas
of action and improved the framework with the availability of
water resources as the center. The World Economic Forum
(WEF) nexus is embedded in natural, architectural,
institutional, and governance systems, and an ecosystem-based
framework was proposed by the International Institute for
Sustainable Development, 2013. Finally, the FAO framework
emphasized the connections between humans and natural
systems to promote sustainable development based on a
2014 resource-focused framework. Although the WEF Nexus
has yet to form a definitive definition, owing to the multiple
research scales and short development period, the understanding
of the WEF Nexus can be summarized as a combination of the
core and peripheral systems (Figure 2). The core WEF Nexus
system illustrates the inside-relevance of water, energy, and food,
that reflects the interdependence and mutual restriction
relationship between water, energy, and food resources. For
example. the storage, extraction, transportation, treatment, and
use of water requires energy consumption, the production and
preparation of energy (mining, oil refining, hydropower) and
distribution and utilization (heating and refrigeration) of energy
need the support of water resources, and food production
requires water and energy consumption from irrigation to
processing and distribution.

2.4 Characterizing Dimensions Analysis
Through the definition of characterizing dimensions of the two
potential models, the characteristics analysis and research that
integrates the contribution of SPSS to Distributed WEF Nexus
could be studied. Dimensions represent changes in attributes and
provide information about the specificity and scope of certain
concepts (Corbin & Strauss, 2014). SPSS and DWEFN

FIGURE 1 | The win-win model of SPSS applied to DE (LeNSin, 2015–2020).
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characterizing dimensions are variants of the characterization
components used to describe the model in the study.

2.5 Characterizing Distributed WEF Nexus
Distributed WEF Nexus and sustainable WEF supply are related
concepts in the evolution of access to water, energy, and food. The
distribution and WEF nexus are increasingly important in
achieving sustainable development. In the distributed WEF
nexus model, the foundation and key services of water, food,
and energy are close to the demand point, for example, a
household balcony greenhouse equipped with solar panels and
a rainwater purification system, and customers are both
consumers and producers of water, energy, and food-related
goods. However, Distributed WEF Nexus does not need to
define the types of resources used but emphasizes resource
acquisition sustainability, effectively using cross-sectoral and
increasing interconnections in space and time to achieve
sustainable resource acquisition and improve resource
utilization efficiency. Improved water, energy, and food
security (LeNSin 2015–2020). The Distributed WEF Nexus
changes the system size from a large centralized production
and distribution system to a small-scale production system
with a high degree of localization, as well as the hierarchical
structure to a peer-to-peer distributed network. This can increase
the system’s openness, transforming it from a closed one-way
network to a hybrid open, collaborative network, as well as
improve the system’s ability to reestablish equilibrium in the
face of change and promote a more flexible response to user
needs. Furthermore, consumers are also producers in Distributed
WEF Nexus, allowing for a shift from standardized to customized
production. However, a clear presentation that characterizes

Distributed WEF Nexus appears to be missing. To emphasize
the paradigm shift to Distributed WEF Nexus, the following
definition is proposed: Through a literature review of WEF
Nexus, we found that although the research on WEF Nexus
has varying descriptions, the four dimensions of a WEF Nexus
model are recognized by some researchers (Garcia and You, 2016;
Guta et al., 2017; Terrapon-Pfaff et al., 2018; Abulibdeh and
Zaidean, 2020) in system modeling, policy research, or practice.
The spatial or geographical scale refers to the definition of system
boundary for WEF Nexus, i.e., the geographic level of
applicability for the nexus, from a small-scale household or
individual to a global scale (Garcia et al., 2019; Abulibdeh and
Zaidan, 2020; Sharma et al., 2021a; Jain et al., 2021; Allain et al.,
2022). Each scale has its supply chain of water, energy, and food;
each scale is connected to others (Putra et al., 2020). Stakeholder
refers to the roles involved in cross-departmental collaboration
and competition in the WEF Nexus system related to the supply
chain. Different hierarchies of stakeholders (individual,
enterprise, manufacturers, governments, etc.) have various
sustainability priorities. Industrial and agricultural producers
are mainly focused on income and prices, households are
focused on financial security and health, and governments are
concerned with fiscal policy and environmental and social factors
(Hoolohan et al., 2018; Garcia, 2019; Küblböck et al., 2021).
Planning and properly defining these goals is one of the core
challenges of optimizing WEF Nexus (Endo et al., 2018; Zhao
et al., 2019; Melloni et al., 2020). Risk assessment is an event or
activity that has a significant adverse impact on the WEF nexus
system that has been considered as the key indicator for assessing
system risk and achieving sustainability (Abulibdeh and Zaidan,
2020; de Andrade Guerra et al., 2020; Yi et al., 2020; Shahab et al.,

FIGURE 2 | The WEF nexus system combination of the core system and peripheral system.
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2016). System breadth indicates the nexus range of resources
included. Due to the inseparable connection between the WEF
nexus system and the outside resource and eco-environments, the
nexus can include more resources or factors, like livelihoods
(Biggs et al., 2015; Rasool et al., 2017), climate (Beck and
Villarroel Walker, 2013; Sohail et al., 2014a; Sohail et al., 2015;
Lan et al., 2021; Liu Y. et al., 2021), land (Ringler et al., 2013;
Muhammad et al., 2014; Chai et al., 2021), and so on. Therefore,
we propose nine descriptive dimensions for Distributed WEF
Nexus (Table 1) that capture and combine the related dimensions
in the publications from a supplementary and unified perspective
to catch the benefits of distributed structure and cooperation of
WEF nexus.

2.6 Dimensions of SPSS Applied to
Distributed WEF Nexus
Three major SPSS approaches to system innovation that are
rooted in a satisfaction-based economic model, stakeholder
interaction-based innovations, and the intrinsic eco-efficiency
potential have been studied and listed (Vezzoli et al., 2014):
Product-oriented SPSS, User-oriented SPSS, Result-oriented
SPSS. This classification also refers to the orientation of SPSS
offering, ownership, operation, and decision-making power,
provider and customer interaction, and sustainability potential
involved in SPSS innovation. SPSS offering, also known as value
proposition,corresponds to a series of products or services
provided for users in the system, as well as the substantive
value that users are willing to pay for. The operation needs to
manage, operate, and maintain the products of the system, which
can be customers (i.e., the end-users, individuals, communities,

entrepreneurs, etc.) or providers. The nature of the user’s and
supplier’s interaction can be either a buyer-seller relationship
(transaction-based in a product-oriented SPSS) or building and
continuing a closer relationship (relationship-based in a use-
oriented and result-oriented SPSS). Based on three principal
forms of innovative stakeholder configuration, product
provision is combined with product lifecycle services to users,
a support platform is provided for users, and the final result is
provided to users.

The SPSS model’s main characteristics are represented by the
five dimensions listed above. Scholars generally agree with the
previously proposed SPSS classification and dimension proposals
(Manzini and Vezzoli, 2003; Tukker, 2004; Gaiardelli et al., 2014;
Vezzoli et al., 2015; Reigado et al., 2017). The SPSS model is
extensively used in the LeNSin project and has gained diverse
features via practice and application to a variety of Sustainable
challenge scenarios in China, Britain, Milan, India, Brazil, and
other areas. It can be used in specific fields, like distributed
manufacturing and distributed information and knowledge, as
well as in distributed design and distributed software. For the
range of this paper, these SPSS dimensions or distributed WEF
nexus dimensions alone are not suitable for describing the specific
characteristics of SPSS applied to DWEFN. The Distributed WEF
Nexus changes the system size from a large centralized
production and distribution system to a small-scale production
system with a high degree of localization, as well as the
hierarchical structure to a peer-to-peer distributed network.
This can increase the system’s openness, transforming it from
a closed one-way network to a hybrid open, collaborative
network, as well as improving the system’s ability to
reestablish equilibrium in the face of change and promote a

TABLE 1 | The description and details of dimensions characterizing Distributed WEF Nexus.

Dimension Description Details

System
structure

It could be characterized to summarize the interaction between
stakeholders in WEF nexus system belonging to which hierarchical
structure, to offer, transfer or gain the water, energy, food production/
supply

Stand-alone household WEF nexus; Network entrepreneur structure of
WEF nexus; Network to the network community structure ofWEF nexusetc.

System breadth The nexus range or resources included. Due to the inseparable connection
between the WEF nexus system and the outside resource and eco-
environments, the nexus can include more resources or factors

Water, energy, food; Water, energy, land, food (Ringler et al., 2013); Water,
energy, climate, food (Beck and Villarroel Walker, 2013); Ecosystem, water,
food, energy (Karabulut et al., 2016)etc.

Payment
structure

It represents the value proposition of WEF solutions provided to customers
in the offering model, that is, the combination of goods and services that the
customer is willing to pay for and the payment structure

Pay-to-purchase (product-related service; advice; training; consultancy;
additional services) (Gaiardelli et al., 2014); Pay rent; pay rent/sharing/
pooling; Pay-per-period; Pay by time; Pay-per-use; In-kind contribution;
Hybrid payment (Emili et al., 2016; Petrulaityte et al., 2017; Bacchetti,
2018)etc.

Capital
financing

Represents the means and/or organizations of capital providing and related
cost recovering and revenue supporting for the WEF nexus system

Governmental subsidies, donations, private loans, micro-finance
institutionetc.

Ownership Refers to who owns the services and/or products related to the solutions
offered in Distributed WEF nexus system

Customer or Provider

Organization
form

The nature of institution providing the WEF nexus system solution Public sector-based, NGO, community, PPP/hybrid, private sector-
basedetc.

Operation It refers to who operates and manages those services and/or products
related to the solutions offered in Distributed WEF nexus system

Customer/Provider

Customer The nature of the end-users, it should be as close to end consumers’ needs
as possible on the geographical scale in Distributed WEF nexus system

Household, private company, community, or other productive activities

Risk
assessment

Refers to the events or activities that have a substantial negative effect on
inside-relevance and outside-relevance of Distributed WEF Nexus system

Population growth, economic risk, extreme weather, conflicts, agriculture,
technology, policy, etc. (Hoff, 2011; Lawford et al., 2013; Abulibdeh and
Zaidan, 2020)
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more flexible response to user needs. Furthermore, consumers are
also producers in Distributed WEF Nexus, allowing for a shift
from standardized to customized production. However, related to
this, we must recognize the complexity of this model: SPSS
applied to DWEFN can propose solutions focused on
providing access to energy, food, and water collaborative
systems (i.e., Mini-grid for biomass gasifier, Micro

Hydropower Station, and floating farm), products that food,
energy, and water can be converted or utilized mutually (such
as biogas stove, drip irrigation planting equipment and solar
water pump), the combination of these products or system output
energy, food and water resources related or collaborative
solutions (such as bioenergy, hydroponic crops, etc.). To this
purpose, we first examine the distinctive characteristics of

TABLE 2 | The dimensions characterizing SPSS and Distributed WEF Nexus.

SPSS dimensions DWEF nexus dimensions SPSS + DWEF nexus
dimensions

System structure 1. System structure
System breadth 2. System breadth

SPSS offering Payment structure 3. Payment structure
Capital financing 4. Capital financing

Ownership Ownership 5. Ownership
Organization form 6. Organization form

Operation Operation 7. Operation
User 8. Customer

Provider/user relationship 9. Provider/user relationship
Sustainability potential 10. Sustainability potential

Risk assessment 11. Risk assessment

FIGURE 3 | The description and details of characterizing SPSS applied to Distributed WEF Nexus in 11 Dimensions Canvas.
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Distributed WEF Nexus and SPSS to discover which dimensions
overlap and combine. We found 11 dimensions after clustering
(as shown in Table 2) to characterize in designing SPSS applied to
Distributed WEF Nexus. Then, we describe and detail the 11
dimensions in a visualized canvas to characterize in designing
SPSS applied to Distributed WEF Nexus (Figure 3). This
dimension-based descriptive form as a design tool (Figure 3)
could be used in gathering the information needed to facilitate the
generation of solutions and scenarios for sustainable system
innovations related to SPSS applied to Distributed WEF
Nexus, as well as defining and developing the most promising
concept into a detailed version by the visualized canvas for its
implementation.

Therefore, applying SPSS to Distributed WEF Nexus means a
double paradigm shift in system structure and supply mode,
which is: 1) from a centralized production and supply structure
based on freshwater resources, non-renewable energy, and food
supply to a distributed renewable resource of water, energy, and
food supply structure. 2) The transition from the traditional
product supply model based on product ownership to a
product and service system based on “satisfactory units” to
meet demand.

The system structure (dimension 1) is closely connected to
target clients (dimension 8); usually, the self-contained structure
is generally domestic systems, aimed at the personal customer
(e.g., home biogas), WEF solutions shared over a network to
groups of users (e.g., the green roof for storing rainwater and
growing crops), or through network-to-network communication
(e.g., community farms, mini-grids, micro-hydropower). The
distributed structure of Distributed WEF Nexus, enabling
locally based, renewable water, energy, and food resources,
promotes democratization and equal distribution of resources.
Using locally based renewable resources can support local social
and economic growth, facilitate the supply of water, energy and
food in everyday living, and increase revenue within the flexibility
of the earth (refer to dimension 10, 11). However, the changing
external environment will seriously impact the acquisition and
utilization of WEF resources. For example, in 2021, influenced by
the outbreak and spread of COVID-19, it accelerated the
difficulty of food acquisition that might have pushed an
additional 83–132 million into chronic hunger and slowed
down the promotion of safe energy and clean water facilities
(FAO, 2021), besides regional conflicts, economic changes,
technology innovation, and adjustment of production structure
(Nicola et al., 2020). More diverse nexus systems will be expanded
through the risk assessment (dimension 11) of its main related
factors (dimension 2) as many related factors as possible will be
included in consideration of sustainable solutions, which will help
follow-up researchers explore and open up new research fields.

However, the purchase and maintenance costs of related
equipment or products (pumps, solar panels, biogas stoves,
drip irrigation equipment, etc.) in Distributed WEF Nexus
system are often a significant investment in low and middle-
income contexts, though governmental subsidies, donations,
Private loans, micro-finance institution, and other approaches
can effectively relieve the initial financial pressure of the
household or community (dimension 3). By providing

different combinations of service-oriented or results-oriented
payment structures (dimension 4), such as pay-per-period,
pay-per-time, pay-per-use, or in-kind contribution, the
ownership changes from customer to the provider (dimension
5). Customers only need to pay attention to usage and service
experience, and the provider is accountable for system operation,
management, and the safeguarding and upgrading of equipment
and products (dimension 7). As a result, the nature of the
interplay between the user and supplier shifts to relationship-
based (dimension 9), and the end-users will have easier access to
WEF resources and fewer life cycle costs in the system.

In addition to solving the gap between local technology and
business capabilities, the Distributed WEF Nexus model also
shows the necessity of a service-based offering model
(dimension 7) that provides a series of skill and knowledge
training for local households and communities to create job
opportunities and enhance the vitality of local economies. The
provider of Distributed WEF Nexus system solutions can be a
public sector-based institution (government, utility), private
sector-based organization (private or local enterprises), a
hybrid, or a Private Public Partnership (PPP) comprised of
several various parties. The focus shifts from goods ownership
to user-oriented or result-oriented tomeet demand and overcome
the constraints that affect everyone who can get the sustainable
WEF Nexus supply, especially in low and middle-income
situations.

3 RESULTS AND DISCUSSIONS

The 11 Dimensions canvas of characterizing SPSS applied to
Distributed WEF Nexus has been practiced and tested by water,
energy, and food companies, specialists, and designers, to test its
completeness, usability, and effectiveness. The results are shown
in Table 3.

3.1 Testing the Completeness
The first goal of the test campaign is to verify the integrity of the
11 dimensions canvas (i.e., to what extent it can cover all
characteristics of SPSS applied to Distributed WEF Nexus).
For this purpose, it involved participants to identify these 11
dimensions and see if they can point out the features and
elements beyond these 11 dimensions. After introducing and
describing the 11 dimensions, the respondent had around 1 h to
rethink each dimension, combine their own experience within the
field, and consider the case studies given for SPSS applied to
Distributed WEF Nexus. Among all the interviewees, most of
them indicate the main characteristics of value, stakeholders,
interactions, system potential, and risk that have been covered.
However, only three of them could distinguish other elements
that were not contained in the identified dimensions: the specific
interactions of all stakeholders involved in the nexus system have
not been well defined (C6), the relevant information analysis of
the material and equipment are missing (D3), and the technology
innovation in the system has been neglected (E1). Following
upgrades to the canvas tool, what has been noted will be refined
and iteratively tested; the involvement of a broader range of
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government sectors, enterprises, and experts, particularly from
other disciplines and regional backgrounds, would help to
provide stronger verification.

3.2 Testing the Usability
The second part of validating the usability entailed confirming
whether participants could clearly understand the contents in the
canvas, could use it without difficulty, and would be willing to
continue using it in subsequent work and research.

The first step is to test the clarity of the canvas tool, that is,
whether the meaning of each dimension is plain and easy to
understand. The majority of interviewees rate this aspect very
highly with an average of 4.5 out of total 5, “The text and keynotes
given in the canvas enhance understanding of the content” (C9),
“There are no disturbing information or images in the canvas,
which is simple and easy to understand” (E5). However, a few
designers (D3, D9) suggested that the graphics or images can
present the description of the system structure (dimension 1) for
a clearer understanding.

After 1 h of user experience, a large majority of participants
reported no difficulty in using the tool (55% rated 4 = very
satisfied and 35% rated 5 = Completely satisfied), “It is easy to
distinguish the content of each dimension” (E13), and “it is easy
to use with only text to fill in” (C12). However, two of the experts
(E10, E16) expressed concern that the dimensional characteristics
were described too simply and could easily lead to
misunderstandings in team communication, suggesting that
feedback on the use of the tool in teamwork should be
supplemented in subsequent studies and trials. Satisfaction
decreases when it comes to whether they will continue to use
the tool in the future, four of them indicating that they are less
likely to use it, “a preference for quantitative analysis of WEF
resource input and output in a specific project and less focus on
service and business model innovation” (C4, C11), “preferring a
more visual and dynamic presentation to illustrate the cases and
inspirations” (D3, D7). However, the remaining 75% of

participants indicated that they were still willing to continue
to use it, “it could simplify their difficulty in describing complex
cases” (D6), “categorizing case information could facilitate
comparative studies of different cases with same dimension
level” (C1), and “it could help them to identify factors that
were overlooked in research development” (C5).

3.3 Testing the Effectiveness
The assessment of effectiveness in the tool aims to show: 1)
how well the toolkit contributes to the understanding of the
potential benefits of this innovative model of SPSS applied to
Distributed WEF Nexus, two] how well the tool supports the
analysis of existing cases, and 3] how well it supports the
generation of new ideas. 2) Most of the participants rated 11
dimensions ability to provide information about SPSS and
WEF Nexus benefits≥4 (22 very satisfied and five completely
satisfied), support the application of SPSS to WEF Nexus
showing the transfer from the product-based offer model of
water, energy, and food (e.g., irrigation, planting, pumping,
power generation equipment) to product-service and even
service-based sustainable offer models of WEF nexus system
(e.g., reducing/avoiding initial investment, providing life-cycle
service and cut related cost, community network, and
individual capacity building). “Dimension 9 directly
demonstrates the superiority of the SPSS model in the WEF
Nexus system” (D3). “Dimension 10 gives a good indication of
the potential benefits in the environmental, economic, and
social level, but it takes some time to discern” (C1). On the
contrary, “(there is a) lack of quantitative data analysis to
directly assess specific economic benefits, inputs, and outputs
to the environment and society” (C4). However, “dimensions 3
and 4 can reflect the weight of the initial financial investment
and revenue scale in the system” (E13). A few participants also
suggested that the synergistic nature of WEF be detailed in the
system breadth or described separately, which would better
represent the nexus system’s benefits.

TABLE 3 | Questionnaire results.

Testing the completeness

1. Could you think of other dimensions of SPSS applied to distributed
WEF nexus that are not included in the 11 dimensions? If yes, which
ones?

Yes:3 (7.5%, see section 6.1)
No:37 (92.5%)

Testing the usability 1: Not at all
satisfied

2: Slightly
satisfied

3: Moderately
satisfied

4: Very
satisfied

5: Completely
satisfied

Average

2. To what extent are the descriptions of the 11 dimensions easy to
comprehend (i.e. that each dimension’s meaning is clear)?

0% 0% 2 (5%) 16 (40%) 22 (55%) 4.50

3. How easy are the 11 dimensions to use? 0% 0% 4 (10%) 22 (55%) 14 (35%) 4.25
4. To what extent would you use the 11 dimensions for your future
research in the related topic?

0% 4 (10%) 6 (15%) 18 (45%) 12 (30%) 3.95

Testing the effectiveness 1: Not at all
satisfied

2: Slightly
satisfied

3: Moderately
satisfied

4: Very
satisfied

5: Completely
satisfied

Average

5. To what extent do the 11 dimensions help you to comprehend the
prospective benefits of applying SPSS to distributed WEF Nexus?

0% 3 (7.5%) 10 (25%) 22 (55%) 5 (12.5%) 3.725

6. To what extent are the 11 dimensions easy to use for existing
cases?

0% 0% 4 (10%) 14 (35%) 22 (55%) 4.45

7. To what extent are the 11 dimensions easy to use for generating
ideas?

0% 2 (5%) 7 (17.5%) 18 (45%) 13 (32.5%) 4.05

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 10 | Article 8642818

Gao et al. An Eleven Dimensions Canvas Tool

343329

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


By analyzing the given case using the canvas tool, 55% of the
participants agreed that the tool could fully support the analysis
of the existing case, and only four participants rated 3
(Moderately satisfied). “More time needs to be spent
identifying and defining the system structure as this part will
not be directly shown in the presentation of the case” (C9), from
the existing description of sustainability potential (dimension 10),
“it is difficult to make an objective sustainable benefits
comparison of the analyzed cases in terms of sustainability
(dimension 10)” (E2), “the characteristics of the risk
assessment (dimension 11) are given as a general list, which
does not show priorities and may result in a generalized
description” (C11). Other different views suggest that “the tool
would be useful for basic research and pre-research stage” (E5),
“an attempt could be made to introduce the tool in the classes of
undergraduate and graduate students in related disciplines” (E8).

The 11 dimensions canvas can help researchers identify the
key innovation factors in this innovative model that can facilitate
the generation of new ideas. For example, it could be used to focus
on decentralized models (dimension 1) to avoid wastage of WEF
resources in distribution caused by intensive agriculture and
production, or expanded to make connections with broader
subsystems such as climate, biodiversity, or urban ecology
(dimension 2) to contribute to a broader sustainability goal. It
could also be used in identifying new business opportunities by
choosing a different payment structure (dimension 3), replacing
traditional sales to offer pay-per-use or pay-per-time to rent
goods or equipment, and expanding business in low and middle-
income situations, optimizing or improving the risk factors stated
(dimension 11) to improve the sustainability and resilience of
new ideas. Participants were asked to facilitate the generation of
new ideas using the canvas tool in the last 30 min of the test to test
our hypothesis. The respondents got an average score of 4.05.
“Eleven dimensions helped to broaden ideas from different
perspectives such as finance, stakeholder relations, service
models, risk management, and social innovation, avoiding the
dilemma of being in a fixed mindset” (C2), “the process of
generating new ideas becomes structured” (C3), and “canvas
can record the first thoughts of a new solution in a specific
dimension, accelerating the formation of a complete
solution” (D1).

4 BENEFITS ANALYSIS OF SPSS APPLIED
TO DISTRIBUTED WEF NEXUS

TheWEF system concept method, which links water, energy, and
food, can finely comprehend and systematically study the
interaction between the natural environment and human
activities and will improve the level of cross-departmental and
cross-scale coordinated management and the usage of the natural
resources efficiency (Santos Da Silva et al., 2019). Also, the WEF
nexus approach can help monitor and assess progress on the 2030
global agenda, making the implementation of SDGs more
efficient and cost-effective (Naidoo et al., 2021). We can use
the Nexus approach to evaluate and recognize trade-offs and
create cooperation through feedback to achieve more integrated

and cost-efficient planning, decision, implementation,
supervision, and assessment (Radini et al., 2021). The use of
distributed WEF networks and the SPSS model for the
development, production, and use of these local WEF
resources can empower local resources and increase local
involvement in the mining, production, use, and disposal of
these resources. It can reduce the difficulty of obtaining water,
energy, food, and other resources in low andmiddle-income areas
(Cipolletta et al., 2021), improve the fairness of supply and
distribution, and all the efforts will contribute to the vision for
a world free from poverty, hunger, and disease. As a win-win-win
system, SPSS applied to DistributedWEFNexus has the following
potential:

4.1 Environmental Benefits
• Reduce waste and emissions in production and supply
chains to minimize resource pressure. The production
unit is often far from the end-user in centralized
production, and the hidden environmental and social
costs are relatively high. But the Distributed WEF Nexus
supply system is built near the end-user to reduce the
environmental impact of transportation and packaging.

• Extend product life-cycle and reduce environmental impact;
Compared with traditional product offer models, SPSS
usually means changes in ownership structure, aims to
extend the product life-cycle, and provide life-cycle
services for maintenance, repair, and replacement,
delaying the replacement and production of new
products, thereby minimizing the environmental impact.
In addition, it provides higher economic benefits with white
products, such as promoting the intensive use of products
through sharing.

• Improve resource utilization while minimizing
environmental hazards and impacts. The recycling of
resources within the distributed WEF Nexus system (e.g.,
the wastewater could be used as irrigation water) can reduce
the disposal costs. Simultaneously, the SPSS model uses
different strategies to reduce transportation, distribution,
minimize resource consumption, reduce the extra cost of
generating emissions and treating toxics, and increase the
total amount of recycling, energy recovery, and compost.
Furthermore, such a production unit can be installed and
used in a small-scale economic unit (Cipolletta, G., 2021), in
an independent residential area, or even in a household,
which reduces the impact on the environment.

4.2 Economic Benefits
• Nexus can help identify where possible “tipping points”
exist, i.e., where the increases in one benefit relative to
another are too extreme. It allows decision-makers and
stakeholders to determine what is the best available blend
of options (e.g., which WEF Nexus configuration will
balance revenue growth in one sector with revenue
growth in another), depending on their needs and wishes.

• Reuse waste in a multi-use system to reduce waste/toxic
disposal costs; Consider reuse waste in the distributed WEF
Nexus system. For example, wastewater is used to irrigate
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community farms to save irrigation water costs and reduce
household wastewater treatment costs.

• Promote economic development opportunities in low-and
middle-income areas and improve employment. SPSS
applied to Distributed WEF Nexus is an offering model
that is labor and relationship-intensive. It could improve
local employment and increase citizens’ income. SPSS
model usually provides access rights to the WEF Nexus
system with small payments, avoiding the initial investment
cost. This makes it easier for low-and-middle-income
regions to meet social needs with lower costs. Amid
COVID-19 pandemic-induced disruptions, sustainable
investment funds are on a constant rise, so it is attractive
for local stakeholders to enhance services in emerging
economies and low-income areas (Sharma et al., 2021b).
Increasing services (e.g., renewable energy supply service) in
low-income areas will attract more stakeholders and
investment, thus contributing to local economic
prosperity (Sharma et al., 2021c).

4.3. Social-Ethical Benefits
• Improve the living conditions and employment
opportunities of low-and-middle-income groups; The
application of Distributed WEF Nexus can increase the
return rate of investment, which can bring more
development opportunities and more employment to the
local area, thus improving the living conditions of low-and-
middle-income people.

• Improve the local working condition and promote the
dissemination and development of new technologies
locally. Advanced technology could increase productivity
and improve working conditions. SPSS solutions need the
development and support of local skills. It helps the locals
introduce advanced technical skills, increase potential
employment opportunities, and promote the local
dissemination and development of technology.

• Encourage local engagement and improve social cohesion;
SPSS helps establish a sustainable WEF Nexus system to
share products and services among different users, for
example, shared kitchens, micro-grid, shared gardens, etc.
This promotes social cohesion, strengthens the mutually
beneficial relationship between residents, and impacts local
communities’ welfare.

4.4 Implementation Limits of SPSS Applied
to Distributed WEF Nexus
4.4.1 The Barriers to User Consumption Habits
Consumer behavior is the embodiment of people’s options,
affected by social norms and the institutional environment.
Current consumption habits are the dominant factor
hindering the implementation of SPSS applied to Distributed
WEF nexus. The SPSS applied to DistributedWEF nexus supplies
labor-intensive products, so the price per unit of the WEF supply
is on the rise. Consumers will be more inclined to use intuitively
cheaper centralized WEF supply (such as electricity from urban
power plants, water from water plants, and food from intensive

supermarkets). Besides, when purchasing hardware, the product-
service system is based on sharing and the right to access.
Consumers generally find it challenging to accept solutions
without ownership (Ceschin and Gaziulusoy, 2019).

4.4.2 Challenges for Providers and Stakeholders
From companies’ or product service providers’ perspectives, the
lack of infrastructure and technologies involved in disposal and
remanufacture hardware/products locally may become a
limitation to SPSS construction (Bansal et al., 2020). Besides,
the long-term costs of SPSS (such as life cycle costs and benefits)
may put pressure on investment. Furthermore, when the
supplier/provider owns the product ownership, it is necessary
to develop the local functions of SPSS (such as technical and
commercial functions) to become a driver to promote local
system innovation and diffuse SPSS locally. Meanwhile, the
potential cultural barriers may cause user-oriented SPSS and
result-oriented SPSS to become barriers to local acceptance of
SPSS innovation (Mont, 2001; Ceschin and Gaziulusoy, 2013).

5 CONCLUSION

SPSS and DE models play key roles in designing WEF Nexus
solutions towards a service-oriented and result-oriented offering
model shifting with the distributed small-scale network.
Simultaneously, Distributed WEF Nexus was developed and
defined to use the benefits of distributed structure to achieve
WEF solutions that are more flexible, near to end-users,
customized, and quickly respond to sustainable challenges. We
emphasize that viewing water, energy, and food as a nexus system,
rather than separately, i.e., as a system to be designed,
implemented, and managed, is extremely promising in terms
of sustainability and characterizing the SPSS applied to
Distributed WEF Nexus has been developed and presented by
eleven dimensions canvas, based on the exploration, analysis, and
summary of the key issues and features among them. Therefore,
11 dimensions of Canvas were then tested and evaluated for
completeness, usability, and effectiveness by inviting multiple
companies, experts, and design practitioners. The feedback has
been collected after a 1-h test for each expert with the scoring of
the questionnaire scale, showing the completeness of the 11
dimensions as an analysis tool at the beginning stage of
research that could be used to characterize the main features
of the SPSS applied to Distributed WEF Nexus. The majority of
respondents gave positive feedback and high scores for its ease of
use and ability to facilitate innovation and improvement of ideas
according to different dimensions in the strategy analysis and
exploration stage of the design process. Amore broader using and
testing of the 11 dimensions of Canvas tool, including more
multi-field experts and practitioners, should also be considered by
future studies. All of this will progress further work to explore and
develop WEF Nexus-oriented concepts, design strategies, and
innovative tools to support companies, practitioners, and
designers on how to efficiently build and manage a resilient
and sustainable WEF Nexus system to achieve sustainable
access to WEF for all.
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Xiang Huang1, Ka Yin Chau2, Yuk Ming Tang2,3* and Wasim Iqbal4

1School of Greater Bay Area Film and Television Industry, Guangdong University of Finance and Economics, Guangzho, China,
2Faculty of Business, City University of Macau, Macau, Macau SAR, China, 3Department of Industrial and Systems Engineering,
The Hong Kong Polytechnic University, Hung Hom, Hong Kong SAR, China, 4Schools of Economics, Bahauddin Zakariya
University, Multan, Pakistan

The COVID-19 pandemic has serious economic consequences, such as rising
unemployment, and these consequences can be managed by sustaining economic
activities by spurring the creation of new businesses. In this study, we examine the
current state of business ethics in China, as well as the challenges, success factors, and
obstacles in implementing such ethics in order to improve organizational development and
business management in China. Cross-sectional data and quantitative survey were
collected from 288 SMEs in China. According to structural equation modeling results,
herd behavior and endowment effect have a strong relationship with business resilience.
Additionally, this study found that altruism has an optimistic correlation with business
resilience, and it has positively mediated China’s small business irrational behavior. The
findings of this study suggest that business ethics and irrationality in SMEs can be
promoted using this study’s model of SMEs, which may provide practical guidelines or
implications for Chinese SMEs. Based on the findings from this study, it is recommended
that business ethics can be incorporated into policies and practices of SME owners and
entrepreneurs whose communities, stakeholders, and employees are committed to moral
values such as decent governance and social corporate responsibilities.

Keywords: business resilience, irrationality, business ethics, organizational image, SEM

INTRODUCTION

In business, society, and economy, ethical and unethical behaviors all have an impact on
productivity. This article examines how these factors interact (Kurniawati et al., 2021). Executive
compensation, respect for the environment, treatment of stakeholders, transparency, financial fraud,
and honesty in accounting are all influenced by business ethics, according to Kurniawati et al. (2021).
Profit maximization and ethical business practices are inherently at odds in today’s businesses.
Corporate governance and business ethics have been contemplating as part of the company’s policy
to demonstrate credibility and trust, and claim despite the fact that profit expansion is the most
important objective of business (Piccarozzi et al., 2021). Many large corporations, according to
Burgos and Ivanov (2021), recognize the importance of ethical business practices and have
incorporated them into their policies and practices as well. It is also possible that this massive
company could benefit by learning how to better manage principles, corporate social responsibility
(CSR) (Wu and Zhu, 2021), and governance from smaller organizations (Li, 2020; Shen, 2020), all of
which can contribute to the long-term success of the company (Djalante et al., 2020). SMEs in China
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have played an important role in the practices and policies of
organizations that can maintain the right balance between
ethically run business and profit maximization, so it may be
worthwhile to examine how business ethics have played such a
crucial role in SMEs in China.

Irrationality and ethics play a chief role in the long-term
viability of small- and medium-sized businesses (SMBs). SMBs
need these two components because they directly impact
customer satisfaction. This is because a satisfied customer is
more likely to place additional orders and tell others about
their positive shopping experience. Unhappy customers, on the
other hand, vent their frustrations, avoid future purchases, and
even tell others about their bad experience. Asymmetric
information, product availability, and services between the
advancement and its outcome can all contribute to customer
dissatisfaction. Customers’ trust in your business depends on
your ability to perform honestly, uphold ethical business
practices, and adhere to sound financial principles (Ai et al.,
2022).

Small and large businesses alike were affected by the
worldwide health catastrophe that was initiated in 2020
(Bhandari, 2019; Gao et al., 2021; Solomon, 2021). A “new
normal” operating environment has emerged for most SMEs
related to the service industry, despite the fact that some
industries have shown resilience or even found a new
operating niche. The pandemic’s adverse effects have been told
of in all spheres of life, including psychological (Andersson et al.,
2020), political (Swainson and Mahanty, 2018), and economic
and social consequences (Dalla-Pria and Rodríguez-de-Dios,
2022). Human health and the perception of human health
have been particularly impacted. A number of countries have
put a halt to business and social activities in an effort to sedate the
spread of the COVID-19 pandemic. As a result, there have been
lockdowns, reduced consumption, community closures, and the

closure of businesses (Edomah and Ndulue, 2020). This
pandemic, according to many economists, is a figurative
“black swan” event, one that “significantly changes the
political and economic environment through a surprising,
unpredictable event of great significance and severe
consequences (Becchetti et al., 2020; He et al., 2020; Liu et al.,
2021a; Dyduch et al., 2021; Tadano et al., 2021). Disruption is a
buzzword among technologists, who see this as an opportunity to
introduce new technology or transform business models as a
means of supporting commercial operations. Small, medium, and
large businesses are “suffering from the effects of the
coronavirus,” according to Tadano et al. (2021). Many
businesses are expected to go bankrupt in 2020, setting a
record for “mega bankruptcies (Hussain et al., 2021)." Then
again, “things have changed, and the future is uncertain”
(Zainal et al., 2022)," as previously stated. The high degree of
unpredictability in the business environment, coupled with the
high degree of malleability, necessitate a change management
strategy that could include a total renewal.

The COVID-19 pandemic has impacted China’s economic
sector, which has resulted in job terminations. Even so, those who
have been laid off must continue living and starting a business,
which leads to increased competition in the marketplace.
Irrational and profit-oriented behavior is often the result of
this condition (Chau et al., 2021; Iqbal et al., 2021a; Lau et al.,
2021; Liu et al., 2021b; Liu Z. et al., 2021; Yu et al., 2021). The
current COVID-19 pandemic situation necessitates a deeper
investigation into the relationship between SMEs’ irrational
behavior and economic morality (Coccia, 2020). Instead of
relying on conventional economic theory, behavioral
economics theory is needed to better understand this problem
(Webb et al., 2020). We are trying to develop a model of the
practical relationship between business ethics and irrationality
and morality for small- and medium-sized enterprises (SMEs).

TABLE 1 | Research instrument.

Variable Construct Explanation

Loss aversion LA1 Sensitivity to risk of loss
LA2 Optimism for the future of the business
LA3 Trust in coworkers
LA4 Careful viewing of business opportunities

Endowment effect EE1 Awards for assets and business achievements
EE2 Assessment of the product produced
EE3 The objectivity of the competitor’s product assessment
EE4 The drive to change

Herd behavior HB1 Tendency to imitate
HB2 The drive to be different
HB3 Follow-along trend
HB4 Encouragement to follow business trends

Altruism AL1 Cooperation
AL2 Sharing
AL3 Help
AL4 Generosity
AL5 Concern

Business ethics BE1 Imperative
BE2 Tolerance
BE3 Equivalence
BE4 Commitment
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This research will also assist as a basis for the creation of
programs aimed at empowering small- and medium-sized
enterprises (SMEs) to improve their economic mindset and
behavior when managing their businesses.

The study of business ethics and irrationality has also increased
as a result of this trend. Examples include the incorporation of the
night market and COVID-19 pandemic activities, which are based
on the inducements among sellers to increase income. The
COVID-19 pandemic was a good example of how businesses’
rational consideration and self-concern motives promoted the
communal by providing a wide choice of services and products
in a normal situation rather than throughout the pandemic itself.
As a result, researchers have largely focused on business ethics
studies, ignoring research on the economicmorality of SMEs actors
related with irrational aspects in the context of behavioral
economic theory (Astawa et al., 2021). To put it another way,
in this perspective, morality is seen as an expression of concern for
the well-being of others. As a result, behavioral economics rejects
the idea that people are selfish because it conflicts with our
experience as economic agents. Irrationality’s impact on and
economic moral behavior is thought to be moderated by
altruism, a mindset that places the interests of others above
one’s own. According to some academics, altruism can be
defined as the willingness to help and care others gladly,
without regard to one’s own self-interest or benefit. Altruism is
used as a mediator to study the relationship between economic
morality and functional irrationality in SMEs (Davies et al., 2021).

It is argued by Saputra and Herlina (2021) that existing
business ethics models are based on large corporations, and
therefore do not apply to small- and medium-sized
enterprises. Given the lack of research on Chinese SMEs’
ethical practices, this study aims to create an effective model
for small- and medium-sized enterprises (SMEs) throughout
COVID-19 in China, taking current conditions, problems,
obstacles, and success factors into account. This could have
significant implications for Chinese medium and small-sized
enterprises (SMEs). SMEs actors and their customers are
affected by the intensity of their relationship with this method.
Offline marketing methods put SMEs in direct contact with
customers (Qalati et al., 2021), whereas this is not the case
with online marketing. The long-term viability of a business is
heavily influenced by the ethical marketing practices employed by
small- and medium-sized enterprises (SMEs). Small- and
medium-sized businesses may not be concerned about ethics
and customer service because they do not interact directly with
consumers, which could lead to a lack of customer loyalty for
their products (Castillo-manzano et al., 2021; Molinillo et al.,
2021; Wu and Zhu, 2021). Offline advertising for small- and
medium-sized enterprises (SMEs) has changed.

THEORETICAL BACKGROUND AND
HYPOTHESIS DEVELOPMENT

Business Ethics and Business Resilience
Ethics, also known as “moral philosophy,” examines the meaning
of a “good” life, happiness, and justice, as well as queries on how

these things can be attained (Sánchez-Infante Hernández et al.,
2020). Considering the moral implications of one’s personal and
professional choices prompt reflection on one’s ideal society and
one’s ideal set of rights and responsibilities (Syafrida et al., 2021).
Individual honesty, integrity, and adherence to current business
ethics and laws are critical for all Chinese managers and
government officials in ethical conduct and moral
development (Dudek and Śpiewak, 2022).

Entrepreneurs in developing countries need to be aware of
ethical business practices in order to ensure the long-term
viability of minor- and medium-sized enterprises (SMEs).
According to, “business ethics is basically the study of
morality and business standards of conduct.” Rašković (2021),
on the other hand, claims that business ethics monitors the
conduct and behavior of business holders, and supervisors are
required by law to respect the human rights of their sponsors, in
particular their staff and customers, as well as their local
community and the environment, in order to help businesses
remain resilient (Iqbal et al., 2021; Iqbal et al., 2019; Iqbal et al.,
2021b; Irfan et al., 2022; Latif et al., 2021).

Morality has a long history dating back to the ancient Greeks
and is still relevant today. Human life is inextricably linked to the
questions of morality, both in terms of objectivity and relativity
(Dwivedi et al., 2020). Adam Smith, a classical economist, argues
that human economic behavior is motivated by a moral
sentiment, even if it is driven by rationality and self-interest
(Jun et al., 2022). Economic humans (homo economics) are
assumed to be irrational in their pursuit of self-interest and
disregard for the interests of others, according to conventional
economics. The economy as a whole will not be able to achieve
harmony and efficiency if each person acts this way. As it is such
claims are tough to verify empirically because human monetary
behavior considers ethics based on the tendency to prioritize the
welfare of other individuals (Dwivedi et al., 2020).

According to Jun et al. (2022), a person’s financial morality
might be defined as a mental state that motivates him or her to
engage in economic behavior. As a result of this, economic actors
must adhere to established institutions and fulfill their
responsibilities while also demonstrating an imperative care
about the well-being of others and the potential consequences
of their actions on those around them (tolerance), as well as
respecting equality while taking into account the surrounding
community’s conditions, and upholding equal privileges as fiscal
actors while upholding morality, social ethics, prosociality, and a
priority on cooperation (commitment). End-of-the-century
revelations about human motivations became the seed for a
new paradigm in economics: behavioral economics. This new
school of thought assumes that people are rational beings who
seek out the greatest amount of pleasure and profit. According to
Liu (2022), the concept of economic ethics encompasses not only
business morals but also attitudes and behaviors in general,
making it a good candidate for investigation from the
perception of behavioral economics when looking at the issue
of economic ethics.

Ethics in economics refers to how people think and act in
relation to each other (Scarpellini et al., 2019). Moral economic
action has its roots in the fact that people transact with one

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 10 | Article 8704763

Huang et al. Sustainable Business Resilience

352338

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


another over time, according to De Blasio et al. (2022). It seems
that decent action can be developed through interactions with
others, as expressed in this phrase. The formation of economic
and moral action can take place in communities of all sizes, from
a neighborhood to a nation. So Taskinsoy (2022) discloses that
one feature of moral economic action is essential: adhering to the
rules and regulations of the economy. Rather than fearing the
consequences of committing immoral acts, it appears that
humans reflect moral features in their fiscal decision-making
and behavior, not only because of the desire to pay attention and
care for others but also because of the fear of the consequences of
committing immoral acts.

H1: Business ethics has a positive effect on sustainable
business resilience.

Irrationality and Business Resilience
It has been widely accepted that human beings do not always act
rationally and prioritize their own self-interests in order tomaximize
their own happiness and benefits. When people fear losing
something they have already gained (loss aversion), overvaluing
things they own (endowment effect), or being stuck on a favorite
choice, they are more likely to be irrational than rational, according
to Xu and Jia (2022). Humans are also more likely to seek
confirmation of information that confirms their preferred choice
compared to rational people who are only interested in the
information that confirms their preferred choice (survivor bias).

In this study, Justin and Joy (2022) identified five types of
illogical behavior, including loss aversion, the legacy effect, and
group behavior. Consequently, when considering her or his
action decisions in interrelating with others, these three
irrational aspects frequently appear (Hossain et al., 2022).
Damage aversion is closely linked to one’s association with
other parties, in this case, the commercial actor’s relationship
with small businesses. An unwillingness to invest in growing the
company because of a fear of failure will certainly affect workers
who have the chance to earn more money. According to these
claims, SMEs’ altruism and economic morality can be influenced
by their loss aversion attitudes (Raveh-Burstein, 2021).

The endowment effect is a mindset that encourages small- and
medium-sized businesses (SMEs) to be reluctant to share their
goods with others because they value them more than the market
value or their objective price in addition to loss a version (Deng
et al., 2022). As a result of this endowment effect, SMEs players
tend to overestimate the quality and value of their goods
compared to comparable and similar products. Customers will
be forced to pay more than they would if they bought from
another small business. A discount in caring attitudes toward
others, as well as an increase in the morality of SMEs companies
due to overvaluing the goods they produce, can be caused by the
endowment effect (Khlystova et al., 2022).

An example of herd behavior, which is closely linked to
attitudes and behaviors, is when SME actors draw conclusions
based on what other people decide or do. There is some evidence
to suggest that altruism increases as a person’s herd behavior
tendency increases (Chen et al., 2021). An altruistic person is one
who cares for others without regard to their own self-interest and
-assist (Chen et al., 2021; de Morais et al., 2021; Li et al., 2022).

Herd attitudes and behaviors are thought to have an optimistic
impact on economic morality by virtue of considerations for
tolerance and equality (Allal-Chérif et al., 2021). Herd behavior is
defined by Zhao (2021) as having a talkative or follow-up
element, but this element can actually happen since SMEs
actors are encouraged to treat each other with respect and
consideration. As a result, the subsequent hypothesis is planned:

H2: Loss aversion has a positive effect on sustainable business
resilience.

H3: Endowment effect positively influences sustainable
business resilience.

H4: Herd behavior has a positive effect on sustainable business
resilience.

Altruism and Sustainable Business
Resilience
Altruism, despite being a well-known philosophical concept, is
not widely used in business. The capitalist ideals of profit
maximization and economic efficiency are predominant in
contemporary business life, and a selfless alarm for others
does not fit in well (Saputra and Herlina, 2021). Corporate
social responsibility (CSR) (Janani et al., 2022) and business
ethics, on the other hand, have seen increasing attention in
the business world and academia over the last few decades.
From profit maximization to social responsibility, the part of
businesses is shifting from one that is solely fixated on their
bottom line. According to Yumei et al. (2021), taking on more
ethical and social responsibilities can help a business gain the
trust of its customers and investors (Carlini et al., 2021).
Companies are expected to fulfill their ethical and social
responsibilities, but they are not likely to work in an altruistic
way. Is altruism possible in business? This is the question that this
article aims to answer.

The concept of corporate philanthropy is used to discuss
altruism in business. The studies on corporate charity are still
very scarce, despite a recent increase in the discussion of
businesses’ social and ethical responsibilities (D’Aprile and
Talò, 2015). Corporation philanthropy is defined as “the
charitable transfer of the firm’s resources at below market
prices” by Bu et al. (2022). In this study, corporate
philanthropy is defined as the voluntary distribution of a
firm’s resources to doings that are not business-related and for
which there are no clear communal prospects about how the
organization should perform (Khan et al., 2021). Businesses and
their employees can get involved in a variety of ways, whether it is
through donations of goods or services, volunteer work, joint
ventures with local government or other organizations, or any
number of other means (Jang et al., 2022). Our research focuses
on the idea that although corporate charity is often associated
with the idea of caring for others, it cannot be understood as
identical with the notion of altruism. It is possible that corporate
philanthropy is motivated by altruism, but this is not a
precondition for it to exist. Corporate philanthropy in this
study, on the other hand, is viewed as business behavior with
a diversity of potential motives, with altruism being one of them.
Thus, the study’s hypothesis can be summarized as follows:
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H5: Altruism has a positive effect on sustainable business
resilience.

H6: Altruism mediates the impact of loss eversion and
business resilience.

H7: Altruismmediates the impact of endowment and business
resilience.

H8: Altruism mediates the impact of herd behavior and
business resilience.

Organizational Image and Business
Resilience
Philanthropy in the workplace is discussed using the term
“corporate philanthropy.” There are still very few studies
about corporate philanthropy, despite the recent rise in the
discussion of businesses’ social and ethical obligations (Hui-
Wen Chuah et al., 2022). As defined by Abdelmoety et al.
(2022), “the charitable transfer of the firm’s resources at below
market prices” is “corporate philanthropy.” Philanthropy is
defined as the voluntary allocation of a firm’s resources to
activities that are not business-related, and for which there are
no clear social expectations about how the firm should operate
(Huang et al., 2020). Participation by businesses and their
employees can take many forms, including monetary
contributions, goods or services, volunteer work, joint ventures
with government agencies, and a host of other possibilities (Ari
and Koc, 2021). To understand corporate charity, we must
recognize that it is not the same as altruism. Altruism may be
a driving force behind corporate charity, but it is not a
requirement. On the other hand, in this research, corporate
philanthropy is seen as business behavior with a variety of
possible motives, one of which is altruism.

People’s actions and responses toward an organization are
heavily influenced by its visual representations, making these
images critical to the success or failure of an organization
(Jiménez-Marín et al., 2021). For example, improved employer
attractiveness, investor support, improved access to capital
markets, and improved customer devotion can all be a result
of a company’s positive public image (Muhammad, 2021). Both
industry practitioners and academic scholars are interested in
attracting and retaining top talents in their organizations, which
is why this article focuses on the topic of employer attractiveness
(Ratten and Thaichon, 2021). Extant literature has identified five
organizational images that we came across while researching an
organization’s attractiveness as a place of employment. These
include the employer image, CSP image, financial performance
image, product/service image, and corporate image. Thus, the
study’s hypothesis can be summarized as follows:

H9: Sustainable business resilience has a positive effect on
organizational image.

METHOD AND MATERIALS

Design and Data
Small business owners and managers in China took part in a
survey that was conducted over the course of about 2 months

(Sun et al., 2021). Using a deductive approach, the problems
addressed in this study were first discovered through
theoretical research, and then hypotheses were developed
and tested in the field. According to predetermined criteria,
research variables were operationalized in indicators that
were used to prepare research instruments and produce
quantified data in accordance with these indicators.
Individuals were used, the data were analyzed, and the unit
of analysis in this research was derived from the responses of
each subject who took part in the research. This study can be
categorized as a survey research project because of its scope
and focus on a sample review. The data were collected from a
sample of the general populace. This research was conducted
as a cross-sectional study since it focused on a specific period
of time. Proportional random sampling was used to draw
samples.

Variable Measurement
An online questionnaire was created and distributed via email or
via a mobile phone app, and the data were collected using this
method. When creating the instrument, we looked at the
empirical conditions faced by small- and medium-sized
businesses (SMEs) in order to identify indicators for each
variable. We used four gages developed by Lu et al. (2021) to
measure loss aversion (LA) in our study (Figure 1). In order to
gauge the endowment effect (EE), we adapted four indicators
from Lu et al. (2021). Table 1 provides an in-depth breakdown of
the variables.

DATA ANALYSIS

PLS-SEM was used to investigate the proposed model’s
relationships and causes (Qalati et al., 2021). PLS can be used
to examine the measured model and authenticate the causality of
a structural model, according to experts. When used to
empirically validate a non-normally distributed sample, PLS
reduces the endogenous dimension’s residual variance
Haldorai et al. (2022). Because it employs a bootstrap to test
its hypotheses, SEM/PLS has a sufficient sample size for empirical
validation (Ambalov, 2021). The smallest sample size needed to
test this model empirically is ten times the number of hypotheses
for the most common construct.

RESULTS AND DISCUSSION

Demographic Findings
In this study, 47.1% of the participants were men, and 51.2% were
women. Table 2 presents the demographicprofile of participants.
All but a few of the attendees were married (66.3%). About 34.3%
of the participants had graduated from high school, followed by
28.6% with an associate’s degree in their possession. People in
their twenties and thirties make up the largest percentage of
participants, accounting for 30.9% of the total (25.2%). The food
and beverage sector accounts for 36.5% of participants, while the
front office makes up the rest of the field (34.3%).
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Descriptive and Correlation Analyses
Table 3 displays the statistical data for the information, such as
the average value, variance, and coefficient of determination.
Similarity analysis was used to test the interconnectedness of
factors. The assessment found a considerable relationship
between the variables. The regression coefficient of variance
explained was used to probe predictive relevance. Even as the
square root of AVE is greater than just its connection with the
other structures, the findings reinforce predictive relevance
(Fornell and Larcker, 1981). A comparison of the AVE value
systems with the maximum shared variance (MSV) values for
each factor is another method for determining discriminant

validity (Ahmad et al., 2020). Validity is achieved when the
AVE value for a specific variable exceeds the MSV value for
that variable alone. The AVE values for all variables are bigger
than the MSV values, implying that this assumption is correct.
Then, using AVE and item loadings, a convergent validity
study was performed to see how closely the items were linked
(Calisir et al., 2014). The result showed that the AVE values for
every parameter surpassed 0.50, denoting that the predictor
variable maintained more than 50% of their variance (see
Table 4).

Validity and Reliability of Measures
Items with reliability above 0.70 are shown in Table 5 (Alolayyan
et al., 2022). In other words, all of the measurement items are
accurate. Table 5 shows the convergent and discriminant validity.
As a result, the data show that all items have a high degree of
convergence and variance sharing. When measuring latent
variables, the unity displays that the dimensions’ outer
loadings have a lot in common (LV). The results of the
discriminant validity test display that each aspect is different
from the others. We can deduct from Table 5 that every sign has
only one aspect. The table of cross-loadings indicates the
indicators’ outer loadings which exceed all other aspects’
loadings. In order to evaluate discriminant validity more
conservatively, the cross-loadings were taken into account as
an indicator that is considered to be a fairly liberal criterion. The
idea that a construct parts more variance with its linked pointers
than with any other construct is the basis of the Fornell–Larcker
criterion. Using Table 6, we can see that all extents of the model

FIGURE 1 | Flow diagram.

TABLE 2 | Demographic characteristics of the sample (n = 169).

Variables Number %

Gender Male 80 0.473
Female 89 0.527

Age 20s 33 0.196
30s 83 0.494
40s 32 0.191
50s 20 0.119
Missing 1 0.005

Position V.P. 4 0.024
Senior manager 21 0.125
Manager 23 0.136
Staff 97 0.574
etc. 24 0.142

TABLE 3 | Descriptive statistics of the data.

Variables Items Observations Coefficient of
variation (CV)

Mean Std. Dev

LA 4 300 0.146 3.308 0.482
EE 7 300 0.581 2.58 1.498
HB 7 300 0.078 3.091 0.242
AL 7 300 0.126 3.687 0.465
BE 5 300 0.232 2.370 0.550

Note: LA, loss aversion; EE, endowment effect; HB, herd behavior; AL, altruism; BE,
business ethics.

TABLE 4 | Correlation and discriminant validity analyses.

Variables LA EE HB AL BE AVE MSV

LA (0.715) — — — — 0.512 0.122
EE 0.267 (0.821) — — — 0.674 0.292
HB 0.349 0.540 (0.802) — — 0.643 0.292
AL 0.304 0.160 0.352 (0.844) — 0.712 0.124
BE 0.155 0.354 0.259 0.227 (0.824) 0.678 0.445

Notes: Diagonal values in parentheses denote the root square of AVEs.
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have been validated, as well as different constructs that vary from
one another’s measures Fornell and Larcker (1981).

Common Method Bias
CMB could be caused by a survey instrument that is used by both
independent and dependent entities. Harman’s single-factor
analysis, as recommended by many researchers, is the best
way to identify this problem (Irani and Kilic, 2022). We can
conclude that there is no CMB error based on the results of this
study, as the single factor only accounts for 37.83% of the total
variance explained.

PLS-SEM Results
The excellence of the organizational model must first be evaluated
as a pre-requisite to any structural model assessment. This can be
evaluated using the model’s ability to predict the dependent LVs.
Q2, path coefficients, and the effect size f2 can all be used to
determine this.

The R2 is an extent of the model’s ability to predict outcomes
in a given sample. It reveals how much of the observed variation
can be attributed to endogenous factors. It has a value from 0 to
1, with a higher number representing greater accuracy. In
contrast, a value of 0.75% is considered significant, 0.50% is

considered moderate, and 0.25% is considered weak,
respectively (Aguirre et al., 2021). The consequences of the
structural model show a coefficient of determination of 0.413,
which is acceptable for use in a prediction of moderate
precision. Q2, which can be obtained using the blindfolding
procedure in smart PLS software, is another method for
predicting relevance. Once the model’s parameters have been
estimated, it can use previously generated results to predict the
omitted variables in accordance with those parameters.
Instrumental value rises with decreasing error gap, and the
model’s predictive accuracy improves with decreasing error gap.
A value above zero is considered acceptable by previous
researchers. There are two ways to get the values. There are
two ways to approach this problem: one relies on cross-validated
redundancy and the other on cross-validated communality.
According to current research, however, redundancies are
preferred (Agboola et al., 2021).

Figure 2 and Table 8 displays the path diagram of SEM and
Table 7 illustrates the total variance explained. Three
significance points were pondered, such as 1, 5, and 10%.
Significance at 1% level (p ≤ 0.001) is shown by (***),
significance at 5% level (p ≤ 0.01) is shown by (**), and
significance at 10% level (p ≤ 0.05) is shown by (*). The path
coefficients of the variables altruism, and business ethics, H1 (b
= 0.35, p < 0.001) and H5 (b = 0.33, p < 0.001), respectively,
indicate that altruism and business ethics have positive and
significant impacts on business resilience. Thus, hypotheses 1
and 5 were accepted. On the other hand, the path coefficients of
the mediating variables loss aversion, endowment effect, and
herd behavior, H6 (b = 0.10, p < 0.01), H7 (b = 0.06, p < 0.01),
and H8 (b = 0.12, p < 0.05), respectively. Irrationality among
small- and medium-sized enterprises (SMEs) appears to have a
favorable effect on business resilience. Business resilience has a
favorable and significant impact on an organization’s image,

TABLE 5 | Measurement model results.

Constructs Item Outer loading Composite reliability Cronbach’s Alpha AVE Discriminant validity

Loss aversion LA1 0.79 0.885 0.805 0.72 Yes
LA2 0.862
LA3 0.891
LA4 0.755

Endowment effect EE1 0.895 0.916 0.876 0.733 Yes
EE2 0.889
EE3 0.878
EE4 0.974

Herd behavior HB1 0.976 0.975 0.948 0.951 Yes
HB2 0.852
HB3 0.893
HB4 0.85

Altruism AL1 0.732 0.959 0.954 0.701 Yes
AL2 0.812
AL3 0.859
AL4 0.809
AL5 0.801

Business ethics BE1 0.874 0.912 0.854 0.777 Yes
BE2 0.882
BE3 0.925
BE4 0.924

TABLE 6 | Fornell–Larcker criterion.

LA EE HB AL BE

LA 0.849 — — — —

EE 0.465 0.856 — — —

HB 0.446 0.498 0.975 — —

AL 0.136 0.095 0.055 0.837 —

BE 0.521 0.512 0.504 0.08 0.881

Bold values show the square root of AVE in the sloping.
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according to the research. A 0.21% rise in the market’s
perception of a company corresponds to a 1% rise in its
resiliency. The structure and validity of hypotheses are
illustrated in Table 6. The proposed model was also
subjected to a variety of fitness tests to ensure that the data
were suitable. Overall, all fit index values meet or exceed
specified standards (as shown in Table 7). The results of the
hypotheses are summarized in Table 8.

Endogeneity Testing
The primary purpose of this test is to assess the robustness of the
research results (Winkelmann, 2008). Endogeneity bias may alter
the maximum probability assessment, which is a serious obstacle
to the suitability of the results. Using Stata software, the Heckman

test was used to investigate endogeneity. Table 9 shows that our
findings are consistent with those of the previous model,
indicating that there is no endogeneity bias.

DISCUSSION

According to this study, altruism, irrationality, and the morality of
small- and medium-sized enterprises (SMEs) in China were
examined in-depth. Two of the 11 hypotheses tested in this
study were found to be incorrect: the consequence of herd
behavior on altruism and the effect of loss aversion on fiscal
morality. This helps explain why Chinese SMEs are not more
likely to uphold the principles of economic morality because they

FIGURE 2 | Path diagram.

TABLE 7 | Total variance explained.

Components Initial eigenvalues Extraction sums of squared loadings

Total Variance % Cumulative % Total Variance % Cumulative %

1 13.460 44.864 44.864 13.460 44.864 44.864
2 2.630 8.765 53.628 2.630 8.765 53.628
3 1.202 4.006 57.635 1.202 4.006 57.635
4 1.022 3.409 61.043 1.022 3.409 61.043
5 0.851 2.837 63.880 0.851 2.837 63.880
6 0.532 1.775 74.648 — — —

7 0.501 1.668 76.316 — — —

8 0.485 1.619 77.935 — — —

9 0.426 1.419 79.354 — — —

10 0.400 1.332 80.686 — — —

11 0.376 1.255 81.941 — — —

12 0.367 1.223 83.164 — — —

13 0.356 1.188 84.351 — — —

14 0.345 1.150 85.501 — — —

15 0.318 1.060 86.561 — — —

16 0.300 0.999 87.562 — — —

17 0.286 0.952 88.513 — — —

18 0.271 0.902 89.415 — — —

19 0.265 0.884 90.298 — — —

20 0.239 0.799 91.097 — — —

21 0.238 0.792 100.00 — — —
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are scared of facing losses relative to the rewards they receive for the
welfares they obtain. Contrary to Cartwright’’s belief, this study
shows that he was (Dias et al., 2022). Altruism has been shown to be
unaffected by irrational behavior. Irrational behavior has nothing to
do with caring and encouraging others to share with each other, as
this shows. A similar conclusion was drawn by, Raymond et al.
(2019); Zaverzhenets and Łobacz (2021); Younis and Elbanna
(2021); Costa et al. (2020); and Le (2022).

This study also shows that altruism can be explained by
endowment effects and loss aversion. They care about others,
both in their workplace and in the community they serve as
customers, because they are afraid of losing what is produced and
overly appreciative of it. The endowment effect and herd behavior
have also been shown to influence economic morality. In China,
small- and medium-sized enterprises (SMEs) have a significant
impact on fiscal morality because they place a high value on their
products and tend to copy the behavior of others. Lu et al.’s (2021)
assertion that the problem of economic morality is closely linked
to one’s transactions with others is echoed by Yumei et al.’s
(2021) rationale.

Tolerance, equality, and commitment are all taken into account
when defining economic morality, which is why the results show
that altruism has an impact on economic ethics (Hasan et al.,
2021). People’s well-being and other people’s concerns are at the
center of this view ofmorality. Because of this, it is only natural that
altruism influences financial morality (Hussain et al., 2022). The
findings of this study, which show that even unreasonable feelings
have a positive impact on financial morality after being mediated
by altruism, show how important it is for SMEs actors to have

economic attitudes, morals, and behaviors. SMEs in China with a
strong sense of social responsibility have been found to exhibit
irrational loss aversion as a result of caring and encouragement to
share. Altruism’s influence on themorality of SMEs performers can
also be distinguished by the method of marketing used (online or
offline). While Dai et al. (2021) do not openly state the distinction
in the impact of altruism on fiscal morality, their thoughts on the
rank of businesses for direct marketing are in line with this.

CONCLUSION

It was found that altruism in small- and medium-sized business
(SMEs) actors mediated the positive effect of loss aversion, herd
behavior, and endowment effect on economic morality, which
was tested against 11 hypotheses. Loss aversion has been shown to
have no impact on economic morality. Altruism has also been
found to be unaffected by herd behavior. That the three kinds of
unreasonable behaviors have a noteworthy positive effect on the
ethics of SMEs actors through altruism was confirmed in this
study. According to this study, altruism can also have a positive
effect on the decency of SMEs performers. According to the
findings of this study, more research and materials on altruism
and fiscal morality are needed in economic education,
particularly entrepreneurship education. A broader study of
fiscal morality founded on the aspiration to care for and share
with others is essential, not just for business ethics.
Entrepreneurship education can also produce complete
entrepreneurs who are successful in building businesses and

TABLE 8 | Results of hypotheses.

Hypotheses Structural paths b Value Result VIF R2

1 Altruism ➝ Business resilience 0.35*** Accepted 1.664 0.78
2 Altruism ➝ Loss aversion 0.58 ** Accepted 1.847 —

3 Altruism ➝ Endowment effect 0.18 ** Accepted 1.307 —

4 Altruism ➝ Herd behavior 0.41 ** Accepted 1.403 —

5 Business ethics ➝ Business resilience 0.33 *** Accepted 1.913 —

6 Loss aversion ➝ Business resilience 0.10 ** Accepted 1.821 —

7 Endowment effect ➝ Business resilience 0.06** Accepted 1.755 —

8 Herd behavior ➝ Business resilience 0.12* Accepted 1.577 —

9 Business resilience ➝ Organization image 0.21*** Accepted 1.355 —

Notes: ***p ≤ 0.001 (1%), **p ≤ 0.01 (5%), and *p ≤ 0.05 (10%).

TABLE 9 | Endogeneity findings.

Hypotheses Structural paths b Value Result VIF

1 Altruism ➝ Business resilience 0.26*** 1.162 Not different
2 Altruism ➝ Loss aversion 0.09 ** 3.232 Not different
3 Altruism ➝ Endowment effect 0.31 ** 2.287 Not different
4 Altruism ➝ Herd behavior 0.28 ** 3.330 Not different
5 Business ethics ➝ Business resilience 0.17 *** 1.598 Not different
6 Loss aversion ➝ Business resilience 0.15 ** 1.787 Not different
7 Endowment effect ➝ Business resilience 0.19 ** 3.071 Not different
8 Herd behavior ➝ Business resilience 0.22* 2.760 Not different
9 Business resilience ➝ Organization image 0.08*** 1.846 Not different

Notes: ***p ≤ 0.001 (1%), **p ≤ 0.01 (5%), and *p ≤ 0.05 (10%).
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have a deep distress for the well-being of their neighbors. Chinese
economic policy is based on the family, so this fits in well.
However, there are numerous restrictions to the findings in
this study. There are hopes that the findings of this study will
inspire further research into economic irrationality and morality,
which will be conducted on an even larger scale.

THEORETICAL AND PRACTICAL
IMPLICATIONS

Theoretically, this study’s findings support evidence that small-
and medium-sized businesses (SMEs) performers are not fully
encouraged to increase profits as expected by conventional
financial thinking. Small- and medium-sized businesses
(SMEs) have a moral compass that grows as they become
more aware of the existence of others. The morality of SMEs
actors has been shown to be influenced by two economically
irrational factors that do not straight touch fiscal morality. For
financial education, particularly in free enterprise education, the

findings of this study have practical implications for cultivating
altruism toward students so that they can consider ethics in their
business and monetary performance when they become
entrepreneurs. Altruism and economic morality are critical to
a company’s long-term viability, and the government, which has
so far focused on business skills training, must develop
empowerment programs that focus on cultivating these values.
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Sustainability of Overlapped Emission
Trading and Command-And-Control
CO2Regulation for KoreanCoal Power
Production: A DEA-Based
Cost-Benefit Analysis
Fan Yang1, Yongrok Choi1*, Hyoungsuk Lee2* and Jahira Debbarma1

1Program in Industry Security Governance, Inha University, Incheon, South Korea, 2Graduate School of Energy and Environment
(KU-KIST Green School), Korea University, Seoul, South Korea

Regulatory policies are indispensable to efficiently curbing anthropogenic CO2 emissions
and sustainably producing emission-intensive goods. Though previous modelling practice
has studied the cost and benefit of different regulatory policies, such as command-and-
control (CAC) and emission trading scheme (ETS), little is known about that for overlapped
emission regulation policies. Here, we built up a Data Envelopment Analysis model to study
the losses and gains from the overlapped implementation of CAC and ETS for Korean coal-
fired power plants during 2011–2015. We showed that the initial phase of CAC in 2012
caused a sudden loss in power plants’ output, but that the loss was gradually eliminated in
2013 and 2014. Upon promulgation in 2015, ETS is expected to increase only 0.990% of
output compared to CAC, yet it largely failed to deliver the potential benefit in its first year.
The overlapped implementation of CAC and ETS contributes to a small share (5.567%) of
the unrealized benefit. Nonetheless, we showed that implementing CAC and ETS in parallel
tends to disproportionately affect less efficient power plants by restricting their strategies to
meet regulatory measures. Therefore, we suggest that the integration of CAC and ETS can
be a transitory measure as ETS provides only marginal welfare benefits, but ETS must be
fully adopted and strengthened in the near future to economically and equitably mitigate
CO2 emissions.

Keywords: cost-benefit analysis, emission regulation, command and control, emission trading, data envelopment
analysis, activity analysis, CO2 emission, distributional effect

INTRODUCTION

CO2 emissions regulation spurs green technology innovation, which subsequently induces economy-
wide energy savings and productivity growth (Magazzino et al., 2022; Shahzad et al., 2022; Song et al.,
2022). For emissions regulation, command-and-control (CAC) system has been a predominant
instrument pursued by industrial economies in the 1980s, where firms are required to limit their
emissions below an authorized maximum emission level (Opschoor and Vos, 1989). Alternatively,
for CO2 emissions regulation, carbon pricing and emission trading (ET) have prevailed ever since its
advent in the Kyoto Protocol, due to their cost-effectiveness. Theoretically, any emission controls, no
matter CAC or ET, will pose economic costs to regulated entities as they will have to pay for
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additional efforts to regulate emissions. However, ET creates
tradable emission permits and an emission trading market to
allow emission-controlling entities to sell or buy emission permits
such that they can comply with a centrally authorized emission
controlling target. It is capable of equalizing marginal abatement
of anthropogenic CO2 emissions across all carbon emitters, so
that lower overall cost of emission regulation. The mechanism
contrasts with CAC policy instruments, where administrative
measures are directly posed to emission-heavy entities to
mandate their emission upper bound, causing staggered cost
to different firms (Tietenberg and Tietenberg, 1985; Stavins,
2003).

A number of studies have attempted to estimate costs of CAC
emission regulations and savings from alternative ET programs.
For example, Yang et al. (2021) studied the cost of CAC
regulation on Chinese transport sector, and found that the
regulation has cost China around 2000 billion RMB during
2013–2017. Zhang and Xie (2015) found that CAC regulation
on Chinese information technology industry could potentially
cost China up to 29.3 billion RMB. Some have focused on the
savings of ET. Brännlund et al. (1998) estimated the potential
gains of the Swiss pulp industry from oxygen-demanding
substance emission trading in 1989 to be 6%. Färe et al.
(2013) studied potential gains from air pollutant ET in the US
and found that spatial trading of air pollutants potentially
increased the profits of all coal-fired power plants by 3–6%.
Later works concentrated on CO2 emissions, the primary
cause of global warming and climate change. Wang et al.
(2016) estimated potential CO2 emission abatement cost
savings in the context of the Chinese national emission
trading market. They suggested that implementing national
CO2 emission trading would save 10.78% of GDP losses from
emission mitigation in China over 2006–2010. Subsequently,
Xian et al. (2019) estimated that the abatement cost savings
with ET in China would be 13% on average during 2011–2015.

Existing papers have mostly pitted ET against CAC
regulations, frequently claiming ET is more or less superior to
CAC regulations. However, they have rarely paid enough
attention to the interaction of emission trading and command-
and-control. Yet, there are a number of examples being displayed
in real-world policy experiments. For example, Korea has been
implementing its CAC-style emission controlling strategy (Target
Management System, TMS) in parallel to ET (Park and Hong,
2014). In Europe, a number of direct emission regulation policies
are also simultaneously implemented despite the existence of the
EU ETS (Braathen, 2011). A variety of considerations are in place
when mixing ET and CAC. For example, ET may lead to carbon
leakage in some specific sectors (Zhou et al., 2020), transaction
costs involved in ET may be cost-prohibitive for small emitters
(JaraitĖ et al., 2011; Park and Lee, 2020), and the like. Only few
have studied the interaction of different emission regulation
mechanism. For instance, Goulder and Stavins (2010)
conducted an ex-ante explorative analysis of the interaction
between state policies and federal policies, where impact of the
interaction was found depends on specific designs, such as
coverage, stringency, of policies at different levels. So far, there
remains insufficient empirical studies on the cost and benefit of

mixing the two regulatory mechanisms, raising concerns over the
inefficiency of such a hybrid policy setting (Stavins, 2021).

Furthermore, the distributional effect of emission regulations
is of tremendous concern. As put forward by Eskeland and
Jimenez (1992), distributional effect analysis could inform
government alternative policies that may gain the largest
political support. Commonly, CAC policy instruments, which
set a common emission standard for technologically
heterogeneous firms, are often deemed inequitable as they
restrain factor mobility and pose a disproportionally high
financial burden on technologically unprepared entities
(Stavins, 2003). In contrast, ET equalizes marginal abatement
costs—the additional costs incurred by one incremental emission
reduction—through emission permit transactions (Montgomery,
1972). In this way, firms with lower abatement costs will take
action first and render emission allowances surplus. Firms with
higher abatement costs will buy additional allowances from those
low-abatement-cost firms. Thus, the systemic cost of all market
participants is at its lowest level. The argument underlies the
thriving emission trading market globally. However, empirical
evidence shows that those regulations tend to be regressive
(Ohlendorf et al., 2020). Big companies with an increasing
return of scale tend to participate in the emission trading
market more proactively and enjoy much more benefit from
ET compared with their smaller counterparts, thus rendering
exacerbated inequality among participating entities compared
with CAC (JaraitĖ et al., 2011). This aligns with the empirical
evidence by (Heindl, 2012), who found an scale effect on
transaction costs among firms participating in EU ETS.
Therefore, the policy practice of mixing ET and CAC steps in.
Beyond this, there has been a lack of an appropriate model
quantifying the distributional effect of mixing CAC and ET.

This paper contributes to existing literature by building an
operational model to analyze the cost and benefit of CAC and
ET, and that in the overlapped scenario. This paper is a step
forward from our previous paper (Yang et al., 2021). Here, we
can not only analyze the costs and benefits of CAC, but also
that of ET, and the mix of ET and CAC. Another strength of
our model is that it is capable of conducting cost-benefit
analysis at firm or utility levels, in contrast to previous
models that adopt macroeconomic data (Choi et al., 2017).
It can therefore provide a more granular cost-benefit estimate
at a sub-sector level. We take emission regulation of coal-fired
power plants in South Korea (hereafter, Korea) as a case study
and examine the costs and benefits of the Korean target
management system (TMS), a CAC emission regulation
mechanism, and the Korean ETS, a cap-and-trade system,
as well as the distributional effect of implementing ET and
CAC in parallel.

Our paper is organized as follows: theoretical models to
quantify the costs and benefits of different emission
regulations are presented in Section 2; the Korean policy
background of emission regulation and data for calculation are
presented in Section 3; empirical results are presented in Section
4; and discussions on potential extensions and limitations of our
theoretical models and empirical findings are presented in
Section 5.
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THEORETICAL MODEL

We start by constructing a homogenous environmental
production technology set, T. We denote exogenous inputs, x �
(x1, x2, . . . , xi) ∈ Ri, desirable outputs, y �
(y1, y2, . . . , ym) ∈ Rm, and undesirable outputs,
b � (b1, b2, . . . , bs) ∈ Rs. The production possibility set, P, for
environmental production technology T for coal-fired power
plants can be expressed as:

P(x;y, b) � {(y, b): x can produce (y, b)} (1)
where, in the Data Envelopment Analysis (DEA) formulation,
P(·) satisfies the standard properties of a technology
(monotonicity, convexity, and minimal extrapolation). Among
these properties, monotonicity implies that outputs always
increase, or at least not decrease, with the increase of inputs;
convexity ensures that all the observations in the production
possibility set P construct a convex set; and, minimal
extrapolation indicates that P(x;y, b) has the minimum set
that constitutes all the observations. In addition, inactivity is
always possible. Finite inputs can only produce finite outputs.

No Emission Regulation
Based on the DEA formulation of environmental production
technology, we can first simulate maximum potential economic
output if the technical inefficiency of each decision-making unit
(DMU) is eliminated, considering undesirable output as freely
disposable, which is a scenario for unregulated environmental
technology (Färe and Grosskopf, 1983; Wang and Feng, 2014;
Färe et al., 2016).

max ~yn

s.t. ∑
N

n�1
λnxin ≤ xin i � 1, . . . , I

∑
N

n�1
λnyn ≥ ~yn

λn ≥ 0, n � 1, . . . , N (2)
DMUs can freely dispose of their undesirable outputs under

the current model specification. The assumption of non-
negativity for the intensity variables, λn, restricts the model
to being constant-return-to-scale. It also serves to construct a
production frontier through a convex combination of the
observed production factors (Brännlund et al., 1998). The
sum-up of the optimized desirable output, ~yp

n, of all the
DMUs constitutes the maximum potential desirable output
that the environmental production technology can attain
(eliminating technical inefficiency) while no emission
regulations are posed.

Command-And-Control
In addition, if we assume null-jointness and weak disposability
for desirable and undesirable outputs:

1) For (x; y, b) ∈ P and 0 ≤ θ ≤ 1, (x; θy, θb) ∈ P
2) For (x; y, b) ∈ P and b � 0, y � 0

Then, we can simulate production activities under emission
regulation with command-and-control policies (Färe et al., 2013;
Zhang and Zhang, 2018; Yang et al., 2021; Zhao et al., 2022).
Considering N decision making units (DMUs) with I inputs, S
undesirable outputs, and one desirable output. For each DMU n,
the maximum output under command-and-control policies can
be expressed as:

max ~yn

∑
N

n�1
λnxin ≤xin i � 1, . . . , I

∑
N

n�1
λnyn ≥ ~yn

∑
N

n�1
λnbsn � bsn s � 1, . . . , S

λn ≥ 0, n � 1, . . . , N (3)
The equality constraints, ∑N

n�1λnbsn � bsn, on undesirable
outputs impose weak disposability.

Under the current specification, each DMU can maximize its
desirable output, yn, to an optimal level, ~yp

n, while maintaining its
observed level of undesirable output, bsn. Hence, the model
simulates the output losses due to a binding environmental
regulation. Here, the desirable output is electricity generation,
and CO2 emission is the sole undesirable output. But the model
makes it easy to extend to a case of multiple undesirable outputs.
Setting the desirable output as electricity generation excludes
monetary value from the specification. Therefore, we do not need
to account for the effect of price fluctuation on emission
controlling behaviors.

Emission Trading
We can further extend the operational model to simulate
emission trading. Consider a central regulator that inspects the
emissions of all the participating entities. The total emissions
from all the entities must comply with the upper limit set by the
regulator, while those entities can freely trade their emissions at
no transactional cost. We formulate a centralized DEA model as
follows to estimate the cost and benefit of participating DMUs in
the emission trading scenario:

max∑
N

n�1
~yn

s. t.

For DMU 1 : ∑
N

n�1
λ1nxin ≤xi1 i � 1, . . . , I

∑
N

n�1
λ1nyn ≥ ~y1

∑
N

n�1
λ1nbsn � bs1 s � 1, . . . , L

∑
N

n�1
λ1nbsn � ~bs1 s � L + 1, . . . , S

. . .
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For DMU N : ∑
N

n�1
λNnxin ≤xiN i � 1, . . . , I

∑
N

n�1
λNnyn ≥ ~yN

∑
N

n�1
λNnbsn � bsN s � 1, . . . , L

∑
N

n�1
λNnbsn � ~bsN s � L + 1, . . . , S

λnn ≥ 0, n � 1, . . . , N

∑N

n�1
~bsn ≤Bs, s � L + 1, . . . , S (4)

In Equation 4, xin, yn, and bsn are observed values of inputs,
desirable outputs, and undesirable outputs, respectively. Some
parts of bsn for s � L + 1, . . . , S are traded emissions among the
participating DMUs, while no emission trading occurs over the
other undesirable output (bsn for s � 1, . . . , L). Optimization
occurs over λnn, ~bsN, and ~yn, to maximize the total desirable
output of all the participating DMUs, ∑N

n�1 ~yn. Inputs, xin, are
taken as fixed. ~bsN represents the emissions of each power
plant after trading, while ~yn represents the desirable output.
Bs � ∑N

n�1bsn represents the total emission trading permits that
exist in the trading market as regulated by the central regulator.
This formulates a traditional cap-and-trade emission trading
scheme.

It should be noted that Equation 4 models the maximum
gains that any cap-and-trade programs can reap, i.e., a perfect
market where trading is allowed without any barriers or
transaction costs. It mimics the condition in which an
overall emission cap is enforced by the central regulator
while no cap is set for market participants. This market
design can, therefore, be interpreted as emission trading
with auctioning in the market. Efficient bargaining is
achieved under the current model specification, where each
entity can attain an efficient level of emission allowance
(Cramton and Kerr, 2002).

Integrating Emission Trading and
Command-And-Control
A common practice in emission trading or cap-and-trade
programs is the free allocation of a portion of emission
allowances to individual trading entities in the emission
trading market, which existed in the initial phase of ETS to
lower political barriers for its implementation (Helm, 2010).
However, to regulate the overall emission cap, emission
trading is often implemented in parallel to command-and-
control regulation. In this scenario, binding caps are often set
for each regulating entity, usually at a ratio of its historical
emissions. Based on the emission trading model, we can
further extend the integration of emission trading and
command-and-control as follows:

max∑
N

n�1
~yn

s. t.

ForDMU 1 : ∑
N

n�1
λ1nxin ≤xi1 i � 1, . . . , I

∑
N

n�1
λ1nyn ≥ ~y1

∑
N

n�1
λ1nbsn � bs1 s � 1, . . . , L

∑
N

n�1
λ1nbsn � ~bs1 s � L + 1, . . . , S

~bs1 ≤ b̃′s1
. . .

ForDMUN : ∑
N

n�1
λNnxin ≤xiN i � 1, . . . , I

∑
N

n�1
λNnyn ≥ ~yN

∑
N

n�1
λNnbsn � bsN s � 1, . . . , L

∑
N

n�1
λNnbsn � ~bsN s � L + 1, . . . , S

~bsN ≤ b̃′sN
λnn ≥ 0, n � 1, . . . , N

∑N

n�1
~bsn ≤Bs, s � L + 1, . . . , S (5)

The model features a variation of the emission trading
model by Färe et al. (2013). First, a common practice is that
market regulators may retain a certain percentage of the total
emission allowance for the purpose of market stabilization
(Park and Hong, 2014). Hence, the total amount of cap
emissions, ∑N

n�1b̃ ’
sn, could be different from the total

tradeable emissions, Bs, which simulates the condition when
the trading market regulator retains some of the permits from
trading. The effect of the total amount of cap emissions on
potential gains from emission allocation can also be
investigated. Further, in Equation 5, we introduce b̃ ’

sn as an
exogenous variable that determines the additional command-
and-control emission cap of each DMU through the
constraint, ~bsN ≤ b̃ ’

sN. This constraint mimics the command-
and-control constraint, where binding caps are assigned to
individual participating entities. Overall, the current model
setting simulates the maximum potential gains and the
minimum cost when emission trading and command-and-
control policy are simultaneously implemented.

Again, due to the fact that the current work considered only
CO2 emissions, no additional constraints were posed to DMUs
on other undesirable outputs. But the model can be easily
extended to a case where data for multiple undesirable
outputs is available. Furthermore, the model can also be
easily generalized to an inter-temporal and inter-spatial
model, similar to the case of Färe et al. (2013), which
simulates an emission trading scheme where borrowing and
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banking are allowed (Boemare and Quirion, 2002). We leave it
to future research.

POLICY BACKGROUND AND DATA

Policy Background
Korea announced its national CO2 emission abatement target in
2008, which aimed at cutting 30% of CO2 emissions by 2020
compared to a business-as-usual scenario. Therefore, in 2010, a
presidential decree ratified the target and established the TMS, a
command-and-control policy setting that was initiated in 2011
and formally began to operate in 2012, which directly enforced
firms’ compliance with emission reduction targets (Park and
Hong, 2014). Major energy producers were all included in TMS.
Following the enactment of TMS, there was the promulgation of
the Act on the Allocation and Trading of Greenhouse Gas
Emission Allowances (ETS Act) in 2012, which began its
trading in 2015, 3 years after TMS. The two regulatory
schemes operate in parallel but cover mostly different
categories of entities. The ETS act covers the major emitters
of CO2, while TMS complements it with smaller but still
relatively large (or medium-sized) emitters as well as public
organizations that cannot be easily workable in ETS.
Nonetheless, there are still chances for any DMU to overlap
in this parallel system. For example, the company may
participate in ETS as a major player, while one of the
facilities of the company may be located under TMS. From
the managerial perspective, therefore, strategic consideration
may happen in these overlapping cases, and all the other
companies may consider this kind of by-passing way between
ETS and TMS, resulting in the integrated, yet parallel governance
of the emission management policies. The Korean government
may consider the TMS as a complementary mechanism to
support higher abatement of ETS, but in reality, it allows the
participating companies in ETS to enter the TMS. Nonetheless,
TMS has a different condition as an additional target of energy
consumption, which is not in the ETS, resulting in a very
complicated, yet complex alleyway between these two measures.

The first commitment period of the ETS system is designated
to begin on 1 January 2015 (Oh et al., 2016). For the initial
allowance allocation, 100% of the previous year’s emissions were
retained as the total allowance, with an additional 3% of the total
allowances being set aside as a reserve for market stabilization.
For the second allowance period between 2018 and 2020, 97% of
the allowance was freely allocated to each entity, with a 3%
abatement target to be tradable in the ETS market. ETS
entered the third stage in 2021, with 90% of the free allowance
and a 10% abatement target to be tradable in the market. In the
year 2021, the initial year of the third stage, the participating
entities in ETS will be 684, with a total allowance of 2.9 billion
CO2. Among those abatement targets, 18.2 million tons are
allocated as tradable allowances, implying that 10.8 million
tons, or 62.8% of total allowances, are reserved for the
government. As a parallel measure, the entities under TMS
comprise 403 members in the private sector and 837 entities
in the public sector in the year 2021.

Data
From the year 2011 till the year 2015, we collected and used only
data for coal-fired power plants in Korea. This data fits the
homogeneity assumption of environmental production
technology. Therefore, there is no need to consider
heterogeneity in the modelling of the production technology.
The sample period includes the first year of no regulation, the
three following consecutive years of command and control
regulation, and the latest year of emission trading. In total,
258 observations were collected. The observations consist of
two inputs (unit capacity in kW and energy usage in kcal),
one desirable output (net electricity generation in MWh), and
one undesirable output (CO2 emissions in tons). The data was
obtained from Statistics of Electric Power in Korea (2016). CO2

emissions were calculated using IPCC emission factors, provided
by Zhang and Choi (2013). Table 1 reports descriptive statistics
for inputs and outputs in the study period.

RESULTS

Overall Effect of Different Emission
Regulation Strategies
Figure 1 shows the cumulative desirable output—electricity
generation—of all the coal fired power plants in each year
under different environmental regulation scenarios. Depending
on the regulatory strategy of the scenarios, the implications of the
results vary.

If no environmental regulations were posed (Korea in 2011),
Equation 2 calculates the maximum potential output each coal
power plant can attain under current input constraints. Thus, its
difference with the base case represents the maximum electricity
production of Korean coal-fired power plants if technical
inefficiency is eliminated. The difference between Equation 3
and 2 is the opportunity cost each power plant may bear to
implement CAC regulation on their emissions and restrict them
to the observed level. The difference between equation 4 and 2 is
the potential costs and benefits an emission trading system brings
about for these power plants. While the difference between
Equation 5 and 2 is the potential cost of additional CAC
regulation combined with the ETS.

If environmental regulation has already been forced on those
coal-fired power plants (Korea from 2012 to 2014), the difference
between Equation 3 and 2 implies potential gains from rescinding
current environmental regulations. The cost and benefit of
rescinding existing regulations can be substantially different
from implementing a new regulation (Evans et al., 2021).
When rescinding an existing regulation, compliance costs have
already sunk. No immediate benefit will be paid to entities that
comply. Besides, upon the elimination of a regulation, market
conditions and technologies have already changed. Previously
profitable operational conditions may not be viable at the time of
rescinding the regulation. The difference between Equation 4 and
3 is the maximum potential economic benefit the whole trading
system can reap by mobilizing productive factors in these
environmentally regulated power plants. And the difference
between Equation 5 and 3 is the gains the trading system as a
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whole can reap with additional binding on the emission cap of
each power plant.

Furthermore, if an ETS has already been implemented (Korea
in 2015), the difference between Equation 4 and 3 explains the
foregone benefits of emission trading. The foregone benefits,
different from the potential benefits in a no emission trading
setting, explain potentially existing transactional barriers, e.g.,
transaction costs rendered by collecting information, bargaining
and deciding, and monitoring and enforcement, that prohibit a
competitive market from exerting its full power to maximize
factor allocation efficiency (Stavins, 1995). The difference
between Equation 5 and 4 represents potential costs—the
emission abatement costs and market efficiency losses—with

the overlap of command-and-control regulation and emission
trading.

As shown in Figure 1, the potential output increase from
eliminating technical inefficiency in power plant operations is on
average 7.434% (no regulation case). Upon implementing
command-and-control CO2 emission regulation, an increase in
technical inefficiency can be seen in 2012 (9.548%), which is
largely due to the curtailment of existing coal-fired power plants
to meet the CO2 emission target (201.8 TWh of electricity
generation in 2011 versus 199.3 TWh of electricity generation
in 2012). While the sudden increase (9.706%) of technical
inefficiency from 2013 to 2014 is due to the installation of a
new megawatt-scale power generation unit.

TABLE 1 | Descriptive statistics of data for Korean coal-fired power plants from 2011 to 2015.

Year (status) Variables Unit Mean Std. Dev Minimum Maximum

2011 (no regulation) Capacity 109 kW 481051.0 154589.2 870000.0 125000.0
Electricity generation 109 MWh 3956772.1 1318381.7 7307170.0 968094.0
Energy 103 kcal 8779561.8 2786522.9 15867278.0 2456240.0
CO2 emissions 106 t CO2-eq 2980308.7 922583.7 5296805.8 883040.5

2012 (TMS) Capacity 109 kW 481051.0 154589.2 870000.0 125000.0
Electricity generation 109 MWh 3908425.8 1319859.8 7244531.0 1009662.0
Energy 103 kcal 8502303.1 2829268.9 15487730.0 2158059.0
CO2 emissions 106 t CO2-eq 2909908.4 939886.6 5263632.4 915132.3

2013 (TMS) Capacity 109 kW 481051.0 154589.2 870000.0 125000.0
Electricity generation 109 MWh 3943506.5 1326110.2 7324679.0 967109.0
Energy 103 kcal 8776091.0 2765974.5 15742629.0 2442416.0
CO2 emissions 106 t CO2-eq 2906220.6 897309.2 5089644.3 876401.8

2014 (TMS) Capacity 109 kW 495728.3 169049.1 870000.0 125000.0
Electricity generation 109 MWh 3844630.1 1306256.4 6902839.0 931289.0
Energy 103 kcal 8305163.5 3177250.0 14706172.0 988740.0
CO2 emissions 106 t CO2-eq 2718142.3 1020846.6 4749363.6 310674.2

2015 (ETS) Capacity 109 kW 498942.3 169055.4 870000.0 125000.0
Electricity generation 109 MWh 3927200.4 1389797.7 7269962.0 969147.0
Energy 103 kcal 8577507.0 3144200.7 15667311.0 989163.0
CO2 emissions 106 t CO2-eq 2805694.9 1033091.6 5125737.5 300013.5

FIGURE 1 | Total electricity generation of Korean coal-fired power plants under different emission regulation scenarios. The base case scenario represents real
electricity generation for power plants; the no regulation scenario stands for eliminating technical efficiency for power plants without emission regulation; the command
and control scenario represents a scenario where technical efficiency is eliminated but emissions must be restricted to the current level; the emission trading scenario
stands for the case where overall emissions of all power plants are restricted to the current level but emissions are tradable; and ET + CAC refers to the scenario
where emission trading and command-and-control are implemented in parallel.
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We then compare the difference between the no regulation
scenario and with the command-and-control scenario. In 2011, no
CO2 emission regulations were posed to Korean coal-fired power
plants, and thus the difference between these two models
represents the potential cost of implementing emission
regulations. The potential cost in 2011 is estimated to be only
0.969% at the time of implementing CAC (TMS). However, as the
TMS regulation was implemented in 2012, the potential benefit of
rescinding the policy was raised to 4.386% of total electricity
generation, revealing that the emission regulation policy presents
a major hurdle to power plants’ production activities. However,
the potential benefit of rolling back emission regulation shrank to
0.757% in 2014, suggesting that power plants rapidly reflected the
command-and-control regulation and substantially improved
their environmental technology to comply with the emission
standard, such that the negative effect of emission regulation was
alleviated. Furthermore, the potential benefits of rescinding
emission regulation are the lowest in 2015, suggesting that
emission trading has effectively lowered the overall cost of
compliance.

In addition, we can see that emission trading has the potential
to increase output by 0.990% on average in those power plants
during the TMS regulation period (2012–2014). However, most
of the promised benefits have not materialized. In 2015, the ETS
was implemented in Korea. Yet, the potential output under the
emission-trading model (emission trading with no trading
friction) is still 0.861% higher than the command-and-control
model. The persistent gap between the command-and-control
model and the emission-trading model suggests that little or no
efficiency increase is achieved through the first-year of emission
trading at least. In contrast, over 85% of the promised efficiency
increase by emission trading has not been realized. Färe et al.
(2013) suggest that the gap—the foregone benefit in the emission

trading scheme—represents the upper limit of transaction costs
involved in emission trading, which impedes participating
entities from sufficient trades in the allowance market to reach
an efficient status. The results indicate that the transaction cost in
the Korean emission trading market is on a non-negligible scale.
Efforts must be made to alleviate this huge cost so it boosts the
potential of emission trading more effectively.

Furthermore, the integration of command-and-control and
emission trading requires a cap that restrains plants’ emissions at
their observed levels. In this way, we can distinguish the effect of
binding emission caps on the foregone emission trading benefit,
which can be accounted for as a regulatory cost when integrating
command-and-control and emission trading. Our results show
that electricity generation under the integrated model in 2015 was

FIGURE 2 | Electricity generation and CO2 emissions under different
levels (1–100% of 2015 power plant emission level) of emission cap settings
withmixed emission trading (ET) and command-and-control (CAC) policy. The
cyan solid line indicates the maximum electricity generation under
different CAC cap settings. The orange solid line indicates CO2 emissions at
the level of the CAC cap setting. The dot lines indicate the current levels (in
2015) of electricity generation and CO2 emissions.

FIGURE 3 | Changes of each power plant in electricity generation under
the emission trading scenario and the mixed emission trading and command-
and-control (ET + CAC) scenario.
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about 224.5 TWh, compared to 224.6 TWh for the emission
trading model and 222.7 TWh for the command-and-control
model. Command-and-control regulation deviates emission
trading from its efficient level, accounting for only 5.567% of
the total unrealized gains under emission trading in 2015.

Another concern is marginal abatement cost under different
emission regulation schemes. The marginal abatement cost could
dictate the policy-making over emission mitigation (Wu and Ma,
2018). Besides, marginal abatement cost curves is a widely
accepted tool to characterize the overall cost if a certain level
of abatement is to be achieved (Kesicki and Strachan, 2011).
Figure 2 presents the marginal abatement cost curve—abatement
cost denominated by electricity generation losses under different
levels of binding emission cap setting—for Korean coal power.
Interestingly, electricity output reduction does not linearly
respond to a tighter emission cap, indicating a diminishing
rate of increase in the marginal abatement costs at a certain
point. The marginal cost of reducing the first 1% of emissions
(cap from 100 to 99%) under the emission trading and cap
mechanism is 0.098% of electricity generation decreased; while
the last 1% of emissions reduction (cap from 2 to 1%) costs as
much as 2.18% of electricity generation. If policymakers were to
regulate emissions levels with the current level (the 2015 level) of
electricity generation (minimizing undesirable output while
keeping the current desirable output), an emission cap and
trading scheme could cut about 46% of CO2 emissions.

Distributional Effect of Different Emission
Regulation Strategies
This distributional effect of an emission regulation policy is also
of paramount importance to policy makers. A progressive
emission regulation policy would prevail and is politically
more tenable, since it delivers the good to the larger (Eskeland
and Jimenez, 1992). Figure 3 presents the distribution of output
gains (or losses) by power plants from emission trading. Detailed
results are shown in Appendix Supplementary Table A1. In the
emission trading scenario, Korean coal-fired power plants could,
in total, increase electricity output by 1.934 TWh of potential
electricity output without increasing CO2 emissions. All the
participating units will at least be better off in the emission
trading scenario. Five power plants reap a dominant share of
the total gains. They will increase their electricity output by
1.333 TWh in the emission trading scenario compared with the
command-and-control scenario, equivalent to 68.9% of the total
benefit from ET.

Upon integrating CAC with ET, those that reap the dominant
gains of ET tend not to be affected by additional CAC. But there
are another 15 power plants whose welfare will be
disproportionately affected. In total, these 15 power plants
generated 71.95 TWh of electricity in 2015 (equivalent to
38.9% of total electricity generation). In the emission trading
scenario, their total gains are 0.108 TWh, which is barely 8.10% of
the total gains from emission trading. In the CAC + ET scenario,
their potential gains are reduced to zero. This is due to the fact
that the CAC restricts their strategies to response to emission
mitigation compliance. In the emission trading scenario, they may

buy residual emission allowances left by those efficient producers
so that they can expand their production capacity. Under the ET
+ CAC scenario, fewer emission allowances will be available in the
market due to the restriction of CAC. Those efficient producers
will retain their additional un-used allowances. Finally, those less
efficient producers acquire a smaller number of allowances, thus
bearing the cost of CAC. Therefore, the implementation of ET +
CAC may result in disproportionately high costs for a part of the
market due to the invalidation of abatement cost equalization
by CAC.

DISCUSSIONS AND POLICY
IMPLICATIONS

Large-scale rollbacks of US environmental regulation by the
Trump administration (Popovich et al., 2020) in late 2020
raised concerns over the potential costs and benefits of the
back-and-forth of environmental regulation around the globe.
In this paper, we built a framework to retrospectively measure the
costs and benefits of different emission regulation mechanisms,
including CAC emission regulation, ET, and the integration of
CAC and ET. In this framework, we are able to quantify the
potential costs and benefits of not only implementing but also
rescinding an emission regulation scheme. By operationalizing
coal power plants in the DEA model, we can further analyze the
distributional effect of those emission regulation schemes. Using
CO2 emission regulation in Korean coal-fired power plants as a
case study, our empirical findings are as follows.

First, CAC emission regulation in the initial phase caused a
heavy loss to Korean coal power plants, leading to a substantial
technical efficiency drop. However, along with the enforcement of
CAC during 2012–2014, power plants were able to advance their
production technologies and operate at a higher-efficiency status
while complying with the emission regulation. Therefore, the cost
of CAC emission regulation diminished over time. We concluded
that the benefit of rescinding the existing emission regulation is
trivial. The Korean government should not consider following US
practice and rolling back current regulations (the TMS system).
Instead, policymakers may advance emission regulations based
on the TMS to boost its benefits. An ongoing practice is moving
those participating entities into the ETS group.

Second, we found that the potential gains from emission
trading in Korean coal-power plants were quite
marginal—only a 0.990% of output increase in the ET
scenario. This is much lower than in the United States (Färe
et al., 2013), China (Xian et al., 2019), and Switzerland
(Brännlund et al., 1998). Furthermore, although ETS has been
implemented in Korea since 2015, it has not brought about the
promised efficiency increase. One critical reason is that
institutional designs impede trade in emission allowance
trading market (Stavins, 1995). In particular, we examined
whether integrating ET with CAC, as a currently existing
policy practice by Korea government, would cause substantial
output losses. We show that implementing ET and CAC in
parallel contributes to only 5.567% of the total electricity
output loss. Hence, we suggest that integrating TMS and ETS

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8778238

Yang et al. Cost Analysis for Emission Regulation

370356

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


in Korea is advisable due to its negligible efficiency loss. Lessons
learned from the simultaneous implementation of EU ETS and
direct regulation in Europe could be used to improve the
integration of Korean TMS and ETS (Boemare and Quirion,
2002).

Third, though ET leads to a redistribution of welfare among
these power plants, our results show that all the entities in the
emission trading market will get better off. Nonetheless, efficient
entities will reap many more benefits from emission trading
schemes because of their high allocative efficiency. Proper
market design must also take into account the distributional
effect of emission trading. We also show that ET + CAC does not
provide more benefit to inefficient power plants. Instead, CAC
will disproportionately affect those low-efficiency power plants,
as it restricts the strategy of those power plants to a response to
the emission mitigation mandate. Therefore, we suggest Korea
gradually abandon CAC and transit to a complete ETS for the
purpose of not only economically reducing emissions but also
providing equitable opportunities to those inefficient entities to
benefit from emission trading.

A limitation of our model is that it does not fully cover
participating entities in the Korean TMS and ETS emission
regulation schemes. The first-year (2015) implementation of
the ETS covered around 573 Mt of CO2 emissions (Oh et al.,
2016), yet our current data covered only coal-fired power
plants with 149 Mt of CO2 emissions. One step forward
from our current model is to include both coal-fired power
plants and non-coal-fired (such as renewable energy) power
plants in emission trading. However, the modelling framework
must take into consideration the technological heterogeneity
of different types of power plants. To do these, the meta-
frontier centralized data envelopment analysis model may be
considered (Choi et al., 2020a; Choi et al., 2020b; Li and Wei,
2021).

Some elements in CO2 emission regulation policies have been
neglected in the modelling, one of which is transaction cost (Färe
et al., 2013). The existence of transaction costs shifts the
equilibrium of emission trading, which could explain some of

the unrealized gains in emission trading. The significance of
transaction cost in determining the effectiveness of emission
trading schemes for Korean power plants requires further
research (McCann et al., 2005).

Besides, our current study may be subject to data scarcity of
other production factors. Electricity generation in coal-fired
power plants generates an array of harmful pollutants
simultaneously. Including constraints on other emissions has
mixed effects on final outcomes (Färe et al., 2014; Ma and
Hailu, 2016). To avoid the balloon effect, a more detailed
study should incorporate all kinds of emissions as undesirable
outputs in modelling practice. Labor is also not included due to a
lack of data. It is desirable to include labor data so as to study the
effect of labor mobility on emission trading behaviors of power
plants (Färe et al., 2013).
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Impact of Environmental Regulation
on High-Quality Economic
Development
Xiaowei Ma1 and Junwei Xu2,3*

1School of Economics, Fujian Normal University, Fuzhou, China, 2Research Center for Economic Law of Anhui University, Hefei,
China, 3Law School, Anhui University, Hefei, China

Based on the connotation of high-quality economic development (HQED) in China, this
study uses panel data of 30 provinces (cities and regions) in China from 2005 to 2019 to
construct an evaluation index system of HQED with three dimensions of “economic
development—social life—ecological environment,” and establishes a fuzzy
comprehensive evaluation model to calculate the HQED index. The results show that
the high-quality development level of China’s economy shows an upward trend of
fluctuation, but the development level is still low and there are obvious regional
differences. The eastern region enjoys the highest level of HQED, followed by the
central region and western region. The panel data regression model is further
established to analyze the impact of environmental regulation on economic
development. It is found that there is an inverted u-shaped relationship between
environmental regulation and HQED, and there is a “cost compliance” effect between
environmental regulation and quantitative economic development. Strict environmental
regulation measures will inhibit economic quantity growth. The results of heterogeneity
analysis show that environmental regulation has different impacts on the economic
development of the three regions due to the differences in resource endowment. The
influence of environmental regulation on economic development in eastern China is similar
to that in the whole country. However, in the central region, there is an “innovation
compensation” effect between environmental regulation and HQED, and a “U” shape
relationship between environmental regulation and quantitative economic development. In
western China, the enhancement of environmental regulation will inhibit high-quality and
quantitative economic development.

Keywords: high-quality economic development, environmental regulation, regional heterogeneity, fuzzy
comprehensive evaluation, panel data regression

1 INTRODUCTION

Since 1978, China has seen a rapid increase in its level of economic development and a significant
improvement in people’s living standards. However, the ecological and environmental problems
caused by overexploitation, sloppy utilization, and extravagant waste of the early resources are
increasingly prominent (Vennemo et al., 2009; Qashou et al., 2022; Samour and Pata, 2022). Since the
1980s, China has paid increasingly close attention to the issue of coordinated economic and
environmental development, and has successively put forward major strategic ideas such as the
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sustainable development strategy and the scientific outlook on
development. In addition, China is constantly improving its laws
related to environmental protection. Since the 18th Party
Congress, China has innovatively developed new concepts and
ideas, such as the “Two Mountains Theory” and the Community
of Life between man and nature, and has continuously enriched
and improved the theoretical system of harmonious coexistence
between man and nature. Currently, China’s economic
development has entered a new period, and it has shifted from
the stage of high-speed growth to the stage of high-quality
development.

“High-quality development” is rich in connotation. It
covers both quantitative development and qualitative
development and has distinctive characteristics of the times
(Zhu et al., 2020). High-quality economic development
(HQED) means that economic development no longer
simply pursues the quantity of economic development and
economic development speed, but more often takes into
account the ecological environment, industrial
coordination, regional coordination, etc., to improve the
quality of economic development. Since the reform and
opening up, China has shifted its focus to economic
construction and solved the problem of economic quantity.
Now, people are more concerned about the quality of
economic growth under the ecological crisis (Abumunshar
et al., 2020; Altarhouni et al., 2021; Samour et al., 2022). China
proposes HQED, which solves the problem of economic
quality (Zhou et al., 2020). China has proposed five major
development concepts: innovation, coordination, green,
openness, and sharing. HQED should not only meet these
five development concepts, but also be a development with
fewer production input factors, higher efficiency in resource
allocation, lower resource and environmental costs, and better
economic and social benefits. China’s HQED should balance
the total amount of economic development and the quality of
economic development, consider the coordination of
economic growth with environmental protection and
ecological civilization, and pay more attention to the
comprehensive development of economy, politics, society,
culture, and ecology (Liu et al., 2021).

Before the concept of HQED was introduced, scholars
generally used the quality of economic growth to measure
the “quality” of China’s economy, such as total factor
productivity, green total factor productivity (Mei and Chen,
2016; Zhao et al., 2022a; Zhao et al., 2022b), and value-added
rate (Hu et al., 2020). Although these indicators make up for
the previous shortcomings of simply measuring the quantity
of economic development, and can reflect the quality of
economic development to a certain extent, they still have
limitations and reflect relatively single economic information.
Since the 19th Party Congress, scholars have set out to study
issues related to China’s HQED and to construct
comprehensive evaluation models. For example, Hu et al.
(2020) constructed a six-dimensional economic quality
development evaluation index system including
technological innovation, infrastructure construction,
ecological environment, economic efficiency, economic

stability, and market mechanism to study the level of rural
economic development, but the results of the study were
evaluated only from the perspective of rural areas and
could not reflect the overall level of China’s economic
quality development. Chen and Wang (2021) constructed a
comprehensive evaluation index system including green
development, residents’ living standard, innovation ability,
economic vitality, and coordinated development based on the
data of Chinese prefecture-level cities, but the three-level
indicators only contain positive and negative indicators,
and do not include moderate indicators such as urban-
rural income ratio and urban-rural consumption ratio.

According to Chen (2009), unregulated polluting behavior
can affect economic growth through two pathways. When the
pollutant emission level is lower than the natural
environmental carrying capacity, the natural environment
dissipates the waste by self-cleaning, which brings positive
impact on economic development; when the pollutant
emission level is higher than the natural environmental
carrying capacity, in the short term, enterprises obtain
economic growth through high energy consumption, high
pollution, and high emission, but the continuous emission
of pollutants will reduce the environmental quality and trigger
negative externalities, which will eventually negatively affect
economic development (Chen and Chen, 2018). To ensure
long-term sustainable economic development, the state
introduces environmental regulation mechanism.
Environmental regulation aims to prevent and control
pollution, improve the environment, and achieve
harmonious development of economy and resources and
environment. Regarding the impact of environmental
regulation on economic development, some scholars
support the “innovation compensation theory,” which
argues that appropriate environmental regulation can
stimulate business innovation and promote economic
growth. For pollution-intensive industries, higher
environmental regulation standards can force enterprises to
improve technological innovation, reduce environmental
pollution and energy consumption, and improve the quality
of economic development (Zhu et al., 2014). Some scholars
support the “cost of compliance” theory, arguing that in the
short term, strict environmental regulations raise production
costs and reduce the profitability of enterprises (Greenstone
et al., 2012), and even “force” enterprises to move to areas with
less stringent regulations, creating “pollution havens” that are
not conducive to improving the quality of economic
development (Conrad and Wastl, 1995).

In recent years, China has attached great importance to the
issue of environmental pollution by re-establishing the
Ministry of Natural Resources to unify the management of
natural resources. At the same time, China has strengthened
environmental regulations and improved the accountability
system for ecological and environmental protection, seeking to
better coordinate the development relationship between
population, economy, and resources. From the literature, it
can be seen that HQED includes the concept of “population-
economy-society-resources” coordinated development. In the
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comprehensive evaluation of HQED, the existing researches
have their characteristics. However, there are still many
shortcomings, such as the results of some literature are
rather one-sided, which cannot reflect the overall
characteristics of China’s HQED; some literature has not
selected reasonable indicators and needs to be improved.
Therefore, this study constructs a scientific evaluation index
system from the connotation of HQED, and incorporates
environmental regulation variables to analyze its impact on
HQED. The contribution of this research is mainly reflected in
the following aspects. First, this study considers the positive
indicators, negative indicators, and moderate indicators
affecting the HQED, and constructs a scientific, systematic,
and comprehensive evaluation index system for HQED.
Second, this study uses panel data of 30 Chinese provinces
(cities and districts) from 2005 to 2019 to measure the level of
China’s HQED by region, analyzes the temporal trends and
spatial differences in China’s HQED, and objectively and truly
grasps the current status of China’s HQED. Third, this paper
introduces environmental regulation variables, and uses
economic quality development and economic quantity
development as explanatory variables, respectively, to
comprehensively analyze the impact of environmental
regulation on economic development and its regional
heterogeneity, and provide countermeasures for promoting
economic quality.

2 RESEARCH DESIGN

2.1 Measurement of China’s HQED Index
Based on Fuzzy Comprehensive Evaluation
Method
2.1.1 Construction of an Evaluation Index System for
China’s HQED
As mentioned above, the definition of HQED includes the concept
of coordinated development of population-economy-society-
resources, which covers three aspects: economic development
progress, social life stability, and ecological environment
optimization. Therefore, this study takes into account the
scientific and systematic nature of the evaluation system, as well
as the availability of indicator data, and uses data from 30 provinces
(cities and regions) in China (due to the serious lack of indicators in
China, Hong Kong, Macao, Taiwan, and Tibet are not included in
this study) to construct an evaluation index system for measuring
China’s HQED index, with the criterion layer consisting of 3
dimensions, including economic development, social life, and
ecological environment. The sub-criteria layer consists of 13
dimensions such as economic development quantity, economic
development speed, and industrial structure coordination, and the
indicator layer contains 28 indicators such as real regional GDP,
real GDP per capita, GDP growth rate, and GDP per capita growth
rate, as shown in Table 1.

TABLE 1 | Evaluation index system of China’s HQED index.

Target
layer

Criterion layer Sub-criteria layer Indicator layer Indicator
property

HQED index Economic
development

Economic development
quantity

Real regional GDP (100 million yuan) positive
Real GDP per capita (yuan) positive

Economic development speed GDP growth rate (%) positive
GDP per capita growth rate (%) positive

Industrial structure
coordination

Advanced industrial structure positive
Rationalization of industrial structure positive

Openness of economy and
trade

Total import and export/GDP (%) positive
Foreign direct investment/GDP (%) positive

Social life Technological innovation input R&D investment funds/GDP (%) positive
R&D Practitioners (person-year) positive

Technological innovation
output

Technology market turnover/GDP (%) positive
Patent efficiency (%) positive

Resident Life Employment rate (%) positive
Urbanization (%) positive

Urban-rural coordination Urban-rural income ratio (rural = 1) moderate
Urban-rural consumption ratio (rural = 1) moderate

Medical facilities Number of beds in medical and health institutions per 1,000 population positive
Health technicians per 1,000 people positive

Education level Education spending/GDP (%) positive
Average number of students enrolled in higher education per 100,000
population

positive

Public transportation Bus vehicles per 10,000 people (standard units) positive
Ecological
environment

Greening level Forest cover (%) positive
Greening coverage of built-up areas (%) positive
Park green space per capita (square meters) positive

pollutant emission level Industrial wastewater emissions per unit of GDP (tons per million yuan) negative
Amount of industrial solid waste per unit of GDP (tons per million yuan) negative

Pollution control Harmless disposal rate of residential waste (%) positive
Urban wastewater treatment capacity per day (10 thousand cubic meters) positive
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In terms of economic development, four aspects are included:
the quantity of economic development, the speed of economic
development, the coordination of industrial structure, and the
openness of economy and trade. Specifically, the quantity of
economic development is measured by real regional GDP and
real GDP per capita, the speed of economic development is
measured by GDP growth rate and GDP per capita growth
rate, the coordination of industrial structure is measured by
advanced industrial structure and rationalized industrial
structure, and the openness of economy and trade is measured
by the proportion of total import and export and the proportion
of foreign direct investment. In terms of social life, six aspects are
examined: technological innovation, residents’ life, urban-rural
coordination, medical facilities, education level, and public
transportation. Specifically, technological innovation includes
both technological innovation inputs and technological
innovation outputs. Technological innovation inputs are
measured by the ratio of R&D input funds and the full-time
equivalent of R&D employees, and technological innovation
outputs are measured by the ratio of technology market
turnover and patent efficiency. The employment rate and
urbanization level measure the living standard of residents; the
urban-rural income ratio and urban-rural consumption ratio
measure the coordination of urban-rural development; the
number of beds in medical and health institutions per unit of
population and the number of health technicians per 1,000 people
measure the level of medical facilities; the proportion of education
expenditure and the average number of students in higher
education schools per 100,000 people measure the level of
education; and the number of public transportation vehicles
per 10,000 people measures the level of public transportation.
In terms of the ecological environment, three aspects are
included: greening level, pollutant emission level, and
pollution control. Specifically, the greening level is measured
by the forest coverage rate, the greening coverage rate of built-
up areas, and the per capita park green area; the pollutant
emission level is measured by the industrial wastewater
emission per unit of GDP and the industrial solid waste per
unit of GDP; and the pollution control capacity is measured by
the harmless treatment rate of residential waste and the daily
treatment capacity of urban sewage.

Both real regional GDP and real per capita GDP are
calculated by using GDP index and per capita GDP index
respectively, taking 2005 as the base period. When measuring
the degree of industrial structure coordination, this study adopts
the ratio of the output value of the tertiary industry to the output
value of the secondary industry to measure the level of the
advanced industrial structure according to Clark’s law. A larger
ratio indicates a higher level of advanced industrial structure.
The level of industrial structure rationalization reflects the
dynamic process of continuous strengthening of coordination
ability and increasing level of association between industries in a
country. This study uses the Thiel index to measure the degree
of industrial structure rationalization in each province (city,
region). The equation is theilit � 1 −∑3

m�1yimt ln(yimt/limt),
where yimt indicates the proportion of the mth industry in
regional GDP of the ith province or city in the year t, and limt

indicates the proportion of employees of the mth industry in
total employment in the ith province or city for year t. The larger
the value of the industrial structure rationalization index, the
more reasonable the industrial structure of a region. The patent
efficiency is measured by the proportion of the number of
granted patent applications to the number of patent
applications, the urban-rural income ratio is measured by the
ratio of per capita disposable income of urban residents to per
capita disposable income of rural residents, the industrial
wastewater emission per unit GDP is measured by the ratio
of total industrial wastewater emission to GDP, the industrial
solid waste per unit GDP is measured by the ratio of industrial
solid waste generation to GDP, and the remaining indicators are
calculated according to the method shown in Table 1.

2.1.2 Fuzzy Comprehensive Evaluation Model
Construction
In this study, the indicators of HQED index are divided into three
categories: positive indicators, negative indicators, and moderate
indicators. Due to the different attributes and different units of
measurement among different indicators, to facilitate analysis
and comparison, this study establishes a fuzzy benefit-type matrix
by dimensionless method, and transforms all elements of the
matrix into positive indicators. Then, this paper uses the
coefficient of variation method to determine the index weights.
Finally, the comprehensive evaluation model is constructed as
follows.

hqei � 100∑
m

j�1
wjbij (1)

where hqei represents the HQED index of each province, and the
larger the value, the better the level of HQED of a region. bij
denotes the elements of the benefit matrix.

2.2 Panel Data Regression Model
To further assess the impact of environmental regulation on
HQED and regional heterogeneity, this study constructs the
following benchmark regression model based on relevant data
from 30 provinces (cities and regions) in three major regions of
China: east, central and west from 2005 to 2019.

ln hqeit � β0 + β1 · ln reg2it + β2 · ln regit +∑
n

i�3
βit · controlit + μi

+ γt + εit

(2)
where i represents the province, ln hqeit denotes the explanatory
variable, measured by the HQED index and taken as a
logarithm. ln regit denotes the core explanatory variable
environmental regulation, measured by the share of total
investment in the construction of environmental technology
facilities in each province’s urban GDP (unit: %), and taken as a
logarithm. Meanwhile, to examine the non-linear impact of
environmental regulation, this study introduces a quadratic
term of environmental regulation ln reg2it. controlit is a
series of control variables related to the high quality of the
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economy, specifically including the scale of fixed asset
investment (inv, in %), expressed as the ratio of total social
fixed asset investment to GDP; government intervention (gov, in
%), expressed as the share of fiscal expenditure in GDP; road
area per capita (lnroad, in m2/person); disposable income per
inhabitant (lnwage, in RMB/person), urban population density
(lnpop, in person/km2). μi and γt represent individual fixed
effects and time fixed effects, respectively, and εit denotes the
random perturbation term. To eliminate the effect of
heteroskedasticity, this study logarithmizes the road area per
capita, disposable income per resident, and urban population
density.

To fully explore the impact of environmental regulation on
economic development, this study introduces the explanatory
variable, the level of quantitative economic development,
expressed as the logarithm of real GDP per capita (lnpgdpit),
and establishes the following regression model.

lnpgdpit � β0 + β1 · ln reg2it + β2 · ln regit +∑
n

i�2
βit · controlit

+ μi + γt + εit

(3)

In formula (Eq. 3), except for the explanatory variables, the
meanings of the remaining indicators are the same as in
model (2).

2.3 Data Source
In this study, the data of each indicator are obtained from the
official website of the National Bureau of Statistics of China, the
China Statistical Yearbook, the China Environmental Statistical
Yearbook, and the China Population and Employment Statistical
Yearbook of the corresponding year, and the missing data are
filled in using interpolation method.

3 ANALYSIS OF CHINA’S HQED

3.1 The Evaluation Results of HQED
The measured results of China’s economic high-quality
development index for each province (city, region) and the
three major regions are shown in Table 2 and Figure 1. It can
be seen that the overall level of China’s economic quality
development showed a fluctuating upward trend from 2005 to
2019. The HQED index increased by 22% from 27.87 to 33.95. In
2007, the quality development index of China’s economy reached

TABLE 2 | Regional HQED index of China from 2005 to 2019.

Province 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 Mean Rank

Beijing 61.42 60.84 55.00 54.35 55.45 55.95 56.35 55.36 55.68 56.14 56.65 57.67 57.09 55.79 55.55 56.62 2
Tianjin 43.91 42.11 34.40 34.62 34.07 35.08 38.01 38.16 37.76 37.86 39.13 40.22 36.22 36.40 43.74 38.11 6
Hebei 21.52 20.83 19.65 20.04 19.75 19.86 23.08 23.40 22.72 23.27 25.77 27.55 26.96 27.53 29.53 23.43 21
Liaoning 32.08 30.14 27.29 27.95 27.41 28.34 30.63 30.70 29.81 29.28 28.45 29.37 30.78 32.49 33.53 29.88 9
Shanghai 53.34 52.75 47.41 48.63 49.45 50.09 49.81 48.10 47.26 48.81 49.70 50.81 49.60 49.93 49.12 49.65 3
Jiangsu 45.88 44.29 41.15 42.25 44.89 46.36 47.88 49.83 49.16 50.53 51.96 52.49 52.00 51.57 53.54 48.25 4
Zhejiang 38.89 38.28 35.74 36.14 36.16 37.97 38.66 39.50 40.01 41.75 43.65 44.73 44.75 46.34 48.66 40.75 5
Fujian 34.21 30.99 28.30 29.31 28.56 29.72 32.83 34.09 33.74 34.67 34.96 35.69 35.27 36.59 37.30 33.08 8
Shandong 31.78 31.45 30.40 32.52 32.75 33.36 35.86 36.90 36.40 37.75 38.85 40.50 40.25 39.75 40.93 35.96 7
Guangdong 60.47 59.35 56.78 57.18 57.61 61.92 62.55 63.27 63.62 64.32 64.94 65.87 69.08 71.03 71.54 63.30 1
Hainan 25.50 24.73 30.79 29.93 30.35 25.96 25.86 26.36 26.03 26.88 27.20 30.94 28.56 29.16 30.84 27.94 11
mean (eastern) 40.82 39.61 36.99 37.54 37.86 38.60 40.14 40.51 40.20 41.03 41.93 43.26 42.78 43.32 44.93 40.64 (1)
Shanxi 17.21 15.72 15.81 15.08 14.94 16.58 19.66 19.95 19.44 18.82 19.76 21.73 20.60 21.65 22.59 18.64 26
Jilin 24.42 22.99 21.70 22.37 21.49 21.32 23.57 23.84 22.68 22.60 24.47 27.05 24.64 25.50 27.96 23.77 20
Heilongjiang 24.59 22.86 22.41 23.15 23.02 22.93 24.80 25.34 25.53 25.15 26.80 28.76 26.99 25.87 27.19 25.03 17
Anhui 21.21 20.55 20.77 20.91 21.10 21.04 24.70 25.59 25.13 26.44 28.19 28.68 28.32 29.30 31.17 24.87 19
Jiangxi 22.27 20.70 20.23 22.29 21.57 21.67 24.58 25.92 24.51 25.40 26.80 28.07 28.31 30.10 31.88 24.95 18
Henan 22.95 21.21 20.59 21.24 21.76 21.97 24.82 26.03 25.65 27.76 30.32 31.85 30.37 31.35 32.55 26.03 15
Hubei 26.11 24.27 23.47 24.80 25.08 25.65 27.53 28.43 28.97 31.00 32.27 33.70 32.47 33.09 34.40 28.75 10
Hunan 24.24 24.47 23.14 23.40 24.13 23.44 25.45 26.87 25.73 27.65 29.25 30.76 31.22 32.75 34.87 27.16 13
mean (central) 22.87 21.60 21.02 21.65 21.64 21.83 24.39 25.25 24.71 25.60 27.23 28.83 27.86 28.70 30.33 24.90 (2)
Inner Mongolia 21.55 18.49 17.51 18.95 19.03 17.07 21.05 21.94 20.97 21.93 22.76 24.39 21.09 21.87 22.72 20.75 23
Guangxi 19.53 19.33 17.90 18.22 20.99 19.44 22.70 23.13 21.57 22.57 23.88 25.41 25.11 26.77 28.66 22.35 22
Chongqing 22.01 21.80 22.20 23.17 22.04 23.70 26.78 28.77 29.30 31.18 31.34 33.09 31.50 32.85 33.16 27.53 12
Sichuan 21.84 21.11 20.69 21.92 23.28 23.14 25.26 26.92 25.79 26.84 28.29 29.90 29.52 32.35 34.79 26.11 14
Guizhou 12.04 10.47 11.68 13.09 12.97 13.20 17.49 18.48 18.79 20.12 23.14 24.21 24.29 25.74 27.05 18.18 27
Yunnan 18.64 15.46 16.17 16.31 16.67 16.81 19.30 20.76 20.11 20.34 22.11 23.61 24.23 24.83 26.33 20.11 24
Shaanxi 20.88 20.36 19.12 21.15 21.81 22.17 26.20 27.07 27.59 28.85 29.48 31.42 28.94 30.49 31.14 25.78 16
Gansu 15.43 14.70 14.16 15.17 15.05 14.30 16.62 18.05 17.81 18.35 20.11 21.65 19.20 20.85 22.47 17.59 29
Qinghai 17.07 16.31 15.49 15.86 15.48 15.09 13.37 12.60 10.34 10.95 11.27 12.55 12.40 12.14 10.82 13.45 30
Ningxia 15.08 15.13 13.02 14.94 14.53 15.36 17.32 17.67 17.07 17.59 19.66 20.98 21.78 21.65 23.17 17.66 28
Xinjiang 19.92 17.58 17.28 17.61 16.35 16.29 19.21 18.91 18.32 19.27 20.96 21.45 19.91 20.10 21.27 18.96 25
mean (western) 18.55 17.34 16.84 17.85 18.02 17.87 20.48 21.30 20.70 21.63 23.00 24.42 23.45 24.51 25.60 20.77 (3)
mean (country) 27.87 26.64 25.34 26.08 26.26 26.53 28.73 29.40 28.92 29.80 31.07 32.50 31.71 32.53 33.95 29.16
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the lowest point of 25.34. In 2019, the high-quality development
index of China’s economy reached its highest value of 33.95.
During the study period, the average value of the China HQED
index is 29.16. According to the HQED index of the three major
regions, from 2005 to 2019, the HQED index of the eastern,
central, and western regions of China all showed a fluctuating
upward trend. Among them, the eastern region had the best level
of economic high-quality development for a long time, ranking
first among the three regions and higher than the national
average. From 2005 to 2019, the HQED index of the eastern
region rose from 40.82 to 44.93, with an increase of 10%. In 2007,
the HQED index of the eastern region reached its lowest value of
36.99; in 2019, the index of HQED in the eastern region rose to
the highest value of 44.93. During the study period, the average
value of the HQED in the eastern region was 40.64, which was
much higher than the average value in the central and western
regions and the country. The HQED index in the central region
ranks second among the three regions, but it is lower than the
national average for a long time. From 2005 to 2019, the index of
HQED in the central region rose from 22.87 to 30.33, with an
increase of 33%. In 2007, the level of HQED in the central region
reached the lowest value of 21.02; in 2019, the level of HQED in
the central region rose to the highest value of 30.33. During the
study period, the average value of the HQED in the central region
was 24.90. The western region had the lowest level of HQED
among the three regions for a long time. From 2005 to 2019, the
western region’s economic quality development index increased
from 18.55 to 25.60, with an increase of 38%. It is the highest
growth rate among the three regions. In 2007, the western
region’s economic quality development index reached its
lowest value of 16.84 and rebounded to its highest value of
25.60 in 2019. During the study period, the average value of
the HQED index in the western region was 20.77.

To better analyze the level of HQED of each province (city or
region), this study classifies the high, medium, low levels of high-
quality development according to the ratio of 20%, 80%, and 20%.
Specifically, among the 30 provinces (cities and regions), the top
six provinces (cities and regions) are divided into the high-level
group of HQED, the seventh to twenty-fourth ranked provinces
(cities and regions) are divided into the medium level group of
HQED, and the bottom six provinces (cities and regions) are

divided into the low-level group of HQED. According to Table 2,
Guangdong, Beijing, Shanghai, Jiangsu, Zhejiang, and Tianjin
belong to the high-level group; Qinghai, Gansu, Ningxia,
Guizhou, Shanxi, and Xinjiang belong to the low-level group,
and the rest of the provinces (cities and regions) belong to the
medium level group. A comparative analysis shows that the six
provinces (cities and districts) in the high-level group are all
located in the eastern part of China; five of the six provinces (cities
and districts) in the low-level group are located in the western
part of China. Among them, the average value of Guangdong’s
HQED index is 63.30, ranking first among 30 provinces (cities
and regions); while the average value of Qinghai is 13.45, ranking
the last among 30 provinces (cities and regions), less than a
quarter of Guangdong, and the level of economic quality
development needs to be improved.

Taking the score of 60 as the passing line of the HQED index, it
can be found that China’s HQED level is relatively backward, with
an average score of 29.16 nationwide and average scores of 40.64,
24.90, and 20.77 in the eastern, central and western regions
respectively, which are far below the passing line level. Among
the 30 provinces (cities and regions), only Guangdong Province
has an index score slightly above 60, that is 63.30, while the
remaining 29 provinces (cities and regions) have a failing index
score, indicating that China’s HQED still has a long way to go.

3.2 The Reasons for Regional Difference of
HQED
The above results indicate that the HQED of China’s economy
shows an upward trend of fluctuation, and there are obvious
differences among the three regions. To analyze the reasons for
this result, this study calculated the scores of economic
development, social life, and ecological environment, as shown
in Table 3. At the national level, the economic development level
showed a fluctuating upward trend. The ecological environment
showed an obvious upward trend, while the social life index
showed a downward trend. Therefore, under the comprehensive
action of economy, society, and ecology, the level of HQED
showed a fluctuating upward trend. In addition, the economic
development level, social living standard, and ecological
environment index of the eastern region are all higher than
that of the central and western regions, especially the
economic development level, which was about 2.5 times that
of the central region and about three times that of the western
region. Therefore, under the multiple drives of economy, society,
and ecology, eastern China enjoys the best level of HQED.

4 IMPACT OF ENVIRONMENTAL
REGULATION ON THE HQED

4.1 Descriptive Statistical Analysis
Table 4 shows the results of descriptive statistical analysis of each
variable. According to Table 4, it can be seen that the mean
(absolute value) of all variables is much larger than the standard
deviation, except for the mean absolute value of environmental
regulation indicators, which is relatively similar to the standard

FIGURE 1 | High-quality development trend of China’s economy from
2005 to 2019.
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deviation, indicating that the dispersion of the data is low; the
variance inflation factors are all much smaller than 10, indicating
that there is no multicollinearity among the variables. In
summary, the data can be used for further analysis.

4.2 Cointegration Test
To test whether there is a long-term equilibrium relationship
between the level of HQED, the quantity of economic
development, and the explanatory variables, this study selects
the Pedroni test for cointegration, and the results are shown in
Table 5. According to Table 5, the p-values of the three test
statistics of the pedroni test are all much less than 0.01, which
strongly rejects the null hypothesis of “no cointegration
relationship” and indicates that there is a long-term
equilibrium relationship among the indicator variables.

4.3 Empirical Results
4.3.1 Impact of Environmental Regulation on the
HQED
Table 6 shows the influences of environmental regulation on
HQED and quantitative economic development. Columns (1)
and (3) indicate the effects of environmental regulation onHQED
and quantitative economic development without control
variables, respectively. Columns (2) and (4) show the results
with control variables. The magnitude, direction, and significance
of the core explanatory variables have no significant difference
whether control variables are added or not. It also verifies the
robustness of the regression results. Since the inclusion of control
variables can avoid the endogeneity problem caused by omitted
variables and make the test results more consistent with objective
facts, the model results with the control variables are selected for
analysis in this study.

According to the regression results in column (2) of Table 6,
the quadratic coefficient of environmental regulation is −0.0293
at 10% significance level, while the primary coefficient is 0.00443,
indicating that there is an inverted “U” shaped relationship
between environmental regulation and HQED, which rises and
then falls. When the level of environmental regulation is below
0.0756, there is an “innovation compensation” effect between
environmental regulation and HQED, and the level of China’s

TABLE 3 | The scores of three criterion layers.

Criterion
layer

Economic development Social life Ecological environment

East Cent-
ral

West Nation-
wide

East Cent-
ral

West Nation-
wide

East Cent-
ral

West Nation-
wide

2005 12.46 4.34 3.43 6.98 14.94 8.42 6.65 10.16 13.42 10.12 8.46 10.72
2006 12.45 4.31 3.07 6.84 14.46 8.08 6.41 9.80 12.71 9.21 7.87 10.00
2007 11.18 3.74 2.62 6.06 13.31 7.52 6.11 9.13 12.50 9.76 8.11 10.16
2008 11.74 4.46 3.41 6.74 13.19 7.29 5.90 8.95 12.60 9.90 8.55 10.40
2009 12.33 4.86 4.04 7.30 13.34 7.28 5.89 8.99 12.19 9.49 8.09 9.97
2010 12.48 4.76 3.64 7.18 13.75 7.33 5.99 9.19 12.37 9.73 8.25 10.16
2011 12.22 5.03 4.19 7.36 13.38 6.91 5.55 8.79 14.54 12.44 10.74 12.58
2012 12.27 5.14 4.32 7.46 13.01 7.15 5.72 8.78 15.23 12.95 11.26 13.17
2013 11.94 4.65 3.93 7.06 13.30 7.22 5.69 8.89 14.96 12.83 11.08 12.97
2014 12.43 5.18 4.31 7.52 13.46 7.46 6.07 9.15 15.13 12.96 11.25 13.13
2015 12.62 5.58 4.48 7.76 13.44 7.76 6.46 9.37 15.87 13.89 12.06 13.95
2016 14.18 7.03 5.65 9.15 13.11 7.77 6.66 9.32 15.96 14.02 12.11 14.03
2017 13.29 6.01 4.75 8.22 13.73 8.34 7.10 9.86 15.76 13.52 11.60 13.64
2018 13.42 5.96 4.64 8.21 13.22 8.15 7.16 9.65 16.68 14.59 12.72 14.67
2019 14.03 6.18 4.86 8.58 13.50 8.69 7.14 9.89 17.40 15.45 13.60 15.49
Mean 12.60 5.15 4.09 7.49 13.54 7.69 6.30 9.33 14.49 12.06 10.38 12.33

TABLE 4 | Descriptive statistics.

Variables Observations Mean Standard deviation Min Max VIF

lnhqe 450 3.29 0.39 2.34 4.27 —

lnpgdp 450 10.25 0.62 8.53 11.78 —

lnreg 450 −0.42 0.57 −2.33 1.01 1.19
inv 450 71.11 24.85 19.56 147.95 2.91
Gov 450 22.29 9.77 7.98 62.84 2.02
Lnroad 450 2.58 0.37 1.40 3.27 1.78
Lnwage 450 9.51 0.74 6.43 11.15 1.12
Lnpop 450 7.79 0.53 5.24 8.75 1.15

TABLE 5 | The results of the cointegration test.

Three test statistics Lnhqe lnpgdp

Statistic p-value Statistic p-value

Modified Phillips-Perron t 9.0389 0.0000 8.6794 0.0000
Phillips-Perron t −6.9972 0.0000 −3.4783 0.0003
Augmented Dickey-Fuller t −8.2286 0.0000 −3.6924 0.0001
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HQED tends to increase with the increase of environmental
regulation, because HQED pays more attention to the
coordinated development of economy, society, and ecology.
According to Porter’s hypothesis, appropriate environmental
regulation can stimulate enterprises to engage in technological
innovation and reduce environmental pollution, thus promoting
HQED. However, when the environmental regulation level is
bigger than 0.0756, the level of HQED keeps decreasing as
environmental regulation increases, because strict
environmental regulation increases the cost of pollution
control, squeeze out the R&D investment in enterprise, and
even break the reasonable industrial chain, thus
inhibiting HQED.

According to column (4) of Table 6, the coefficient of the
quadratic term of environmental regulation is −0.0222 and the
coefficient of the primary term is −0.0258 at 5% level of
significance, indicating that there is a negative relationship
between environmental regulation and quantitative economic
development. That is, the relationship between environmental
regulations and quantitative economic development exhibits a
“compliance cost” effect, with stronger environmental regulations
inhibiting economic volume growth. At present, China’s
economic growth still depends on energy consumption, fossil
fuel burning, and secondary industry development. Strict
environmental regulations restrict the development of
pollution-intensive industries, which puts high energy
consumption and high pollution enterprises under greater cost
pressure and even triggers the phenomenon of enterprise closure
and industrial transfer, leading to a decline in the development
level of the region’s economic quantity.

According to the coefficient of the control variables, there is a
positive effect of the size of fixed asset investment on both HQED

and quantitative economic development. For every 1 percentage
point increase in the scale of fixed asset investment, the level of
HQED increases by 0.121% on average, and the level of
quantitative economic development increases by 0.216% on
average. It indicates that expanding the scale of fixed asset
investment helps to increase the vitality of enterprises, thus
promoting economic development. There is a significant
negative effect of government intervention on both HQED
and quantitative economic development. For every 1
percentage point increase in government intervention, the level
of HQED decreases by 1.41% on average, and the level of
quantitative economic development decreases by 0.933% on
average. This indicates that although government intervention
can solve the problem of “market failure” to some extent,
excessive government intervention may inhibit enterprise
innovation and is detrimental to the efficient allocation of
resources, thus reducing the economic development level.
Road area per capita and disposable income per inhabitant
have a significant contribution to the development of
economic high-quality and economic quantity. For every 1%
increase in road area per capita, the level of HQED increases
by 0.135% on average, and the level of economic quantity
development increases by 0.146% on average. For every 1%
increase in per capita disposable income, the average increase
in the level of HQED is 0.199% and the average increase in the
level of economic quantity development is 0.129%. It can be seen
that the increase of transportation convenience can promote
regional exchange, science and technology exchange, which is
beneficial to economic development; at the same time, higher per
capita disposable income means higher living standard, and
higher living standard helps to achieve economic development.
There is a negative correlation between urban population density
and HQED, and a positive correlation with the level of
quantitative economic development. For every 1% increase in
population density, the average level of HQED decreases by
0.0131%, while the average level of quantitative economic
development increases by 0.00795%. The reason is that
population gathering brings a large amount of labor force,
which can pull the economic quantity growth. However, too
much population means an increase in resource demand, energy
consumption, and pollution emissions, which is not conducive
to HQED.

4.3.2 Regional Heterogeneity Analysis of the Impact of
Environmental Regulation on China’s HQED
Table 7 shows the impact of environmental regulation on the
HQED and the quantitative economic development in China’s
eastern, central, and western regions. According to column (1),
the quadratic coefficient of environmental regulation is
−0.00945 and the primary coefficient is 0.00788, indicating
that there is an inverted U-shaped nonlinear correlation
between environmental regulation and HQED in the eastern
region. When the level of environmental regulation is lower
than 0.4169, there is an “innovation compensation” effect
between environmental regulation and HQED; when the level
of environmental regulation is higher than 0.4169, the increase
of environmental regulation will inhibit HQED in the eastern

TABLE 6 | The influence of environmental regulation on economic development.

Variables (1) (2) (3) (4)

lnhqe lnhqe Lnpgdp lnpgdp

lnreg2 −0.0394* −0.0293* −0.0332** −0.0222**
(0.0209) (0.0150) (0.0150) (0.00847)

Lnreg 0.0233 0.00443 −0.00523 -0.0258
(0.0207) (0.0193) (0.0240) (0.0188)

inv 0.00121 0.00216***
(0.000841) (0.000634)

gov −0.0141*** −0.00933***
(0.00456) (0.00286)

lnroad 0.135*** 0.146***
(0.0429) (0.0309)

lnwage 0.199*** 0.129*
(0.0689) (0.0649)

lnpop −0.0131 0.00795
(0.0192) (0.0144)

Constant 3.272*** 1.594** 9.561*** 8.153***
(0.0214) (0.591) (0.0187) (0.544)

Individual fixed yes Yes Yes yes
Time fixed yes Yes Yes yes
Observations 450 450 450 450
R-squared 0.626 0.721 0.977 0.986
Number of id 30 30 30 30

Note: robust standard error in parentheses; ***p < 0.01, **p < 0.05, *p < 0.1.
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region. According to column (2), the quadratic coefficient of
environmental regulation is -0.0201 and the primary coefficient
is −0.0357, indicating that there is a “cost of compliance” effect
between environmental regulation and quantitative economic
development in the eastern region. It can be seen that in the
eastern region, although environmental regulation reduces the
level of quantitative economic development, appropriate
regulatory measures are conducive to social and ecological
development for the better, and the social and ecological
gains outweigh the economic losses, thus increasing the level
of quality economic development in the region. According to
column (3), there is an “innovation compensation” effect
between environmental regulation and HQED in the central
region, and the level of HQED in the region gradually increases
with the strengthening of environmental regulation. The
regression results in column (4) show that there is a “U”
shaped relationship between environmental regulation and
quantitative economic development in the central region.
When the level of environmental regulation is lower than
0.5786, the relationship between environmental regulation
and quantitative economic development shows the “cost of
compliance” effect, and the increase of environmental
regulation will inhibit economic quantity development; when
the level of environmental regulation is higher than 0.5768, it
shows the promotion effect on economic quantity development.
It can be seen that in the central region, strict environmental
regulation measures increase the cost of pollution for
enterprises and force them to reform through technological
innovation and other means to promote economic quantity and
quality. Columns (5) and (6) demonstrate the effect of
environmental regulation on economic development in the

western region. According to the regression results, there is a
“cost compliance effect” between environmental regulation and
economic development in the western region, i.e., enhanced
environmental regulation inhibits economic quality
development and economic quantity development. The
reasons may lie in the lack of talent in the western region,
the level of technological innovation is more backward,
economic development is dominated by traditional
industries, and strict environmental regulations restrict
economic development in the western region, resulting in a
decline in both economic quality and economic quantity. In
summary, there is obvious regional heterogeneity in
environmental regulation effects due to differences in
geographic location, resource endowment, and other aspects.

4.3.3 Robustness Test
To test the reliability of the model results, this study applies the
core variable substitution method for robustness testing.
Specifically, regressions are conducted with the value of
HQED (hqe) as the explanatory variable, the squared term of
environmental regulation (reg2), and the primary term of
environmental regulation (reg) as the core explanatory
variables. In addition, regressions are conducted by using log
regional GDP (lngdp) as an indicator of economic quantitative
development and the squared term of log environmental
regulation (lnreg2) and the primary term of log environmental
regulation (lnreg) as the core explanatory variables. The results of
the robustness tests are shown in Table 8. Only the direction of
lnreg coefficient in column (4) and the direction of reg coefficient
in column (7) differs from the previous results. However, the
basic conclusion remains the same, both reflecting that stronger

TABLE 7 | The regional heterogeneity of environmental regulation.

Variables Eastern region Central region Western region

(1) (2) (3) (4) (5) (6)

lnhqe Lnpgdp lnhqe Lnpgdp lnhqe lnpgdp

lnreg2 −0.00945 −0.0201 0.0270 0.0210 −0.0447* −0.0107
(0.0167) (0.0151) (0.0224) (0.0197) (0.0202) (0.0147)

lnreg 0.00788 −0.0357 0.0797*** −0.0243 −0.0364 −0.00131
(0.0260) (0.0254) (0.0224) (0.0305) (0.0252) (0.0215)

inv 0.00141 0.00289*** 0.000321 0.00107 −0.000838 -0.000478
(0.000941) (0.000861) (0.000479) (0.000612) (0.00222) (0.000584)

gov −0.00402 −0.0144*** −0.00566** -0.0111** −0.0196*** −0.00792**
(0.00490) (0.00430) (0.00186) (0.00371) (0.00355) (0.00349)

lnroad 0.0268 0.0947*** −0.108 −0.0277 0.304** 0.0368
(0.0200) (0.0244) (0.0783) (0.164) (0.112) (0.0647)

lnwage 0.269 0.351* 0.123** 0.194 0.245* −0.00438
(0.151) (0.185) (0.0385) (0.113) (0.120) (0.0835)

lnpop −0.00700 −0.0165 −0.0175 0.0296 −0.0216 −0.0118
(0.0683) (0.0381) (0.0230) (0.0182) (0.0318) (0.00887)

Constant 1.316 6.986*** 2.603*** 7.705*** 0.993 9.383***
(1.221) (1.717) (0.407) (0.740) (0.917) (0.675)

Individual fixed yes Yes Yes yes yes yes
Time fixed yes Yes Yes yes yes yes
Observations 165 165 120 120 165 165
R-squared 0.615 0.990 0.948 0.993 0.789 0.992
Number of id 11 11 8 8 11 11

Note: robust standard error in parentheses; ***p < 0.01, **p < 0.05, *p < 0.1.
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environmental regulation has a suppressive effect on the
quantitative development of the eastern economy and the
high-quality development of the western economy. So far, the
robustness of the model is verified.

5 CONCLUSION AND POLICY
SUGGESTIONS

5.1 Conclusion
To realize the win-win of economic development and
environmental protection is always the focus of people’s
attention. As China enters a new stage of historical
development, HQED has become the goal pursued by China
in the new era. Given this, this study constructs an economic
quality development evaluation index system based on panel
data of 30 provinces (cities and regions) in China, and
establishes a panel data regression model to explore the
impact of environmental regulation on HQED. This study
mainly draws the following conclusions. First, China’s overall
and regional HQED index shows a fluctuating upward trend.
Among them, the high-quality development index of China’s
economy increases from 27.87 to 33.95, with an increase of
22%. The HQED index of the eastern region increases by 10%
from 40.82 to 44.93. The central region’s index increases by
33% from 22.87 to 30.33. The western region’s index increases
by 38% from 18.55 to 25.60. Second, China’s economic high-
quality development index shows obvious regional differences.
Among them, the HQED index of the eastern region has always
been the best, far higher than that of the central and western
regions. The central region ranks second among the three
regions, but has been lower than the national average for years.
The HQED index in the western region has been the lowest for
years, and there is a large room for progress. Third, the level of
high-quality development of the Chinese economy is low. Both

at the national and regional level, the HQED has not reached
the passing level. Among the 30 provinces (cities, regions),
only Guangdong province barely passes the high-quality level
of economic development. Fourth, there is an inverted “U”
shaped relationship between environmental regulation and
HQED, and a “cost of compliance” effect between
environmental regulation and quantitative economic
development. Fifth, in China, the effect of environmental
regulation has certain regional heterogeneity. Specifically,
the impact of environmental regulation on economic
development in eastern China is similar to that in the
whole country. However, in the central region, there is an
“innovation compensation” effect between environmental
regulation and HQED, while there is a “U” shape
relationship between environmental regulation and
quantitative economic development. In the western region,
strict environmental regulation has a restraining effect on
HQED and quantitative economic development.

5.2 Policy Suggestions
According to the conclusion, this study put forward the
following suggestions. First, it is necessary to attach
importance to coordinated regional development and
coordinate the high-quality and all-round improvement of the
economy in the eastern, central, and western regions. It is found
that although the HQED of China and the three regions shows an
upward trend, there are obvious regional differences in the
HQED index. Therefore, it is important to strengthen the
exchange of talents, technology, and other factors between
regions, narrow the regional development gap,
comprehensively improve the quality of China’s economic
development level, and promote the coordinated development
of the high-quality economy. Second, it is of great significance to
firmly establish the concept of HQED and promote steady
progress of HQED. The level of high-quality development of

TABLE 8 | The results of empirical test.

Variables Nationwide Eastern region Central region Western region

(1) (2) (3) (4) (5) (6) (7) (8)

hqe lngdp hqe Lngdp hqe lngdp hqe lngdp

reg2 −1.133*** −1.251 0.0586 −0.993*
(0.375) (0.798) (0.740) (0.546)

Reg 3.094** 3.451 1.505 2.286
(1.191) (2.587) (1.747) (1.438)

lnreg2 −0.0109* −0.00344 0.0168 −0.00408
(0.00606) (0.00604) (0.0156) (0.00915)

lnreg −0.0139 0.00163 −0.0161 −0.00242
(0.0142) (0.00778) (0.0232) (0.0165)

Constant −10.61 7.412*** −78.87 6.097*** 1.266 6.894*** −4.288 8.133***
(10.46) (0.440) (53.79) (1.376) (9.492) (0.517) (15.74) (0.387)

Control variables yes yes yes yes yes yes yes yes
Individual fixed yes yes yes yes yes yes yes yes
Time fixed yes yes yes yes yes yes yes yes
Observations 450 450 165 165 120 120 165 165
R-squared 0.749 0.990 0.610 0.990 0.950 0.995 0.843 0.995
Number of id 30 30 11 11 8 8 11 11

Note: robust standard error in parentheses; ***p < 0.01, **p < 0.05, *p < 0.1.
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China’s economy is relatively backward, with no region reaching
the pass mark except Guangdong Province. Therefore, all
government departments, enterprises, and individuals should
firmly establish the idea of HQED, protect the environment and
save resources, abandon the “GDP only” theory, formulate and
abide by the scientific macroeconomic control system, and
promote the transformation of economic growth from
quantity to quality. Third, it is a top priority to develop green
industries and promote economic progress while maintaining
stability. Appropriate environmental regulation is conducive to
improving the level of HQED. At the same time, it will eliminate
pollution-intensive industries, resulting in the reduction of the
level of economic quantitative development. To ensure steady
economic progress, it is necessary to develop green industries,
promote industrial transformation and upgrading, stimulate
consumer demand and support steady and sound economic
development. Fourth, we should adopt appropriate
environmental regulation measures under local conditions,
and avoid the idea of “one size fits all”. China is a vast
country with different customs, people, and resources.
Therefore, for different regions, field research and other
measures should be taken as far as possible to grasp the
regional reality, formulate and adjust environmental
regulation measures according to the actual situation,
effectively guarantee people’s livelihood needs, protect
ecological resources, and make decisions that are most
conducive to the high-quality development of the local economy.

This research measures the level of high-quality economic
development and studies the impact of environmental regulation
on it. However, there are still some limitations in this study.
When studying the impact of environmental regulations on high-
quality economic development, on the one hand, the economic
effects of different environmental regulations are not considered.
In the future, the impact of heterogeneous environmental
regulations on high-quality economic development can be
studied. On the other hand, the influence of spatial factor is
ignored. In the future, spatial econometric models can be used for
analysis.
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The Protein Losses of Three Major
Cereal Crops by Natural Disasters in
China From 1988 to 2020
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Natural disasters have a major detrimental impact on agricultural production. In recent
decades, China has experienced more frequent natural disasters as a result of climate
change. Although the spatial and temporal changes in natural disasters for individual
catastrophic activities are well understood, the impact of several disasters on cereal crop
productivity and subsequent quality loss remains unknown. Furthermore, due to the key
significance of cereal in China’s daily diet, a decrease in cereal quality, namely protein, will
have a detrimental effect on nutrient supply. To better understand the relationship between
natural disasters and cereal crop food quality in China, we used province-level data from
1988 to 2020 to construct a dataset of natural disasters, crop production, and protein
contents of cereal crops (rice, wheat, and maize). Our findings suggest that activities in
areas affected by natural disasters have decreased dramatically since the 21st century,
with changes in areas affected by such disasters varying by province. Between 1988 and
2020, the total protein losses from grain and straw harvests due to natural disasters were
11.93 and 391.27 million tons. Overall, the annual mean total protein loss in maize, rice,
and wheat was 4,982.26, 5,055.4, and 4,200.34 thousand tons, respectively. Although
was responsible for half of the protein losses in more than half of the provinces. Drought
and floods accounted for 80% of the total area affected by all natural disasters.

Keywords: natural disasters, agricultural, protein losses, sustainable production, China

INTRODUCTION

Natural disasters, which are described as unavoidable natural phenomena that occur all over the
world, can cause significant property damage and loss of life. The 2018 State of Food Security and
Nutrition in the World report shows that (Organization 2018), extreme weather conditions such as
natural disasters have a negative impact on agricultural productivity, food production, and existing
food growing practices, thereby widening the food supply gap over a longer period of time (Lesk
et al., 2016). Droughts, floods, low-temperature events, hailstorms, and typhoons are among the
natural disasters that have a profound effect on agriculture (Guan et al., 2015), although predicting
the intensity of such natural disasters in advance allows communities to take measures to sustain
food production as much as possible (Wang et al., 2020). As the world’s largest producer and
consumer of cereals, China is increasingly studying the effects of natural disasters on cereal yields
within China in the context of more frequent natural disasters (Lei and Wang 2014). For example,
Long Fang et al. studied the impact of natural disasters on grain yields in China and showed that the
rate of natural disaster success has a large impact on rice yield (Fang et al., 2011). As protein is the
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second most abundant nutrient in cereals besides carbohydrates,
we can hypothesize that the impact of natural disasters on
agriculture will result in changes in cereal protein yields.

Protein is an extremely complex nitrogen-containing organic
molecule that serves as the basic foundation for life (Heird 1998;
Westerterp-Plantenga 2003). Protein supply is a direct indicator
of people’s physical and mental well-being, as well as an essential
emblem of a country’s economic, scientific, and cultural
development (Wardlaw and Insel 1996; Luo 2006). Because
China has such a large population, ensuring an adequate
protein supply and improving the level of quality protein has
always been a priority for the country’s food plan (Luo 2006).
Because the majority of animal protein is obtained through the
consumption of plant protein, increasing plant protein
production, particularly cereal protein, has become the key to
solving this problem. Grains such as rice, corn and wheat are rich
in protein (7–15% of dry weight), which makes them an
important source of protein for human needs. Cereal protein
raw materials are abundant and inexpensive, and they have
unrivaled functions and a vast potential for application in the
food industry, whether as food additives or protein sources
(Wang and Kang 2006). China is experiencing a higher
demand for food as its population grows and its economy
develops, yet the trend of declining arable land and water
resources in China is unstoppable year after year (Luo 2006).
In this context, increasing grain protein yield per unit of arable
land is gradually becoming a high-profile research topic (Luo
2006). In addition, although straw is not high in protein, it is an
important source of protein when formulating feeds for livestock,
especially fast-growing monogastric animals such as pigs and
poultry (Shewry 2007). In 2017, worldwide wheat, maize, and rice
output totaled 0.772, 1.13, and 0.770 billion tons, respectively. In

China, agriculture accounted for 14.3, 14.2, and 25% of totals
http://www.fao.org/faostat/zh/# data/QC/visualize). Grain and
straw harvests from cereal crops (wheat, maize, and rice) in
China totaled more than 0.46 and 0.81 million tons,
respectively (Zheng et al., 2020).

Natural disasters have always struck China as a result of its
complex geographical environment and the regular occurrence of
the East Asian monsoon (Simelton 2011; Zhou et al., 2013). These
repeated calamities have hampered China’s economy and society’s
long-term growth. For example, natural disasters, cost the Chinese
economy 264.5 billion RMB in 2018, affecting 130 million people
and resulting in 589 deaths, as well as damaging 20.8 million
hectares (ha) of cropland. As a result, natural disasters have a
detrimental impact on China’s food output. Although some
previous research has looked into the spatiotemporal patterns of
natural disasters and their effects on grain production (Shi and Tao
2014; Du et al., 2015), no complete analysis ofmultiplemajor natural
disasters and their impacts on various cereal crops has been
performed (Guo et al., 2019). Furthermore, although cereals such
as rice, maize and wheat provide 37% of the protein in the global
human diet (Liu et al., 2021), o our knowledge, no study has
estimated losses in the cereal protein harvest due to natural disasters.

To examine the relationship between climatic events and grain
protein content, we collected datasets on natural disasters and crop
output in China from 1988 to 2020, using data at the provincial
level, and assessed the protein levels of different cereal crops. We
also asked the following three questions: 1) How have natural
disasters affected different cereal harvests in China over the last
3 decades? 2) What are the different effects of natural disasters on
different cereal crops in different spatial dimensions? 3) During the
time period selected for this study, how much protein was lost as a
result of various natural disasters?

FIGURE 1 | Trends in the area affected by natural disasters from 1988 to 2020. The smooth lines in each panel represent loss trends.
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METHOUDS AND MATERIALS

Study Area
The People’s Republic of China, is the third largest country in
the world in terms of land area, and the results of the seventh
national census of China show that its total population is 144,
349, 7378, ranking first in the world. This means that China
supports more than 20% of the world’s population with only
7% of the world’s land area, and sustainable agricultural
production therefore plays a crucial role in China’s food
security (Zhao et al., 2022b; Xia et al., 2022). Cereal
production areas are widely distributed in China, and the
country’s vast size, the wide latitudinal span between north
and south and the complexity and diversity of its climate have
led to the occurrence of many different types of natural
disasters throughout the country (Song et al., 2020; Shahzad
et al., 2022). Therefore, to ensure the comprehensiveness of the
study, this paper collected data on natural disasters and cereal
production in all provincial-level regions within China except
Hong Kong, Macau, and Taiwan (data for these three regions
were not available) between 1988 and 2020, and used them to
investigate the changes in natural disasters and their effects on
cereal protein harvest within each province and six geographic
regions of China during the corresponding time period.
According to the traditional definition, the six geographical
regions of China are defined as Northeast (NE), North China
(N), the Changjiang River region (CJ), Northwest (NW),
Southwest (SW), and Southeast (SE) (Shutian et al., 2011)
(Supplementary Table S1). These six geographic regions tend
to have very different climatic characteristics, which results in
them often receiving different natural disasters.

Data Sources
The statistics for natural disasters are from the China Rural Statistics
Yearbook (http://data.cnki.net/yearbook/single/N201903022_0). The
yearly areas of various disaster effect intensities were included in these
statistics. There were three levels of disaster intensity: mild (grain loss
between 10 and 30%), moderate (30–70%), and severe (>70%). In
addition, data on the areas impacted by natural disasters such as
floods, droughts, cold temperatures, and hail were gathered. The
China Agriculture Statistical Report (http://data.cnki.net/yearbook/
Single/N2017120001) was used to obtain cultivation areas and
productivity statistics for cereal crops. Finally, all information was
gathered and analyzed at the provincial level.

Statistical Analysis
The formulas utilized to compute the protein loss due to natural
disasters from grain across the full study area are Eqs. 1–5.

PLGrain � ∑
31

i�1
∑
3

k�1
∑
5

i�1
Yield × ADj × CARk × Prok × Intj × 0.01

(1)
SD(PLGrain) � ∑

31

i�1
∑
3

k�1
∑
5

i�1
Yield × ADj × CARk × Prok × Intj × SDj × 0.01

(2)
PLStraw � ∑

31

i�1
∑
3

k�1
∑
5

i�1
Yield × ADj × CARk × Prok × Intj × GtSi,j

× (1 − STRi,j − STBi,j) × 0.01 (3)

SD(PLStraw) � ∑
31

i�1
∑
3

k�1
∑
5

i�1
Yield × ADj × CARk × Prok × Intj × GtSi,j

× (1 − STRi,j − STBi,j) × SD × 0.01 (4)

FIGURE 2 | Trends in the ratio of the natural disaster-affected area to the total cultivation area for different disaster intensities and different crops from 1988 to 2020.
The smooth lines in each panel represent loss trends.
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PL � PLGrain + PLStraw (5)

Where i denotes the province, k the crop type, and j the disaster
type; PLGrain and PLStraw (ton) represents the total protein loss
from grain and straw in China; The yield of each crop per
hectare is referred to as the Yield. The disaster-affected area is
represented by AD. The ratio of different cereal cultivation
areas is represented by CAR. Pro represents the protein content

of different cereal crop’s grain or straw. The loss of grain caused
by various levels of natural disaster intensity is referred to as
Int. STR stands for the rate of straw return in various provinces
and for various cereal crops. The rate of straw burning in
different provinces and for different cereal harvests is
represented by STB. The standard deviation of the different
natural disasters’ intensities is represented by SD. The
conversion factor in the equations is 0.01, which represents

FIGURE 4 | Changes in the yield of rice, wheat, and maize in China from 1988 to 2020. The smooth lines in each panel represent loss trends.

FIGURE 3 | Trends in the ratio of the area affected by each natural disaster type to the total cultivation area from 1988 to 2020. The smooth lines in each panel
represent loss trends.
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the standard deviation of the intensities of the various natural
disasters. The parameters stated above include detailed
information, which is presented below. Supplementary

Table S2 shows the grain to straw ratio, which was derived
from the references therein (Liu and Li 2017). Supplementary
Table S3 and Supplementary Table S4 show the straw

FIGURE 5 | Changes in the area affected by different mild natural disasters for rice, maize, and wheat in each province from 1988 to 2020.
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returning rates and straw burning rates in different regions for
wheat, maize, and rice over different study periods (Liu and Li
2017). Supplementary Table S5 shows the severity of natural

disasters. Supplementary Table S6 shows the average protein
content of wheat, maize and rice in different provinces based on
data from the China Crop Germplasm Resources Information

FIGURE 6 | Changes in the area affected by different moderate natural disasters for rice, maize, and wheat in each province from 1988 to 2020.
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Network (https://www.cgris.net/), Crop straw feed processing
and application and National Library of Standards (http://
www.nssi.org.cn/), China (Xing 2008).

Linear regression was used to determine the change in protein
losses due to natural disasters and the change in affected areas in
each province from 1988 to 2020. The R programming language

FIGURE 7 | Changes in the area affected by different severe natural disasters for rice, maize, and wheat in each province from 1988 to 2020.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8847547

Huang et al. Natural Disasters and Sustainable Production

391377

https://www.cgris.net/
http://www.nssi.org.cn/
http://www.nssi.org.cn/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


TABLE 1 | Linear changes in the maize cultivation area affected by different natural disasters from 1988 to 2020. * indicates the presence of statistical significance (Ps < 0.05).

Regin Province Mild Moderate Severa

Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total

CJ Anhui -2.94 -0.48 -0.25 0.08 -3.06 -2.24 -1.37 -0.4* 0.02 -3.72 -0.39 -0.24 -0.08* -0.01 -0.62
Hubei -2.53 1.7 -0.39 1.49 0.41 -1.78 0.77 -0.19 0.54 -0.61 -0.45 0.04 -0.06 0.04 -0.49
Hunan -0.04 1 0.07 1.05 2.23 -0.02 0.29 -0.01 0.6 0.92 0.1 -0.04 0 0.1 0.18
Jiangsu -4.36* -4.84* -1.06* -0.8 -10.64* -2.1* -2.02 -0.56* -0.33 -4.83* -0.4* -0.56 -0.09* -0.03 -1.06*
Jiangxi -0.22* -0.13 -0.05* 0.02 -0.37* -0.07 -0.09 -0.02* 0.01 -0.17 -0.01 -0.06 -0.01 0 -0.08
Shanghai -0.21 -0.26 -0.09 -0.04 -0.59 -0.06 -0.15 -0.04 -0.01 -0.26 -0.01 -0.04 -0.01 0 -0.06
Zhejiang -0.11 -0.37* -0.13* 0.18 0.23 -0.04 -0.22* -0.05* 0.06 0.04 -0.03 -0.07* -0.01* 0 -0.01

N Beijing -2.46* -0.1 -0.55 0.01 -3.07* -1.06* 0.04 -0.13 -0.01 -1.14* -0.18* -0.01 -0.03 0 -0.26*
Hebei -18.28* 0.08 -1.86 1.79 -18.09* -6.95 -1.01 -2.24 1.05 -8.95 -1.12 -0.84 -0.63 0.2 -2.86
Henan -20.94* -4.02 -0.51 -1.29 -41.15 -13.83* -2.03 -0.54 -0.48 -16.65* -2.62* -0.83 -0.53 -0.14 -6.11
Shandong -31.05* -4.1 -5.17* 0.45 -37.74* -13.97* -3.78 -2.32* 0.05 -19.14* -3.08* -1.36* -0.61* 0.01 -5.24*
Shanxi 1.79 0.52 1.59 3.32 7.28 -0.16 0.13 1.45* 1.51 2.99 -0.06 -0.09 0.2 0.56* 0.38
Tianjin -2.95* -0.13 -0.58* 0.05 -3.55* -1.23* 0.07 -0.19 0.01 -1.32* -0.28 -0.04 -0.03 0 -0.39*

NE Heilongjiang 11.66 -8.85 4.11 -1.66 10.33 9.31 -2.88 2.87* -0.56 10.58 -0.3 -0.47 0.63 -0.16 -0.14
Jilin -15.94 -19.39* -2.61 -5.19* -41.94* -6.39 -12.74* -2.05 -2.99* -25.71* -1.38 -4.22* -0.51 -0.45* -7.25*
Liaoning -3.32 -4.98 -2.5* -1.46 -10.34 0.56 -3.69 -1.25 -0.93 -4.11 1.81 -1.81 -0.14 -0.15 -0.63

NW Gansu 9.98* 1.83* 2.4* 4.57* 18.87* 5.73* 1.35* 1.55* 2.03* 10.71* 0.73 0.18* 0.27* 0.25 1.39*
Inner Mongolia 40.5* 6.68 8.29* 4.36 59.78* 25.01* 3.06 5.21* 2.36 35.74* 7.34* 1.2 1.24* 0.57 10.07*
Ningxia 3.51* 0.24 0.62* 0.92 5.29* 1.89* 0.12 0.35* 0.27 2.65* 0.37 0.03 0.13* 0.1 0.59*
Qinghai 0.39* 0.1* 0.32* 0.22* 1.03* 0.17* 0.05* 0.23* 0.09* 0.55* 0.01 0.01* 0.05* 0.01* 0.08*
Shaanxi -14.98* -1.64 0.57 0.62 -15.39* -7.42* -1.45 0.31 0.17 -8.35* -2.21* -0.23 0.05 0.11 -2.49*
Xinjiang 3.27 1.49* 5.64* 3.06 14.54* 2.17 1.07* 4.6* 1.91 10.04* 0.21 0.21 1.01* 0.23 1.61*
Yunnan 10.91 -0.13 1.11 3.17* 15.94* 7.49 -0.26 0.6 1.12 9.41* 2.43 -0.03 0.24 0.33 2.99*

SE Fujian -0.08 -0.16 -0.01 0.08 0.1 -0.03 -0.07 0 0.02 0.05 -0.01 -0.02 0 0.01 0.01
Guangdong -0.26 -0.09 -0.17 0.01 1.37* -0.11 -0.11 -0.07* -0.02 0.51 -0.02 -0.05 -0.02 -0.01 0.11
Guangxi -4.48* -2.21 -0.63 0.52 -3.63 -2.71* -1.44 -0.38* 0.17 -3.34* -0.67* -0.66 -0.09* -0.09 -1.54*
Hainan -0.34* -0.36 -0.28 -0.02 -0.78 -0.05 -0.18 -0.14 -0.01 -0.28 -0.01 -0.05 -0.03 0 -0.04

SW Chongqing -11.68* -3.77 -2.2* -1.29 -18.2* -5.95* -2.69 -1.69* -0.84 -10.69* -1.26 -0.43 -0.5* -0.08 -2.29*
Guizhou 0.71 -1.15 -0.94 1.24 0.19 2.05 -0.94 -0.66 0.39 0.92 1.8 -0.2 -0.02 0.17 1.62
Sichuan -14.07* -3.94 -3.2* 0.25 -20.89* -6.53* -2.45 -1.25* -0.05 -9.59* -1.25* -0.74 -0.28* -0.01 -2.47*
Tibet -0.18 -0.02 -0.01 -0.01 -0.21 -0.05 -0.01 0 0 -0.07 -0.01 0 0 0 -0.01
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TABLE 2 | Linear changes in the rice cultivation area affected by different natural disasters from 1988 to 2020. * indicates the presence of statistical significance (Ps < 0.05).

Regin Province Mild Moderate Severa

Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total

CJ Anhui -21.87* -12.37 -2.86* -1.06 -36.64* -12.63* -12.04 -2.55* -0.35 -26.81* -2.33 -3.14 -0.53* -0.07 -5.69*
Hubei -30.81* -9.58 -4.16* 2.93 -40.99* -17.05* -5.38 -1.82 0.93 -23.1* -3.66* -2.09 -0.56 -0.08 -6.84*
Hunan -37.35* -23.22 -4.2* 13.2 -49.34* -20.26* -17.55* -2.5* 8.08 -31.2* -2.71 -6.76* -0.35 1.38 -8.36*
Jiangsu -21.76* -25.47* -5.25* -3.98 -54.16* -10.46* -10.69 -2.82* -1.62 -24.63* -2.02* -2.98 -0.47* -0.14 -5.47*
Jiangxi -53.11* -11.81 -7.74* 3.85 -66.19* -19.42* -7.77 -3* 2.11 -27.18* -3.85 -5.66 -0.76* 0.62 -10.07*
Shanghai -6.23 -7.53 -2.63 -1.19 -17.18 -1.62 -4.52 -1.29 -0.4 -7.66 -0.39 -1.25 -0.28 -0.06 -1.8
Zhejiang -15.78* -26.67* -7.04* 2.12 -39.64* -6.1* -15.08* -2.99* 0.75 -20.48* -2.09 -4.19* -0.73* 0.01 -5.32*

N Beijing -0.39* -0.08* -0.17* 0 -0.63* -0.17* -0.03* -0.08* 0 -0.28* -0.03* -0.01* -0.02* 0 -0.06*
Hebei -1.99* -0.32* -0.49* -0.02 -2.82* -0.9* -0.22 -0.34* 0 -1.45* -0.17* -0.08 -0.08* 0 -0.37*
Henan -5.07* -0.99 -0.19 -0.31 -10.17 -3.24* -0.5 -0.15 -0.12 -3.94* -0.61* -0.19 -0.13 -0.03 -1.45
Shandong -1.6* -0.3 -0.31* 0 -2.12* -0.74 -0.23 -0.14* 0 -1.07* -0.16* -0.08* -0.03* 0 -0.28*
Shanxi -0.22* -0.04* -0.02* -0.02 -0.3* -0.11* -0.02* -0.01* -0.01 -0.15* -0.02* -0.01* 0* 0 -0.03*
Tianjin -1.02* -0.15 -0.28* 0 -1.44* -0.42* -0.06 -0.13* 0 -0.6* -0.09 -0.02 -0.03* 0 -0.16*

NE Heilongjiang 15 2.06 3.28 -0.05 23.34 9.1 1.72 2.07* 0.15 14.16 0.39 0.66 0.45 0 1.6
Jilin -2.53 -3.64* -0.42 -0.98* -7.33* -0.95 -2.4* -0.35 -0.59* -4.58 -0.22 -0.79* -0.09 -0.09* -1.32
Liaoning -4.37 -1.8 -1.08* -0.59 -7.28 -1.66 -1.32 -0.53* -0.37 -3.51 0.08 -0.61 -0.07 -0.06 -0.82

NW Gansu -0.03 -0.01 0 0.02 -0.02 -0.01 0 0 0.01 0 -0.01 0 0 0 -0.01
Inner Mongolia 0.08 -0.09 0.03 0.02 0.03 0.14 -0.13 0.04 -0.01 0.05 0.11 -0.04 0.01 0.01 0.06
Ningxia 0.41 0 0.04 0.12 0.56 0.28 0 0.03 -0.02 0.29 0.03 -0.01 0.03 0.01 0.04
Qinghai 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Shaanxi -2.86* -0.49* -0.08 -0.02 -3.45* -1.43* -0.33* -0.04 -0.03 -1.83* -0.38* -0.08 -0.01 0 -0.49*
Xinjiang 0.03 0.05 0.21 0.23 0.72 0.1 0.06 0.31* 0.15 0.68* 0 0.01 0.07* 0.01 0.09
Yunnan 6.13 -1.11 0.45 1.99 8.11 4.81 -0.75 0.27 0.66 5.33 1.64 -0.16 0.14 0.22 1.83

SE Fujian -8.96* -19.62* -1.81* -0.39 -27.75* -3.43 -9.88* -0.8* -0.7 -13.67* -0.72 -2.54* -0.18* -0.08 -3.18*
Guangdong -27.8* -21.07* -9.58* -3.12 -43.73* -11.24* -12.37* -4.31* -1.55 -20.99* -2.2* -3.54* -1.01* -0.46 -5.35*
Guangxi -22.86* -11.52* -3.09* 1.84 -24.61* -13.74* -7.16 -1.8* 0.6 -18.56* -3.22* -3.04 -0.45* -0.36 -7.34*
Hainan -10.98* -12.25 -8.97 -0.37 -25.11 -1.59 -6.04 -4.75 -0.22 -9.74 -0.3 -1.63 -1.06 -0.05 -1.6

SW Chongqing -18.4* -6.32 -3.44* -2.03 -29.06* -9.35* -4.4* -2.61* -1.32 -16.96* -1.98 -0.73 -0.77* -0.13 -3.63*
Guizhou -2.41 -2.61 -1.68* 0.54 -5.84 0.36 -1.71* -1.04* 0.07 -2.23 1.29 -0.4 -0.12 0.1 0.71
Sichuan -27.51* -9.13* -6.12* -0.02 -42.67* -12.64* -5.25* -2.42* -0.28 -19.5* -2.41* -1.54* -0.54* -0.05 -4.9*
Tibet -0.05 -0.01 0 0 -0.07 -0.02 0 0 0 -0.02 0 0 0 0 0
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TABLE 3 | Linear changes in the wheat cultivation area affected by different natural disasters from 1988 to 2020. * indicates the presence of statistical significance (Ps < 0.05).

Regin Province Mild Moderate Severa

Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total

CJ Anhui -19.04* -9.41 -2.37 -0.62 -29.83* -11.49 -10.1 -2.27* -0.22 -23.27* -2.1 -2.51 -0.47* -0.05 -4.78
Hubei -15.92* -5.3 -2.18* 1.31 -21.82* -8.77* -2.95 -0.97* 0.37 -12.23* -1.87* -1.12 -0.29* -0.06 -3.59*
Hunan -2.62* -2.49* -0.37* -0.08 -5.56* -1.41* -1.51* -0.18* -0.03 -3.13* -0.27* -0.46* -0.03* -0.01 -0.79*
Jiangsu -20.99* -25.64* -5.15* -3.93 -53.7* -10.03* -10.85 -2.77* -1.59 -24.39* -1.94* -3.02 -0.47* -0.13 -5.42*
Jiangxi -1.49* -0.8* -0.24* -0.1 -2.62* -0.56* -0.48* -0.09* -0.04 -1.18* -0.11* -0.18* -0.02* -0.01 -0.35*
Shanghai -1.71 -2.08 -0.72 -0.37 -4.72 -0.44 -1.23 -0.35 -0.13 -2.09 -0.12 -0.34 -0.08 -0.02 -0.49
Zhejiang -2.09* -3.53* -0.9* 0.05 -5.98* -0.81* -1.96* -0.38* 0 -3* -0.27 -0.54* -0.09* -0.01 -0.75*

N Beijing -2.22* -0.31 -0.77* 0 -3.28* -0.97* -0.1 -0.31* -0.01 -1.37* -0.18* -0.02 -0.08* 0 -0.32*
Hebei -29.9* -3.41 -5.99* 0.68 -38.44* -12.69* -2.89 -4.65* 0.55 -19.47* -2.25 -1.28 -1.14* 0.1 -5.16*
Henan -59.22* -12.35 -3.34 -3.8 -115.1 -36.72* -6.11 -2.29 -1.38 -45.94* -6.98* -2.22 -1.42 -0.36 -15.93*
Shandong -58.12* -11.8 -10.55* -0.35 -78.24* -25.92* -8.34* -4.61* -0.16 -37.94* -5.46* -2.71* -1.16* -0.01 -9.8*
Shanxi -20.08* -4.13* -1.13 -0.26 -25.55* -10.51* -2.05* -0.25 -0.34 -13.08* -2.06 -0.66* -0.12 0.15 -3.03*
Tianjin -2.75* -0.26 -0.64* 0.03 -3.58* -1.14* -0.04 -0.25 0 -1.4* -0.26 -0.05 -0.05 0 -0.39*

NE Heilongjiang -21.45* -20.14* -1.74* -2.51* -45.65* -10.1* -9.89* -0.7* -1.36 -21.97* -1.92* -2.94* -0.16 -0.25 -5.32*
Jilin -1.32* -0.83* -0.23* -0.22* -2.61* -0.65* -0.52* -0.14* -0.12* -1.48* -0.15 -0.17* -0.03* -0.02* -0.4*
Liaoning -2.37* -1.1 -0.36* -0.21 -4.02* -1.14* -0.72 -0.24* -0.12 -2.21* -0.24 -0.28 -0.04* -0.02 -0.61*

NW Gansu -11.46 -2.96* -1.59 2.76 -13.03 -4.18 -1.06 -0.44 1.12 -4.46 -1.29 -0.48* -0.1 0.21 -1.86
Inner Mongolia -15.38* -4.81* -2.31* -1.52 -24.04* -8.4* -3.59* -0.86* -1.15 -13.95* -1 -1.14 -0.21 -0.1 -2.84
Ningxia -2.43 -0.43 -0.7 -0.5 -4.08* -0.79 -0.2 -0.29 -0.53 -1.77 -0.29 -0.09 -0.02 -0.06 -0.57
Qinghai -2.79 -0.57 -0.61 0.68* -3.29 -1.14 -0.1 -0.27 0.25 -1.22 -0.38 -0.03 -0.1 0.04 -0.52
Shaanxi -32.17* -5.92* -1.49 -0.5 -40.01* -16.12* -3.87* -0.71 -0.4 -21.05* -4.17* -0.92 -0.16 0.01 -5.59*
Xinjiang 0.15 1.15 4.84 3.23 11.72* 1.15 1.18 5.29* 2.03 10.42* -0.11 0.2 1.2* 0.17 1.36*
Yunnan 0.71 -1.61* -0.3 0.31 -0.6 1.3 -0.95* -0.13 0.04 0.4 0.55 -0.22 0.01 0.05 0.36

SE Fujian -0.75* -1.63* -0.17* -0.18* -2.89* -0.3* -0.84* -0.07* -0.11 -1.41* -0.06* -0.22* -0.02* -0.02 -0.33*
Guangdong -0.71* -0.43* -0.2* -0.07 -1.46* -0.3* -0.23* -0.1* -0.03 -0.67* -0.06* -0.06* -0.02* -0.01 -0.16*
Guangxi -0.25* -0.15* -0.03* -0.01 -0.45* -0.14* -0.09* -0.02* -0.01 -0.25* -0.03* -0.03* 0* 0 -0.07*
Hainan 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

SW Chongqing -13.21* -6.73* -2.56* -1.9 -23.64* -6.38* -4.19* -1.84* -1.07* -13.01* -1.32* -0.74* -0.55* -0.12* -2.74*
Guizhou -3.88* -3.17* -1.78* -0.35 -8.95* -1.25 -1.86* -1.04* -0.23 -4.32* 0.18 -0.46* -0.19* -0.01 -0.56
Sichuan -21.64* -8.35* -4.8* -0.34 -35.06* -9.92* -4.65* -1.96* -0.33 -15.92* -1.87* -1.32* -0.43* -0.06 -3.93*
Tibet -2.91 -0.36 -0.14 -0.2 -3.62 -0.89 -0.2 -0.09 -0.09 -1.26 -0.18 -0.04 -0.01 0 -0.25
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was used to conduct all statistical analyses and create graphs
(Wang and Kang 2006; Null et al., 2011).

RESULTS

Trends in Disaster-Affected Areas Between
1988 and 2020
Changes in the areas impacted by disasters at three levels of
intensity exhibited similar trends (Figure 1). Drought and
floods were the most widespread of the four natural disasters
examined in this study, accounting for 80% of the total area
affected by all natural disasters. By cereal type, the affected area
formaize increased before 2003 and then decreased afterwards. For
rice and wheat, a linear decrease was observed in the mild effect
category from 1988 to 2020 and in the moderate and severe effect
categories after 2000. Before 2000, flat trends were observed in the
moderate and severe effect categories. The ratio of affected cereal
area to total crop area for each degree of disaster has shown a trend
of first increasing and then decreasing over the past 3 decades
(Figure 2). Most reached a maximum around 2000, different from
that the trends shown in Figure 1. As shown in Figure 3, the areas
affected by mild, moderate, and severe effects accounted for 48.50,
25.31, and 6.07% of the cultivated cereal area in each of the three
categories. Furthermore, the highest percentages of cultivated area
affected by the mild effect, moderate effect, and severe effect were
77.05, 42.33, and 11.89%, respectively. Despite the negative effects
of natural disasters on crop yields, cereal grain yield has continued
to increase throughout time (Figure 4); yields of rice and corn in
China in 2020were 6,861.74 kg/ha, 5,327.08 kg/ha and 5,971.33 kg/
ha, respectively.

Trends in Disaster-Affected Areas on
Different Spatial Scales for Various Natural
Disasters
There were regional differences in the areas affected by mild
(Figure 5), moderate (Figure 6) and severe (Figure 7) natural
disasters at the provincial level. For maize in the NE, N, and
Inner Mongolia in the NW, drought was the primary disaster;
for rice in the CJ and SE, drought and flooding were the
primary disasters that affected production regions; and for
wheat in the N, drought was the primary disaster. For
moderate disasters (Figure 6), the impacted areas for maize
and rice showed a pattern similar to that for mild disasters at
the provincial level, whereas the affected area for wheat
declined rapidly after 2003. For severe disasters (Figure 7),
drought affected maize in the North region and Inner
Mongolia; flood affected rice in the provinces of Jiangxi and
Hunan; and drought affected wheat in the provinces of
Shandong, Henan, and Shanxi.

Table 1, Table 2, Table 3 illustrate linear changes in grain
cultivation areas for each province. For maize, 13 of the 31
provincial units selected for this study showed a significant
linear trend in the total area of cereals exposed to all classes of
disasters during 1988–2020, with the areas of mild effects in Jilin,
Henan, and Shandong decreasing by 41.95, 41.15, and 37.74
thousand ha per year, respectively, and Inner Mongolia’s mildly
impacted region increasing by 59.78 thousand ha per year. In
addition, for all three disaster classes, all provinces in Northwest
China except Shaanxi showed a significant upward trend in the
area of rice damage, and drought was often the most significant
factor. In most provinces, the area of wheat affected by natural
disasters has been decreasing year by year. The exception is

FIGURE 8 | Trends in protein loss from the grain harvest in maize, rice, and wheat due to different natural disasters from 1988 to 2020. The shaded regions
represent one standard deviation of the protein loss in the grain.
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Xinjiang Province, where the annual increased in the area affected
by mild, moderate, and severe natural disasters were 11.72, 10.42,
and 13.6 thousand ha, respectively, showing a significant upward
trend from 1988 to 2020. In the case of rice, the area affected by
natural disasters decreased in most provinces during the
study period, especially in the Yangtze River region, where all

provinces showed a significant downward trend except for
Shanghai. By contrast, Heilongjiang province showed the
opposite trend, with average annual areas affected by mild,
moderate, and severe natural disasters of 23.34, 14.16, and 16
thousand ha, respectively, although this trend was not statistically
significant.

FIGURE 10 | Trends in protein loss from agricultural production in maize, rice, and wheat due to different natural disasters from 1988 to 2020. The shaded regions
represent one standard deviation of the protein loss in China’s agriculture.

FIGURE 9 | Trends in protein loss from the straw harvest in maize, rice, and wheat due to different natural disasters from 1988 to 2020. The shaded regions
represent one standard deviation of the protein loss in the straw.
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Agricultural Protein Losses due to Natural
Disasters
Figure 8 depicts protein losses in the cereal harvest due to various
natural disasters that occurred between 1988 and 2020. Overall,
there was no statistically significant change in the amount of
protein lost during the course of the trial. The average annual
grain protein losses in maize, rice and wheat were 159.94, 169.01
and 129.35 thousand tons for mild disasters; 230.95, 234.05 and
173.51 thousand tons for moderate disasters; and 92.56, 91.12 and
68.70 thousand tons for severe disasters. In addition, Figure 9
illustrates the protein losses due to different natural disasters in
straw harvested from 1988 to 2020; these were much smaller than
grain protein losses over the same time period. During the time
period selected for the study, the amount of protein loss in maize
straw was comparable to that in rice straw and showed no notable
changes, however the amount of protein loss in wheat straw
decreased after 1997.

From 1988 to 2020, among the three cereals examined in this
study, the protein content of rice was themost severely affected by
each level of natural disaster, with a total protein loss of 146.61
million tons due to flood, drought, hailstorms, and low
temperatures (Figure 10). Overall, the mean annual total
protein losses in maize, rice, and wheat were 1,647.25,
1728.81, and 1,319.14 thousand tons for mild disasters;
2,380.29, 2,394.21, and 1770.60 thousand tons for moderate
disasters; and 954.72, 932.38, and 700.93 thousand tons for
severe disasters. This shows that moderate natural disasters
caused larger amounts of crop protein loss. In addition,
Figure 11 depicts the total protein loss of rice, wheat, maize,
grain, straw and total during 1988–2020, where both rice and
wheat showed a significant decreasing trend (Ps < 0.05), while
the total protein loss of maize showed an increasing trend but
was not statistically significant (Ps > 0.05). The average annual
amount of protein lost in grain and straw due to natural
disasters was 13.49 million ton and 0.41 million ton,
respectively. The amount of protein lost in both straw and
cereal grain showed a decreasing trend, but it was statistically
significant only in straw (Ps < 0.05).

Among the several natural hazards selected for this study,
droughts and floods caused most of the crop protein losses
during 1988–2020 (Figure 12). For mild disasters, drought loss
accounted for more than half of the protein loss from maize, rice,
and wheat in 15, 15, and 16 of the 31 provinces, respectively. For
moderate natural hazards, drought caused more than half of the
protein loss in corn, rice andwheat, respectively, all of whichwere 14.
Floods accounted for more than half of the protein loss from maize,
rice, andwheat in 10, 10, and 12 of the 31 provinces, respectively, and
drought accounted formore than half of the protein loss frommaize,
rice, andwheat in 14, 14, and 10 of the 31 provinces, respectively. For
severe natural disasters, flooding was an important influencing
factor, which caused more than half of the protein losses of corn,
rice and wheat 6, 8 and 6, respectively. Meanwhile, this indicator for
drought was 11, 12 and 10. In particular, it can be seen in Figure 12
that more than half of the crop protein losses in all provinces of
North China are caused by drought.

DISCUSSIONS

Using China as an example, we attempted to relate natural disasters
to protein losses in agricultural systems. We discovered that: 1) the
area of crops affected by natural disasters in China has declined
significantly since the twenty-first century; 2) during the period
1988–2020 the area affected by natural disasters differed among
provincial units within China; and 3) during the time period
selected for this study, the total amounts of protein lost from
corn, wheat and rice in grain and straw due to natural disasters in
China were 391.26 million and 11.94 million tons, respectively.

Crops are among the most important sources of protein in the
human diet. To study the impact of natural disasters on crop
protein production (Shewry 2007), we analyzed the frequency
and intensity of natural disasters affecting three cereal crops, rice,
wheat and maize. Cereal crops accounted for 92.7% of total crop
production in 2020 and FAO production data (http://faostat.fao.
org) show that these three major species account for about 85% of
all cereal crop production and provide more than 200 million

FIGURE 11 | Trends in protein losses in maize, rice, wheat, grain, straw and total due to natural disasters in agricultural areas of China, 1988–2020. Lines represent
the fitted linear regression trends.
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FIGURE 12 |Cumulative relative protein loss due to different natural disasters from 1988 to 2020 for each province. The vertical line represents the 25, 50, and 75%
contribution to the total loss, respectively. Due to the high protein losses from drought and flood, if the bar for drought or flood overlaps with the vertical lines, more than
50% of the protein loss was caused by that type of disaster.
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tons of cereal protein per year. Because of data limitations, few
studies have focused on changes in the area of key agricultural
cultivation zones that are affected by natural disasters (Song et al.,
2022). To remedy this, we used the cultivation ratio, which
reflects the proportionate changes in different crops, to
estimate the affected area for the various crops. On this basis,
we calculated the maximum proportions of arable land area
affected by mild, moderate, and severe natural disasters as 77.
05, 42.33, and 11.89%, respectively, and all of these maxima
occurred at the beginning of the 21st century. From Figure 3,
we can see that the area affected by natural disasters in China has
decreased year by year in recent years. Another study has also
shown that the area affected by crop disasters in China decrease
between 1978 and 2012 as a result of efforts of local and central
governments and the implementation of various effective measures
(Liu and Li 2017). This result also implies that China’s long-
standing measures, such as strengthening agricultural
infrastructure and increasing subsidies for agricultural
insurance, have been effective and can be replicated in other
developing countries that are plagued by natural disasters.

Previous studies have analyzed changes in the area affected by
natural hazards in China over various time scales, but such
studies have tended to be on a national scale, which may
obscure the various impacts of natural disasters on a smaller
scale. This study analyzes the areas affected by different classes
and types of natural disaster within each provincial unit of China
from 1988 to 2020, and the results show that there are differences
among provinces and regions affected by different natural
disasters. Nonetheless, the area affected in most provinces has
been decreasing year by year in recent years, consistent with the
findings of a study of meteorological hazards in China from 1979
to 2008. Only areas of corn production in Inner Mongolia and
wheat production in Xinjiang have shown significant increases in
natural disasters. (Sang and Hao 2019). China’s vast territory,
complex geography, and multiple climate types are important
reasons for the differences in disaster status among provinces
over the past 3 decades (Shahzad et al., 2021; Ma et al., 2022). This
study shows that drought and flood are the main types
contributors to of crop damage in China, and the northeastern
region is most severely affected.

The significant hazards of natural disasters for crop yields have
been demonstrated, and an increasing number of researchers
have analyzed the impact of natural disasters on crop yields in
China at spatial and temporal scales in recent years. However
these studies have tended to focus on large scales, such as national
or geographic regions. This study reports a more comprehensive
analysis of protein losses in grain and straw of three major cereal
crops caused by different levels and types of natural disasters at
national, regional and provincial scales. Most of the protein in
cereal crops is concentrated in the grain and straw, and the
amount of protein lost in grain due to natural disasters in China
during 1988–2020 was 391.27 million tons, about 30 times that in
straw. This result clearly shows the important role of grains in
protein supply. However, the contribution of straw to protein
supply as an excellent raw material for feed and fertilizer cannot
be ignored. Our results show that the total protein loss in wheat
and rice due to various natural disasters decreased significantly

over the time frame examined in this paper, indicating that
disaster prevention and mitigation measures implemented in
China in past years have had some positive effects. FAO
production data from 2001 to 2005 (http://faostat.fao.org)
shows that the average annual production of all cereals
exceeds 2,100 million tons, of which the three major species
(maize, wheat, and rice) account for about 85%. Even with a
conservative estimate of 10% protein content, this translates into
an annual harvest of more than 200 million tons of cereal protein.
Information from the National Bureau of Statistics of China
shows that the total production of these three crops has reached
658 million tons in 2018, suggesting that at least 65.8 million tons
of protein was harvested from corn, wheat and rice in China in
2018. Increasing the protein content of cereals has long been an
important means of addressing the “protein gap” and increasing
per capita protein intake in developing countries, and with global
warming and a rising human demand for crops, the impact of
natural disasters on global protein supply must be given more
attention. Moreover, in more than half of Chinese provinces,
protein loss due to drought accounts for more than half of the
total protein loss, and previous studies have demonstrated that
drought has a great impact on crop yield. The use of various
types of drought resistance to improve the protein yield of cereal
crops may therefore be an important direction for future
development.

This study had a number of drawbacks. The first is the model
parameters that were used to calculate protein loss due to natural
calamities. Due to the paucity of observational data, regional
parameters (grain to straw ratio, straw return, and burning rate)
were used in this study rather than province-level data, and the
protein concentrations in straw were examined using average
data from throughout the entire study area. As a result, critical
parameters at the province level will be required for a more
precise analysis in the future. Because there were no precise data
on the affected areas of maize, rice, and wheat, the second
constraint is the exact affected area for each individual crop.
We calculated the affected area for each crop by assuming a ratio
of individual cultivation to overall cultivation area. As a result, a
customized dataset for each crop’s affected area will need to be
compiled in the future.

CONCLUSION

Our work shows that the impact of natural disasters on Chinese
agriculture, led by droughts, floods, hailstorms and low
temperatures, has significantly weakened since the 21st
century, although there were different patterns of variation at
the provincial level. Although existing disaster prevention and
mitigation measures in China have been effective and can be
extended to other developing countries, the impact of natural
disasters, especially drought, on the protein harvest of cereal
crops requires greater attention in the context of global warming
and green and sustainable development. We put forward the
following suggestions for coping with agricultural natural
disasters: 1) Establish well-developed early warning and
monitoring systems for natural disasters, especially high-
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technology systems; 2) Strengthen the construction of irrigation
infrastructure, such as water storage and irrigation facilities to
avoid drought; 3) Develop and cultivate new crop species, such as
drought-tolerant crops; 4) Establish a sound insurance system to
reduce losses of agricultural producers.
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Optimization and Comparison of
Biodiesel Production Process by
Electric Heating and
Microwave-Assisted Heating
Transesterification for Waste Cooking
Oil via One-Way Experiments and
ANOVA
Wenjing Li1, Guangming Li1*, Fan Wang2, Haochen Zhu1, Wenzhi He1 and Juwen Huang1

1College of Environmental Science and Engineering, Tongji University, Shanghai, China, 2Chinese Research Academy of
Environmental Sciences, Beijing, China

Base-catalyzed transesterification of waste cooking oils (WCOs) into biodiesel is a widely
used renewable fuel production technology. The traditional heating method for this
process is electric heating (EH), while microwave-assisted heating (MW) has also
received extensive attention in recent years. This study compares the two reaction
processes in detail by one-way experiments and ANOVA. Catalyst content, reaction
temperature (average temperature), and alcohol–oil molar ratio are key factors for these
two transesterification processes. The maximum FAME yield of both EH and MW
processes appeared at 1.0% catalyst concentration, with the reaction temperature
around 60°C, while the MW process called for more methanol. It is speculated that the
acid value of WCOs may be closely related to the time required for transesterification as
well. The MW process can improve the transesterification efficiency, which is shown in
kinetics as much larger than the reaction constant of the EH process and about one-tenth
of the activation energy.

Keywords: electric heating, microwave heating, kinetic analysis, significant analysis, WCOs, biodiesel

1 INTRODUCTION

Due to rapid population growth and economic growth in the last 2 decades, the consumption of
edible oils has increased from 7,337,900 t (1999) to 50,660,000t (2018) in China (China, 2018). As
waste cooking oils (WCOs) weigh approximately 25% of the total mass of edible oil production in
China (Du et al., 2013), the output of WCOs can reach 12,665,000 t in 2018.WCOs are vegetable and
animal oils used for food preparation and are not reusable. Pyrolysis, oxidation, and hydrolysis
reaction would happen during cooking and frying (Cvengros and Cvengrosova, 2004; Maddikeri
et al., 2012), in which fresh vegetable oils become WCOs, a mixture of triglycerides with saturation
and serval harmful contents, such as phenols, ketones, short-chain free fatty acids, fatty acid
polymers, and aflatoxins (Xingguo, 2013). WCOs could cause water and air pollution (Peiró et al.,
2008). Additionally, there would be a risk of returning to the dining table to threaten human health
because of the huge economic benefit [around 300% (Math et al., 2010; Bussness, 2012)].
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WCOs are also renewable resources with multiple reuse
pathways (Yinxia et al., 2009; fei and maiqian, 2011), and
transesterification into biodiesel is becoming a key
instrument in its management. In the past few years, fresh
vegetable oils are commonly used raw materials for biodiesel
production (Chuah et al., 2017; Putra et al., 2018). However,
these materials account for about 80% cost of biodiesel
production, which makes biodiesel cost a lot higher than that
of fossil fuel (Ahmad Farid et al., 2017; Naylor and Higgins,
2017). This fact indicates that WCOs are an anticipated material
for biodiesel production. As one of the most widely used
technologies, homogeneous base catalysts—potassium, like
hydroxide (KOH) and sodium hydroxide (NaOH), can
produce biodiesel at a mild reaction temperature and
pressure in a short time (Fadhil and Ali, 2013; Mardhiah
et al., 2017; Akram, 2019; Harabi, 2019; Rajagopalachar et al.,
2019). For homogeneous base-catalyzed transesterification,
traditional electric heating (EH) is already sufficient for yield
requirements; however, in order to further improve the reaction
efficiency, a variety of strengthening methods have also been
extensively studied, and microwave heating (MW)
transesterification is one of them. Previous studies have
demonstrated that MW can provide better thermal
conductivity and convection generated in the mixture; thus,
preheating of the reactants is dispensable (Milano et al., 2018a;
Silitonga, 2020). Some previous practices of using KOH as a
catalyst to produce biodiesel are summarized in Table 1. These
data demonstrate the high efficiency of using KOH as a catalyst
and that the use of MW technology can further improve the
reaction efficiency.

However, due to the differences in the reaction materials,
reaction conditions, and the operating level of the
experimenters, the results of different studies lack contrast,
and it is difficult to scientifically reflect the difference in the
transesterification yields between the two processes. This
study used WCOs obtained from canteens and restaurants
around college as raw materials, performed single-factor
experiments to examine details in the influencing factors
and reaction kinetics of the two technologies, and
thoroughly analyzed the advantages and disadvantages of
the two comparisons.

2 MATERIALS AND METHODS

2.1 Materials
The waste cooking oils used in the experiment came from a
student canteen of Tongji University. To ensure the uniformity of
the samples, three samples were taken from lunch, while others
were taken from dinner. The collection process was continued for
7 days, from Monday to Sunday. A total of 42 samples were
gathered and mixed into one WCO sample. Before starting the
transesterification, the sample was filtered to remove the
contaminants and water. The main processes included sieving,
demulsification and extraction, liquid separation, and rotary
evaporation (as demonstrated in Figure 1).

TABLE 1 | Previous practice of using KOH as a catalyst to produce biodiesel.

Raw material Reaction
method

Molar
radio (oil:
alcohol)

Reaction
temperature (°C)

Reaction
time (min)

Catalyst
concentration (wt.

%)

FAME
yield (%)

References

Silurus triostegus Heckel
fish oil

EH 6.0 32.0 60 0.50 96.0 Fadhil and Ali (2013)

Waste frying oil EH 7.3 55.3 — 0.50 96.3 Harabi (2019)
Garcinia gummi-gutta
seed oil (GGO)

EH 6.0 55.0 90 1.6 97.0 Rajagopalachar et al.
(2019)

Linseed oil EH 20.0 wt.% 60.0 — 1.5 88.0 Akram (2019)
WCO and Calophyllum
inophyllum oil

MW 59.60 (v/v)% — 7.15 0.774 97.65 Milano et al. (2018a)

Ceiba pentandra oil MW 60 (v/v)% — 388 s 0.84 95.42 Silitonga (2020)

— indicates that the component was not reported.

FIGURE 1 |WCO pretreatment to remove the contaminants and water.
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The characterization techniques were used to indicate the quality
parameters of the WCOs after pretreatment. QP2010SE gas
chromatography-mass spectrometer was employed to determine
WCOs’ fatty acid profile. The Nicolet5700 Fourier infrared
spectrometer was used to determine WCOs’ molecular structure.
The physical and chemical properties were determined by titration.

Potassium hydroxide (AR) was bought from Sinopharm
Chemical Reagent Co., Ltd. (China). Methanol (Sigma
Aldrich-270504) and hexane (Sigma Aldrich-270504) were
bought commercially from Sigma Aldrich (United States), and
heptadecanoic methyl ester (GR) was purchased from Fluka
(United States). High-purity nitrogen was provided by Chunyu
Special Gases Co., Ltd. (Shanghai).

2.2 Transesterification Reaction
A three-necked flat-bottomed borax flask (250 ml) equipped with
condensers and temperature sensors was used in both reaction
vessels. A magnetic bar was put into the reactor for stirring, and
the stirrer was set at 700 rpm as well. Transesterification reaction
for the EH process was carried in a water-bath heating function.
Oil was preheated to the specified temperature to keep the
reaction temperature stable while pre-mixing methanol and
KOH. Transesterification reaction for the MW process was
carried under 2,450 MHz microwave radiation. Due to the
high heating rate, oil and KOH-dissolved methanol were
mixed into the reactor at the beginning of the reaction.

Transesterification was carried out at the fixed mixing
intensity (700 rpm), varying the catalyst amount (0.5–2 wt.%),
methanol/oils’ molar ratio (3:1–15:1), reaction time (5–60 min
for EH and 0.5–30 min for MW), reaction temperature (50–70°C)
for EH, or reaction power (50–500W) for MW. The reacted
biodiesel was immediately cooled by flowing water, then
transferred to a separatory funnel and kept overnight to
separate the phases by gravity.

2.4 Analytical of Biodiesel Yield
The FAME of biodiesel was determined by gas chromatography
mass spectrometry (GC-MS). The detecting conditions would be
as follows: HP5-MS column; injection volume 1 μl; inlet
temperature 260°C; carrier gas was high-purity nitrogen, flow
rated 50 ml/min, split ratio 19.9: 1; solvent was hexane. The
column thermostat used a column heating program: initial
temperature 70°C, held for 2 min, 10°C/min to 180°C, then
5 °C/min to 230°C, held for 10 min; detector was FID,
temperature 260°C; hydrogen flow rate 25 ml/min, and air
flow rate 300 ml/min. The FAME content was calculated using
the internal standardmethod, and the analytical internal standard
for quantitative determination was heptadecanoic methyl ester.

The methyl ester content in biodiesel samples was determined
using the internal standard method. The results were calculated
according to Eq. 1.

C � ∑A − AEI

AEI
×
CEI × VEI

m
× 100%, (1)

where C is the methyl content (%),∑A is the total peak area,AEI is
the peak area of heptadecanoic methyl ester, CEI is the
concentration of heptadecanoic methyl ester in hexane (mg/L),

VEI is the injection volume of heptadecanoic methyl ester solution
(μl), and m is the mass of the biodiesel sample (mg).

2.5 Kinetics Study
The transesterification reaction equation can be written as Eq. 2.

TG + 3MeOH ↔KOH
3FAME + Glycerol. (2)

The reaction rate of transesterification can be calculated
according to Eqs 3, 4:

d[TG]
dt

� kr[TG]nMeOHm, (3)
d[TG]
dt

� kr[TG]n � A exp(
−Ea

RT
)[TG]n, (4)

where t is the reaction time and kr represents the rate content.
In the EH process, homogeneous base-catalyzed reaction,

KOH is dissolved in methanol in advance, and the effect of
stirring makes the entire reaction system to be regarded as a
homogeneous reaction. Since the molar concentration of
methanol is much higher than the stoichiometric requirement
throughout the reaction, the concentration of methanol can be
regarded as a constant. Thus, the EH process can be regarded as a
pseudo-first-order reaction (Ramezani et al., 2010; Zhang et al.,
2010).

The rate equation for the EH process can be written as Eq. 5:

[TG] � [TG]0e−krt. (5)
As for the MW process, it has been reported that under certain

microwave power conditions, the reaction follows pseudo-
second-order reaction kinetics (Yeong et al., 2019). The
integrated rate equation can be written as Eq. 6.

After dividing left and right by [TG]0 at the same time, the rate
equation can be expressed as Eq. 6:

1

[TG] �
1

[TG]0 + krt. (6)

The activation energy was calculated by the Arrhenius
equation (Eq. 7).

k � Ae−
Ea
RT. (7)

Taking logarithm on both sides,

ln k � −Ea

RT
+ C. (8)

3 RESULTS AND DISCUSSION

3.1 Characterization of the Waste Cooking
Oils
The fatty acid composition and physicochemical properties of the
prepared WCOs are listed in Table 2. From Table 2 https://www.
sciencedirect.com/science/article/pii/S0016236120307201?via%
3Dihub-t0010, it was clear that palmitic acid (C16:0),
octadecanoic acid (C18:0), 9-octadecenoic acid (Z) (C18:1),
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linoleic acid (C18:2), and arachidic acid (C20:0) were the major
fatty acids present in WCOs. The saturated fatty acid content in
the WCOs was 39.64%. Compared with fresh refined vegetable
oil, higher saturation of WCOs had a positive effect on the cetane
number and oxidation stability of the prepared biodiesel (F. Ma
et al., 1998). The acid value of WCOs was lower than the standard
1 mg KOH/g oil value required for the transesterification
reaction, so the transesterification process could be directly
carried out with a homogeneous base catalyst (Saka and
Kusdiana, 2001).

3.2 Biodiesel Yield of the EH Process
3.2.1 Optimization of Transesterification Factors
In case of EH, the optimization of the factors included reaction
temperature, reaction time, catalyst amount, and methanol/oil
molar ratio. The maximum biodiesel yield obtained from the EH
process was 93.45%, and the reaction conditions were 60°C,
30 min, 1 wt.% KOH, and the methanol/oil molar ratio of 6:1.

Experimental yield data were given as an input of the analysis
of variance (ANOVA) in Table 3. The significant terms
influencing the biodiesel yield in a decreasing order were
catalyst amount, methanol/oil molar ratio, and reaction
temperature. Catalyst content was the most significant
influencing parameter. Anvita Sharma et al. (2021) reported
that for a kind of WCOs, the catalyst weight % was the most

significant process parameter for biodiesel production using
catalyst loading from 0.3 to 0.7 (w/w).

Figure 2A indicated that FAME yield increased with the
increase of temperature from 50 to 60°C, and further increase
of temperature would reduce the biodiesel yield. Higher
temperature could accelerate the reaction and shorten the
reaction time by favoring the number of collisions (Ma and
Hanna, 1999; Leung and Guo, 2006). In addition, the increase
in the temperature decreased the viscosity of the reactionmixture,
increasing alcohol–oil two-phase contact as well (Gupta and
Rathod, 2018). Further increase of reaction temperature would
accelerate methanol volatilization, which brought the decline of
the FAME content. High temperature would promote the
occurrence of saponification, which should be another
important reason (Phan and Phan, 2008). For the process of
preparing biodiesel by KOH-catalyzed transesterification, the
common optimal reaction temperature was 60°C (Mercy Nisha
Pauline et al., 2021; Yellapu et al., 2021), while the optimal
catalytic temperature of another commonly used homogeneous
base catalyst (NaOH) was slightly higher (Yesilyurt et al., 2019;
Wongjaikham et al., 2021). Rocha J. G. (2019) reported that
higher K+ adsorption in methanol–oil interface could make
K-containing catalysts more active than their Na analogs.
Thus, KOH is the base catalyst with the highest catalytic
efficiency. When the WCOs met the process requirements,
using KOH as the transesterification catalyst could maximize
the production efficiency.

Although reaction time had no significant effect on biodiesel
yield in the time frame of 5–60 min, according to Figure 2B, the
FAME yield still had a clear change rule with time. In the first
5 min, due to the large difference in the concentration of
substances between the two ends of the equilibrium, the
concentration of substance on the left end of the balance was
much greater than that on the right end, which means the balance
moved forward rapidly. However, after five minutes, the FAME
yield exceeded 84%, and the process slowed down and tilled the
maximum methyl content at 30 min (Figure 2B). Further
increasing the reaction time from 30 to 60 min, the FAME
yield would slightly decrease from 93.45% to 89.56%. Ahmad
T. et al. (2019) reported a best reaction time as 33 min using
flaxseed oil as feedstock. However, some optimal reaction time
obtained by predecessors who used WCOs to produce biodiesel
was about 60 min (Agarwal et al., 2012; Pugazhendhi, 2020).
However, the optimal reaction time in the study of Uzun, B. B.,
et al. to produce waste frying oil biodiesel was 30 min s, as well as
Abdelrahman B. Fadhil (Fadhil and Ali, 2013) used inedible
oil—Silurus triostegus Heckel fish oil (STFO)—in biodiesel
production, and the best reaction time of that study was
60 min. Comparing the properties of the feedstock oil used in
this study and the previous studies (Table 4), it can be speculated
that the increase of oleic acid ester would prolong the time
required in transesterification.

When the methanol content increased from 3:1 to 15:1, the
FAME yield could remain above 75% (Figure 2C). The
improvement of methanol/oil molar ratio could drive the
reaction process in the forward direction. In addition, with
methanol content becoming higher in the system, more

TABLE 2 | Quality parameters of WCOs.

Quality parameters WCOs

Fatty acid composition
C12:0 0.13
C14:0 1.00
C15:0 0.16
C16:0 13.64
C16:1 3.26
C17:0 0.52
C18:0 8.82
C18:1 20.05
C18:2 29.68
C18:3 3.32
C20:0 13.89
C20:1 1.79
C20:2 0.69
C20:4 0.89
C20:5 —

C22:0 1.05
C22:5 —

C22:6 —

C24:0 0.42
Saturated fatty acids (SFA) 39.64
Unsaturated fatty acid (UFA) 59.68
Others 0.67

Physicochemical properties
Density (g·m3) 0.913
Acid value (mg KOH·g−1) 0.4
Saponification value (mg KOH·g−1) 184.1
Iodine value (g I2/100 g) 36.88
POV (mmol/kg) 13.67
Moisture content (%) 0.097

— means no data available; density in Table 2 was the value at 20°C.
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methanol could stay in the system with temperature increase.
However, extra methanol would dissolve more glycerin (Milano
et al., 2018b), while the specific surface area of methanol–oils
turns less as well with more methanol (Motasemi and Ani, 2012).
The maximum FAME yield of 93.45% was achieved for 6:1
methanol/oil molar ratio.

As shown in Figure 2D, the reaction would not occur without
a catalyst, and lower concentration (0–0.5% w/w of oils) of KOH
led to lower methyl content. The increase in the amount of
catalyst brought more methoxy free radicals, increased the
contact opportunities between free radicals and oils, and
promoted the transesterification reaction. The maximum

TABLE 3 | ANOVA analysis of the EH process.

Source of
difference

Variance Degrees of
freedom

Mean square
error

F value p value F critical
value

Time 0.004321 4 0.001080 1.863 0.1663 3.007
Temperature 0.009093 4 0.002273 3.920 0.02100 3.007
RO 490.4 4 122.6 38.39 4.864E-06 3.478
CA 1,907E+01 4 4,767 1875 2.511E-14 3.478

RO, methanol/oil molar ratio; CA, catalyst amount.

FIGURE 2 | Effects of the process parameters (temperature, time, methanol/oils molar ratio, and KOH concentration). (A) Effect of temperature; (B) effect of time;
(C) effect of methanol/oil molar ratio; and (D) effect of catalyst concentration.

TABLE 4 | Comparison of properties of several oils.

WCOs WCOs in India
(Agarwal et al. (2012))

Fried oil in
Turkey (Uzun et al.

(2012))

Heckel fish oil
(Fadhil and Ali,

2013)

Acid value (mg KOH·g−1) 0.4 1.95 0.587 1.9
Saponification value (mg KOH·g−1) 184.1 185.13 185 182.15
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content of methyl ester was obtained with 1.0% KOH. An excess
amount of KOH would reduce the biodiesel yield, as high KOH
concentrations could cause more triglycerides being involved in
the saponification reaction and bring about the formation of soap
(Chhetri et al., 2008).

3.2.2 Kinetics Analysis
For the EH process, the rate constants for the transesterification
reaction at different temperatures were determined by curve
fitting the reaction rate equation to the biodiesel yield.
Performing kinetic calculations according to 2.5, the reaction
rate constant of the EH process was found to increase from 0.3479
to 0.4048 min−1. The reaction rate constant at 60°C was 0.3737.
Activation energy values derived from Arrhenius plots using Eq.
8 for the EH process is shown in Figure 3. The activation energy
for the EH process is found to be 6,768 J mol−1.

3.3 Biodiesel Yield of the MW Process
When the experiment was initially designed, we tried to control
the reaction temperature of the microwave-assisted
transesterification process by pulse switching, but we could
only control the reaction temperature within the range of
±5°C. In this study, the temperature gradient of single-factor
experiments was also ±5°C. Thus, the optimization factors of MW
process were microwave power (instead of reaction temperature),
reaction time, catalyst amount, and methanol/oil molar ratio. To
illustrate the relationship between reaction temperature and
methyl ester yield in the MW process, time–temperature
curves (Figure 4) for the MW process were plotted, the
average temperature was studied as the fifth indicator.

Experimental yield data were given as an input of the analysis
of variance (ANOVA) in Table 5. According to the results, in the
MW process, the significant terms influencing the biodiesel yield
in the decreasing order are catalyst amount and methanol/oil
molar ratio. The probability value of catalyst amount was almost
the same in the EH process and MW process. This may indicate
that the contact between the reactants and the catalyst is the
limiting reaction for the efficiency of the transesterification

reaction. Average temperature had a significant effect on
FAME yield, second only to CA. Compared with the EH
process, it can be speculated that for the MW process, the
effect of temperature was more significant than that for the
EH process.

3.3.1 Optimization of Transesterification Factors
Figure 5 showed the variation into FAME yield. The maximum
biodiesel yield obtained from theMW technique is 80.66%, under
the condition of 200W, 5 min, the dosage of 1 wt.% KOH, and
the methanol/oil molar ratio of 9:1. The detailed results are shown
in Supplementary Table S2.

The curves of the MW process were very similar to those of
the EH process, but there was difference in the value. In the
microwave power range of 50–300 W, the closer the average
reaction temperature is to 60°C, the higher the final FAME
yield. It shows that the optimum temperature of microwave-
assisted transesterification is similar to that of the EH process,
about 60°C. In this study, the highest methyl ester yield was
obtained when the microwave power was 200 W and the
reaction time was 5 min, where the average temperature of
the reaction system was 61.8°C. This was because microwave
would affect dipole rotation and ion migration, and improve
the thermal conductivity and convection current of the
mixture (Manco et al., 2012; Sharma et al., 2021). This
effect accelerated molecular level heating, which would
sustainably reduce the reaction time. At the same time, the
amount of methanol required in the MW process was higher.
When molecular level heating accelerated, methanol in the
system heated up rapidly, becoming a “hot spot” in the
reaction system, and rapidly evaporated above its boiling
point, causing the methanol concentration of the reaction
system to drop, resulting in an increased methanol content
requirement for methanol. As well, continuous microwave

FIGURE 3 | Linear fitting of lnk to 1/T in transesterification reaction (EH
process).

FIGURE 4 | Temperature rising of the reaction system in the MW
process.
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heating may make the methanol volatilization efficiency in the
reaction system much greater than the reflux efficiency. This
results in a decrease in the maximum methyl ester yield of the
MW process; in this study, it was significantly smaller than that
of the EH process. The actual optimal microwave conditions
may need to further prolong the reaction time and increase the
methanol required.

The optimal KOH content for both reactions was 1% by mass.
With the increase of KOH dosage to 2%, the yield of FAME
decreased slightly, and finally stabilized at about 80%. For the
MWprocess, the biodiesel yield did not change significantly when
the catalyst content increased from 0.5% to 2%. This microwave-
assisted heating can increase the mass transfer efficiency of the

oil–KOH–methanol two-phase interface, which can reduce the
need for catalysts in applications.

3.3.2 Kinetics Analysis
The reaction rate constant at 200W was 9.247 min−1. It is worth
noting that the reaction rate constant of the MW process reached
the maximum when the microwave power was 300W, and
decreased at 500W. The k value was approximately
10–20 times higher in the MW process than that of EH.
Activation energy values derived from Arrhenius plots using
Eq. 8 are shown in Figure 6. The activation energy of the
MW process was found to be 503.4 J mol−1. Microwave
heating greatly reduced the activation energy of the reaction.

TABLE 5 | ANOVA analysis of the MW process.

Source of
difference

Variance Degrees of
freedom

Mean square
error

F value p value F critical
value

Time 7.077 2 3.539 0.4435 0.6566 4.459
Power 113.5 4 28.38 3.557 0.0597 3.838
RO 220.5 4 55.12 22.76 5.223E-05 3.478
CA 1,528E+01 4 3,821 1869 2.549E-14 3.478
AVG temperature 2741E+01 1 2,741E+01 133.2 1.185E-13 4.113

RO, methanol/oil molar ratio; CA, catalyst amount.

FIGURE 5 | Effects of the process parameters (microwave power, time, methanol/oil molar ratio, and KOH concentration). (A) Effect of microwave power/time; (B)
effect of average temperature; (C) effect of methanol/oils molar ratio; and (D) effect of catalyst concentration.
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4 CONCLUSION

In this study, the influencing factors and effects of base-catalyzed
transesterification of WCOs under EH and MW processes were
systematically compared, and the specific conclusions are listed as
follows.

For the EH process, within the range of experiment performed,
temperature, methanol/oil molar ratio, and catalyst weight %,
all have effect on the FAME yield, while the latter two have
greater impact. The maximum FAME yield of the EH process
appeared at the reaction temperature of 60°C, the molar ratio of
alcohol to oil is 6:1, and the catalyst concentration is 1.0%, and
then reaches 93.4%. The optimal reaction conditions obtained
in this study are similar to those of previous studies. By
comparing the oil properties of the optimal reaction time of
30 and 60 min, it is known that the increase in the acid value of
WCOs may prolong the transesterification reaction time and
reduce the production efficiency of biodiesel. The acid value of
WCOs used in this study was only 0.4, and the optimal time
required was 30 min.

One-way analysis of variance results showed that the biodiesel
yield was witnessed to be very sensitive to the methanol/oil molar
ratio, average temperature, and catalyst weight % for the MW
process. Moreover, the effect of temperature on the
transesterification process is more significant than that in the
EH process. The maximum biodiesel yield obtained from the
MW technique is 80.66%, under the condition of 200W, 5 min,
1 wt. % KOH, and the methanol/oil molar ratio of 9:1. Its average
temperature is 61.8°C. Compared with the EH process,
microwave heating would not lower the required reaction
temperature. But it can greatly shorten the time required for
the reaction and improve the transesterification efficiency.
Continuous microwave heating will aggravate methanol
evaporation and may reduce the yield of methyl ester.

The activation energy of EH and MW were, respectively,
determined by the pseudo-first-order kinetic modeling and
pseudo-second-order kinetic modeling. The activation energy
for EH and MW processes are found to be 6,768 and
503.4 J mol−1, respectively. Microwave heating greatly reduced
the activation energy of the reaction.

On 21 May 2021, the State Administration for Market
Supervision and Administration of China and the National
Standardization Management Committee issued GB/T 40133-
2021 Technical Requirements for Recycling and Further
Processing of Waste Cooking Oil from restaurants. This
standard makes corresponding provisions on the separation
and recovery technology of WCOs, and takes the acid value of
WCOs not greater than 2 mg (KOH)*g-1 as the property
requirement for the production of biodiesel using strong base
catalysis, which provides the necessary conditions for subsequent
research and application. In the follow-up research, it is necessary
to rely on industry standards to further clarify the influencing
factors of the biodiesel production process, the cost consumption,
and environmental impact on the process, and to improve the
application value of the research.
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Study on Socio-Economic Factors of
Haze Pollution in the Context of
Sustainable Development: Based on
Asymmetric Interaction Effects
Perspective
Wenxing Jia and Yanfeng Pei*

School of Urban and Regional Science, Institute of Finance and Economics Research, Shanghai University of Finance and
Economics, Shanghai, China

Haze pollution has been a global problem plaguing people for nearly two centuries,
especially in developing countries, where haze pollution is getting worse and has become
the culprit that restricts global sustainable development. As the largest developing country
in the world, China’s regional characteristics of haze pollution are increasingly prominent,
and the coverage is expanding, which means that there is a strong spatial interaction of
haze pollution. The real world is composed of asymmetric spatial relationships, and
asymmetric spatial interactions are more consistent with the reality of haze pollution.
To this end, this paper identifies the asymmetric spatial interaction effects of haze pollution
by using the time series econometric analysis framework and then constructs asymmetric
spatial weights. In this paper, the spatial panel Durbin model and spatial effect
decomposition technique are used for the empirical investigation to provide new
empirical evidence to reveal the socio-economic influences of haze pollution. The study
finds that haze pollution in China has a significant asymmetric spatial interaction and the
degree of influence varies among cities. During the sample period, there is a significant
inverted U-shaped relationship between economic development and haze pollution.
However, the vast majority of cities have not passed the top inflection point of the
inverted U-curve and are still in the stage where haze pollution is gradually intensifying
with economic growth. High population density, high energy consumption, and
unreasonable energy consumption structure aggravate haze pollution, while fixed-asset
investment and science and technology expenditure help to reduce haze pollution.
However, only the spatial spillover effect of the energy consumption structure is
significant. Therefore, the improvement and implementation of more effective socio-
economic prevention and control policies in the case of asymmetric interaction is the
key to effectively dealing with heavy pollution weather, fighting the defense of the blue sky,
and achieving sustainable development.
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INTRODUCTION

Haze pollution can seriously threaten the ecological environment,
seriously affect the economic quality and the achievement of
sustainable development goals, and thus has a strong negative
externality. Although the effectiveness of the current haze control
in developed countries is relatively significant, and air quality has
been improved significantly, the haze still tends to return in many
places around the world. In particular, more andmore developing
countries are also suffering from the haze. From historical
experience, severe haze pollution is a natural warning to
sloppy growth. Therefore, to improve air quality and achieve
sustainable development, haze pollution control is a key part. It is
about reducing the haze itself and the fundamental change of
economic development and sustainable development (Zhao et al.,
2022a). As the world’s largest developing country, it is of great
significance to the world to manage the haze pollution, and then
to transform the way of economic development and achieve
sustainable development.

Although haze pollution is an air pollution phenomenon
formed through a series of atmospheric physicochemical
processes, no matter how complex the physicochemical
process is, socio-economic development essentially causes haze
pollution. Therefore, the treatment of haze pollution is a social
and economic problem. Currently, China’s haze pollution has
shown a large-scale, high-intensity, and persistent trend, which
seriously restricts sustainable socio-economic development and
threatens the health of the people (Chen et al., 2016; Zhang et al.,
2020; Zhou et al., 2021). In particular, fine airborne particles
(PM2.5) have become the fourth most lethal factor after diet,
hypertension, and smoking (Zhang et al., 2019; Zhao et al.,
2022b). More grimly, however, is the fact that due to the
increasingly prominent regional spatial characteristics and
spatial spillover effect of haze pollution, its prevention and
control are becoming more and more difficult. Taking the
haze weather that broke out on 20 December 2016, as an
example, there were 90 cities with daily average air quality
values of severe and above pollution in China, with extensive
haze weather in the central-eastern region, and remote sensing
data showed that the air pollution covered an area of 1.88 million
square kilometers, and its impact reached 17 provinces. Among
them, the area of heavy haze pollution accounts for 49% of the
total area of haze pollution, more than 920,000 square kilometers.
Facing the grim reality of the expanding scope of haze pollution,
precise identification of the economic and social influential
factors of air pollution can provide a scientific basis for the
effective treatment of air pollution.

The real world is composed of asymmetric spatial
relationships, and asymmetric spatial interaction effects can
better model the reality of haze pollution. It is different from
the existing studies based on the assumption of symmetric spatial
interaction effects. This paper identifies the spatial asymmetric
interaction effects of haze pollution with the help of a time-series
econometric analysis framework. It then constructs an
asymmetric spatial weight matrix to empirically identify the
social and economic influential factors of air pollution with
the help of the spatial panel Durbin model. Specifically, this

paper collects the official PM2.5 monitoring data in China from
2014 to 2015 published by the Ministry of Ecology and
Environment of China and constructs urban PM2.5 day-by-
day time series on this basis. Under the framework of time
series econometric analysis, three methods such as linear
Granger causality test, nonlinear Granger causality test, and
variance decomposition is used to identify the asymmetric
interaction effects of air pollution in this paper. And then we
construct a spatial asymmetric weight matrix of haze pollution
based on the above results. This paper uses spatial econometric
models to identify the socio-economic influential factors of haze
pollution. It is found that there is indeed an obvious asymmetric
spatial interaction effect of China’s air pollution. Taking the
results of variance decomposition as an example, the impact of
haze pollution in Beijing on Tianjin is 0.329%, while the impact of
Tianjin on Beijing is 0.553%. During the sample period, the
relationship between economic development and haze pollution
shows an inverted U-shaped curve, verifying the EKC-
Hypothesis. However, most cities fail to pass the inflection
point. Under the influence of asymmetric spatial interaction,
excessive population density, high energy consumption, and
unreasonable energy consumption structure aggravate haze
pollution exacerbate the degree of haze pollution, while fixed-
asset investment and science and technology expenditure help to
reduce haze pollution.

LITERATURE REVIEW

The regional spatial characteristics and spatial effects of haze
pollution imply a strong spatial interaction in a certain spatial
scale. A large amount of literature uses spatial econometric
methods to empirically investigate the influential factors of air
pollution (Chen et al., 2019; Lou et al., 2021; Shi and Zhang,
2022), which provides useful references for the formulation of
haze pollution control policies. Although spatial measurement
provides a feasible tool to explore the influential factors of air
pollution based on spatial spillover effects, the hasty setting of
spatial weights in existing studies may lead to wrong research
results. And thus mislead the tackling policies of haze pollution.
When applying the spatial metrology model, the setting of spatial
weights is critical and fundamental (Anselin, 2010), and setting
spatial weights incorrectly will lead to serious results. In the
previous studies, most of the literature has used symmetric spatial
weights such as neighborhood weights, geographic distance
weights, economic weights, and nested weights (Hao and Liu,
2015; Wang and Fang, 2016; Xie et al., 2016; Du et al., 2018;
Kangyin Dong et al., 2019; Zhao et al., 2022c). All these spatial
weights are set based on the symmetry assumption of air
pollution spatial interaction. However, asymmetric spatial
interaction is the most realistic manifestation of haze pollution
compared with symmetric spatial interaction. Obviously,
ignoring the spatial asymmetric interaction effect of haze
pollution may lead to misleading research conclusions. In
addition, from the selection of haze pollution data, most of the
existing studies have used inter-provincial or urban
PM2.5 satellite data published by foreign research institutions.
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(Lou et al., 2021; Shi and Zhang, 2022). The complex composition
and long transmission distance of PM2.5 make the deterioration
of haze pollution in one city aggravate the level of air pollution in
the surrounding cities or even more distant regions. And this
long-distance haze interaction increases with the increase of
emissions from pollution sources (Engling and Gelencsér,
2010; Lüthi et al., 2015). Thus, inter-provincial data ignore the
spatially non-homogeneous characteristics of haze pollution,
while urban monitoring data are more accurate. The
monitoring data of PM2.5 have now been published by the
Ministry of Ecology and Environment of China, creating
conditions for us to use urban data for our study.

The marginal academic contributions of our paper mainly
have three points. Firstly, with the help of the time series
econometric analysis framework, linear Granger causality test,
nonlinear Granger causality test, and variance decomposition
technique are applied to identify the asymmetric spatial
interaction of air pollution. Secondly, in this paper, the
concept of asymmetric spatial interaction of air pollution is
proposed, and the asymmetric spatial weights are applied to
the study of socio-economic impact factors of haze pollution,
which is an extension of spatial measures in the field of haze
pollution. Thirdly, by using the spatial panel estimation method,
this paper empirically examines the socio-economic influential
factors of haze pollution. And further, we analyze the direct
effects, indirect effects, and total effects of each influential factor
to investigate the influential factors of air pollution more
comprehensively.

METHOD AND DATA

The air pollution in China has obvious spatial clustering and non-
homogeneous characteristics, showing an obvious spatial pattern
of “serious in the north and slight in the south, serious in the east
and slight in the west.” When studying the socio-economic
impact factors of haze pollution, this spatial characteristic
should be fully considered, so the spatial measurement method
is more applicable. At present, spatial econometric methods have
become the mainstream tool to study the economic and social
impact factors of air pollution with full consideration of spatial
characteristics (Ma et al., 2016; Du et al., 2018). But, the accuracy
of spatial econometric regression results critically depends on the
setting of spatial weights (Anselin, 2010). Therefore, to accurately
reveal the socio-economic impact factors of haze pollution, it is
inevitable that the spatial weights must first be accurately
constructed. To accurately construct the spatial weights, it is
necessary to identify the haze pollution spatial interaction
accurately. Existing studies on the socio-economic influential
factors of haze pollution make extensive use of spatial
measures, but as mentioned before, they all use spatial
symmetric weights. In contrast, the real world is composed of
asymmetric spatial interaction. Therefore, the continued use of
symmetric weights no longer reflects reality, and asymmetric
weights are more consistent with the real haze pollution spatial
interaction. The use of asymmetric weights is also the trend of

spatial measurement and has been used in several research fields
(Parent and Lesage, 2008).

Identification of Asymmetric Spatial
Interaction
According to Zhu et al. (2018), time series econometric
techniques provide a feasible research method for identifying
the asymmetric interaction effects of haze pollution. Under the
time series econometric analysis framework, the asymmetric
interaction effects of haze pollution can be identified using at
least three tools, which are the traditional linear Granger causality
test, nonlinear Granger causality test, and variance
decomposition. Therefore, the research framework of
asymmetric interaction effects of haze pollution and the
construction of spatial weight is shown in Figure 1.

Linear Granger causality test is used to identify asymmetric
spatial interaction. The change of haze pollution in a region may
affect the change of pollution in other regions. Therefore, this
paper identifies the asymmetric interaction effects of haze
pollution under the vector autoregressive regression model
(VAR) framework. In the VAR framework, the linear Granger
causality test approach treats all variables as endogenous and does
not require too many a priori constraints on the relationship
between variables. It can reveal the asymmetric probability
dependence between haze pollution time series and can be
used to determine whether there is a lead-lag relationship
between two series of haze pollution (Granger, 1969). If the
previous information of one time series cannot help to
improve the prediction ability of the current value of another
time series, the former is said to be not the Granger cause of the
latter; otherwise, the former is said to be the Granger cause of the
latter. For example, suppose the current or previous information
of air pollution in city X helps to improve the predictive ability of
future values of haze pollution in city Y. In that case, X is the
Granger cause of Y. This paper performs the Granger causality
test according to the method proposed by Hsiao (1981). And with

FIGURE 1 | Analytical framework for the identification of asymmetric
interaction effects and weight construction.
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the help of the AIC criterion, we select the optimal lag order
(Kilian, 2001).

The Nonlinear Granger causality test is used to identify
asymmetric spatial interaction. As Granger and Newbold (2014)
pointed out, “the real world is full of nonlinear relationships, and
nonlinear models can help us simulate the real world more
accurately.” For this reason, Diks and Panchenko (2006) proposed
a nonlinear Granger causality test based on Hiemstra and Jones
(1994). We draw on the idea of Diks and Panchenko (2006) to
construct a bivariate VARmodel based on a smooth time series. And
we filter the linear components among the variables by extracting the
VAR residuals and then conduct a nonlinear test on this basis. This
paper uses the BDS method (Broock et al., 1996) to identify the air
pollution spatial interaction by using the nonlinear Granger causality
test under the premise of confirming the existence of a significant
nonlinear dynamic trend between the series. In addition, we argue
that if the original hypothesis of no nonlinear Granger causality is
accepted for all lag orders (1–8), then there must be no asymmetric
spatial interaction between haze pollution variables. If the original
hypothesis of no nonlinear Granger causality is significantly rejected
at all lags, we cannot rule out the existence of asymmetric spatial
interaction among the haze pollution variables.

Variance decomposition is used to identify asymmetric
spatial interaction. There are still some limitations in the
nonlinear Granger causality test. Firstly, the nonlinear
Granger causality test only considers the direction of the
interaction effect of haze pollution but not the strength of
the effect. Secondly, linear Granger and nonlinear Granger are
based on a pure information flow perspective, which ignores
the characteristics of haze pollution decaying with
geographical distance. Whereas the variance decomposition
technique, by analyzing the magnitude of the impact of each
city’s haze pollution on the degree of another city’s haze
pollution, provides relatively important information of all
the stochastic perturbation that impacts the variables in the
VAR model. Thus, this paper constructs a set of cities that may
have asymmetric spatial interaction with each city, based on
which VAR modeling is used to reveal the probability
dependence and the degree of interaction effects of haze
pollution among these cities. However, it is worth noting
that the derivation of variance decomposition involves
Cholesky decomposition in a certain order of variables,
which makes the final analysis depends on the ranking of
variables (Campbell, 1991) and cannot take into account the
geographical distance factor. Therefore, in this paper, we take
the idea of the first law of geography by Tobler (1970) into
account. Due to the geographic decay law of the spatial
interaction of haze pollution, the intensity of the interaction
of haze pollution decreases with the increase of geographic
distance. According to the above law, we get the basis for the
ranking of variables, i.e., the closer the city is to a city in the
Cholesky decomposition process, the more distant the city is,
the more distant it is, the more distant it is. This way solves the
problem of variable selection and variable ranking of variance
decomposition in the VAR model and introduces the law of
haze pollution decaying with geographic distance into the
variance decomposition.

Construction of Spatial Asymmetric
Weights for Haze Pollution
Anselin and Florax (2012) argued that the better the spatial
weight matrix match the spatial structure of data, the better
the fit of the model, and the better the explanatory power. In
contrast, the existing weights, both symmetric and
asymmetric weights, are given a priori and do not change
over time, thus neglecting the endogeneity of the weight
matrix (Harris et al., 2011; Corrado and Fingleton, 2012).
Therefore, to more accurately identify the asymmetric spatial
interaction and then construct spatially asymmetric weights
that highly match the true spatial structure of real data. This
paper identifies the asymmetric spatial interaction of haze
pollution in the time series econometric analysis framework
and constructs asymmetric spatial weights based on the
identification results.

Spatial weight construction based on Granger causality test. In
this paper, the spatial weights W1 and W2 are constructed
according to the identification results of the linear Granger
causality test and the nonlinear Granger causality test
respectively, and the matrix elements are shown in Eq. 1.

wij � { 1 (j → i)
0 (i � j, j→/ i) (1)

In Eq. 1, wij is a matrix element, i, j is the sample city (same
below). j → i shows that the haze pollution in the jth city is the
linear (nonlinear) Granger cause of the ith city, then wij = 1. j→/ i
shows that the haze pollution in the jth city is not the linear
(nonlinear) Granger cause of the ith city, then wij = 0; when i � j,
wij = 0.

Spatial weight construction based on variance decomposition.
The spatial weights W3 are constructed according to the results of
variance decomposition identification, and the matrix elements
are shown in Eq. 2.

wij �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 δ12 / δ1n
δ21 0 / δ2n
..
. ..

.
1 ..

.

δn1 δn2 / 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(2)

Where, δij is the contribution of haze pollution derived from
variance decomposition, which indicates the degree of influence
of city j on the city i. Further, the general form of its weight can be
transformed into Eq. 3.

wij � { δij
0

(j → i)
(i � j, j→/ i) (3)

If at j → i, i.e., city j haze pollution has an impact on the city i
haze pollution and the degree of influence is δij, then wij = δij; if at
j→/ i, i.e., city j haze pollution has no influence on the city i haze
pollution, then wij = 0; and when i � j, wij = 0.

Econometric Model
Given that the common theoretical framework for studying
environmental pollution impact factors is the STIRPAT model
proposed by York et al. (2003). Therefore, we use the STIRPAT
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model as the basis for selecting impact factors and the model is
shown in Eq. 4.

Iit � αPb
itA

c
itT

d
itμit (4)

In Eq. 4, i and t denote city and year respectively, Iit represents
environmental impact, Pit represents the population, Ait

represents wealth, Tit represents technology, εit is the random
error term. The STIRPAT is a multivariate nonlinear model, and
the linear model is obtained by taking the logarithm of the
equation at the same time. The STIRPAT model allows the
introduction of other influential factors to analyze. According
to the above analysis framework, this paper constructs a spatial
econometric analysis model to investigate the social and
economic impact factors of haze pollution by combining the
spatially non-homogeneous characteristics of haze pollution.
According to the existing research, the spatial econometric
model should start with the spatial Durbin model. Because we
can include the spatial lagged term of the explained variable (WY)
and the spatial lagged term of the explanatory variable (WX) into
the spatial Durbin model at the same time, which if ignored
would result in a loss of consistency in the estimation of the
remaining estimates (Elhorst, 2010; Elhorst, 2014). Given this,
this paper develops an econometric model as in Eq. 5.

Yt � ρWYt + αXt + βWXt + μt (5)
In Eq. 5, t is the year. The explanatory variable Yt is haze
pollution, Xt is the relevant influential factor and μt is the
random error term. Wij represents the asymmetric spatial
weight matrix. ρWYt and βWXt represent the spatial
dependence of the explanatory and explanatory variables
respectively. ρ is the spatial lag coefficient, which reflects the
influence of haze pollution in other cities on the sample city in the
current period. β is also the spatial lag coefficient, which
represents the influence of other urban impact factors on haze
pollution in the sample city in the current period.

Studies have been conducted without spatial correlation tests
when adding the spatial lagged terms of explanatory variables
(WX) in the construction of spatial Durbin models (Hao and Liu,
2015; Wang and Fang, 2016; Du et al., 2018). Thus, adding all the
spatial lagged terms of all explanatory variables to the model can
lead to model over-explanation and problems such as
multicollinearity. Given this, when adding the WX term in
this paper, the Bivariate Moran test (Anselin, 2010) is
performed first. Meanwhile, the regression coefficients of the
above model cannot directly express the effect of explanatory
variables on the explained variable, so further effect
decomposition is needed. And we first rewrite the model as in
Eq. 6.

Yt � (I − ρW)−1 + (I − ρW)−1(αXt + βWXt) + (I − ρW)−1μt
(6)

The matrix of partial derivatives of E (Yt) (the expected value of
Yt) corresponding to the kth explanatory variable in Xt from city
one to city n can be written as Eq. 9. These partial derivatives
represent the effect of a one-unit change in a particular

explanatory variable in one city on the explanatory variables
in all other cities, which can be divided into direct effects and
indirect effects (Mao et al., 2022). In Eq. 9, IN is the unit matrix, �d
denotes the operator that calculates the mean of the diagonal
elements of the matrix, and rsum denotes the operator that
calculates the row and means of the non-diagonal elements of
the matrix (Elhorst, 2014). Direct effect and indirect effect are
shown in Eqs 7, 8.

Direct effect : [(I − ρW)−1(αkIN + βkW)]
�d

(7)
Indirect effect : [(I − ρW)−1(αkIN + βkW)]

rsum
(8)

Total effect : [(I − ρW)−1(αkIN + βkW)]
�d

+ [(I − ρW)−1(αkIN + βkW)]
rsum

(9)

Variables and Data Sources
Variables
Explained variables. The explanatory variable is haze pollution
(lnpm). PM2.5 is the primary pollutant of haze pollution
(Schlesinger, 2007; Zhang et al., 2019) and has the
characteristics of complex composition and long transmission
distance, which makes the deterioration of air pollution in one
city will aggravate the level of air pollution in the surrounding
cities. At the same time, the long-distance haze interaction will
increase with the increase of pollution source emissions (Engling
and Gelencsér, 2010; Lüthi et al., 2015). Thus, PM2.5 is chosen as
a proxy variable for air pollution.

Explanatory variables. The explanatory variables in this paper
are chosen to expand on the STIRPAT model in the previous
paper. Specifically: 1) Population density (lnpopdens). Due to the
large differences in population size among cities, it is not accurate
enough to directly by using the total population as a proxy
variable. Therefore, this paper uses the number of people per
square kilometer in each city to measure population density.
Generally speaking, the higher the population density of a city,
the more active its social and economic activities, the higher
energy consumption and pollution emissions, and the greater
environmental pressure of the city. 2) Economic development
(lnpgdp). Generally speaking, regional GDP per capita can be a
good indicator of the city’s economic development (Liu and Pei,
2019). Then we adopt regional GDP per capita as a proxy variable
for economic development. Meanwhile, the EKC-Hypothesis
suggests that there is an inverted U-shaped curve between
economic development and environmental pollution
(Grossman and Krueger, 1995). Thus, we also add the square
term of GDP per capita into the regression to consider its
influence on air pollution. 3) Technological progress (lnrdint
and lntechexp). The development of green technology
undoubtedly provides important technical support for
managing, preventing, and controlling haze pollution (Liu and
Pei, 2019). This paper selects R&D intensity and science and
technology expenditure as proxy variables for technological
progress. Among them, R&D intensity is measured by the
proportion of scientific research and technical service
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personnel to total employees in each city (Fang, 2021). And the
expenditure on science and technology is measured by the
proportion of the expenditure on science and technology to
public finance expenditure in each city. 4) Energy structure
(lnenercons and lnenerint) Over the past 30 years, China’s
development has been accompanied by high pollution and
high energy consumption. There are problems of unreasonable
energy consumption structure and high energy intensity in
China, which is one of the main causes of haze pollution.
Therefore, we choose energy consumption and intensity to
measure the energy structure. Among them, energy
consumption is measured by the proportion of coal
consumption to total energy consumption1 (Shao et al., 2011;
Yixuan Dong et al., 2019). Energy intensity is measured by the
proportion of comprehensive energy consumption to regional
GDP. 5) Investment intensity (lninvestint). Along with the
accelerating urbanization process, investment in urban
infrastructure construction and real estate development will
lead to changes in urban energy structure and dust, which
may lead to haze pollution. Therefore, this paper uses the
share of total energy consumption in regional GDP to
measure. The detailed definitions of all explanatory variables
are shown in Table 1.

Data Sources
Currently, real-time urban PM2.5 monitoring data are
available from the China General Environmental
Monitoring Station2. In addition, other related websites
also provide daily data of urban PM2.53. To ensure the
accuracy of haze pollution data and to avoid biased
research conclusions due to omissions and misplacement
in the calculation of daily data from other websites, this
paper chooses to calculate daily data for each city directly
using hourly data from monitoring stations.

Due to a large amount of these data, it is not easy to meet the
needs if the manual collection method is work-intensive and
error-prone. In order to obtain data more quickly and accurately,

this paper chooses to implement a Web Spider system under
the R language platform using tools such as Rvest and Rcurl
to capture data from the China General Environmental
Monitoring Station pages. Eventually, a PM2.5-based haze
pollution database is constructed to create research
conditions. The data of other socio-economic influencing
factors were obtained from the China Urban Statistical
Yearbook and China Energy Statistical Yearbook. Table 2
provides descriptive statistics for all variables.

EMPIRICAL RESULTS

This paper employs Exploratory Spatial Data Analysis (ESDA) to
examine the spatial correlation and spatial clustering
characteristics of haze pollution in China.

Global Spatial Autocorrelation
Global Spatial Autocorrelation is commonly used to analyze the
distribution characteristics, which is generally portrayed by
Moran’s I (Moran, 1950) and Geary’s C (Geary, 1954). Firstly,
the Global Spatial Autocorrelation of urban haze pollution in
China is examined using Moran’s I index, and the specific
measurement is carried out according to Eq. 10. Where,
S2 � 1/n∑n

i�1(xi − �x)2, �x � 1/n∑n
i�1xi , wij is the spatial weight

matrix, n is the number of cities, and xi denotes the observed
value of haze pollution in the ith city.

Moran′sI � n∑n
i�1∑

n
j�1wij(xi − �x)(xj − �x)

∑n
i�1∑

n
j�1wij∑n

i�1(xi − �x)2

� ∑n
i�1∑

n
j�1wij(xi − �x)(xj − �x)
S2∑n

i�1∑
n
j�1wij

(10)

TABLE 1 | Variable definition.

Variable Name Meanings

Haze pollution lnpm Average annual concentration of haze pollution
Economic development lnpgdp Gross regional product per capita
Population density lnpopdens Ratio of population size to regional area
Technological progress lntechexp Share of science and technology expenditure in public finance expenditure

lnrdint Share of scientific research and technical service personnel in total employees
Energy consumption lnenercons Share of coal consumption in energy consumption
Energy intensity lnenerint Share of total energy consumption in regional GDP
Investment intensity lninvestint Share of fixed asset investment in regional GDP

TABLE 2 | Descriptive statistics.

Obs Min Max Mean Std. Dev

lnpm 320 2.801 4.867 3.978 0.376
lnpgdp 320 0.921 3.242 1.951 0.430
lnpopdens 320 1.061 2.148 1.890 0.137
lntechexp 320 −6.160 −2.314 −4.228 0.794
lnrdint 320 −6.104 −0.629 −4.223 0.710
lnenercons 320 −2.108 0.353 −0.480 0.382
lnenerint 320 −1.085 0.946 −0.336 0.393
lninvestint 320 −1.773 1.722 −0.360 0.427

1In view of the lack of data on total urban energy consumption and coal
consumption in China Urban Statistical Yearbook and China Energy Statistical
Yearbook, and considering the similarity of energy consumption structure in each
province, the data of each province are used to approximate and replace the cities in
the province.
2http://www.cnemc.cn/
3http://www.tianqihoubao.com/
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Next, Geary’s C index is used to test the Global Spatial
Autocorrelation of urban haze pollution in China, measured
according to Eq. 11. Unlike Moran’s I index, the value of
Geary’s C index greater than one indicates a negative
correlation, equal to one indicates no correlation, and less
than one indicates a positive correlation.

Geary’C � (n − 1)∑n
i�1∑

n
j�1wij(xi − xj)

2

2(∑n
i�1∑

n
j�1wij)[∑n

i�1(xi − �x)2]
(11)

Using the abovemethod, this paper measures the global Moran’s I
and Geary’s C values of PM2.5 in 160 cities. Moran’s I is
significantly positive under all three weighting schemes, while
Geary’s C is significantly less than one for all of them. This
indicates a significant positive spatial correlation characteristic of
haze pollution in 160 cities. Therefore, the spatial characteristics
of haze pollution should be fully considered; otherwise, it will lead
to biased estimation results (Table 3).

Local Spatial Autocorrelation
The local spatial autocorrelation can be visually portrayed by
plotting the Moran scatter plot. As shown in the Moran scatter
plot of PM2.5 in 2014 and 2015 (Figure 2), haze pollution has a
significant positive spatial correlation and spatial agglomeration
effect. That is, for cities with more serious haze pollution, there
are usually one or more cities with more serious haze pollution

adjacent to them (i.e., high-high positive correlation). Similarly,
cities with lighter haze pollution gather together (i.e., low-low
positive correlation). In addition, according to the local Moran’s
I, about 110 out of 160 cities have positive local Moran’s I for both
PM2.5, further indicating the existence of significant spatial
clustering characteristics haze pollution.

Bivariate Moran’s I Index
Bivariate Moran’s I index is used to explore the spatial correlation
between the explained variable and explanatory variables, which
is used as a basis for adding spatial lagged terms of explanatory
variables in the spatial Durbin model as described earlier (Lee,
2001; Anselin, 2010), the index can be expressed as:

Ikl � Z′
kWZl

Z′
kZk

(12)

In Eq. 12, Zk denotes the normalized Yk values (explanatory
variables) and Zl denotes the normalized Xl values (explanatory
variables), i.e., Zk � [Yk − μk]/σk, Zl � [Xl − μl]/σ l. Yk and Xl

denote the corresponding values, μk and μl denote the mean
values, σk and σl denote the variance of the corresponding values,
and W is the spatial weight matrix normalized by row. Table 4
reports the results.

Model Diagnostic Tests
Before performing the spatial econometric regression, the model
is selectively tested by applying the great likelihood estimation

TABLE 3 | Global spatial autocorrelation.

Year W1 W2 W3

Moran’s I Geary’s C Moran’s I Geary’s C Moran’s I Geary’s C

2014 0.103*** 0.927*** 0.336*** 0.678*** 0.166*** 0.869***
2015 0.130*** 0.886*** 0.365*** 0.677*** 0.190*** 0.815***

Notes: ***, **, and * indicate significance at the 1, 5, and 10% levels, respectively.

FIGURE 2 | Local Moran’s I of PM2.5 concentration (W3).
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and obtaining the likelihood ratio LR. After that, the original
hypotheses (H0: β = 0 andH0: β+αρ = 0) are tested by applying the
Wald test and LR test. In addition, the spatial Hausman Test is
applied to select fixed effects or random effects. In addition,
model selection can also be performed based on the great
likelihood value of the model, i.e., Likelihood (Lee and Yu,
2010), and the AIC criterion (Akaike, 1974). Table 5 shows
the results, and the Wald test and L.R. test for all three
weights significantly reject the original hypotheses of (H0: β =
0 andH0: β+αρ = 0), indicating that the SDMmodel is optimal. In
addition, the Hausman test for the SDM model with all three
weights is significantly positive, rejecting the random effect.
Meanwhile, the Likelihood values of the fixed effects are all
greater than the random effects, and the AIC values are all
smaller than the random effects, so the fixed effects are more
suitable. In summary, this paper selected the SDM model with
fixed effects for regression analysis.

Regression Results
This paper conducts regression analyses for the POLS model, the
spatial random effects SDM model (SDM-RE), and the spatial
fixed effects SDMmodel (SDM-FE) for PM2.5 under three spatial
asymmetric weighting schemes, respectively, and the results are
shown in Table 6. Among them, according to the identification
results based on the Bivariate Moran test, model (1) and model
(2) contain the spatial lagged terms W·lnpopdens, W·lnenercons,
W·lninvestint, W·lnenerint, W·lnrdint, and W·lntechexp of the
explanatory variables. Model (3) and model (4) contain
W·lnpgdp, W·lnpopdens, W·lnenercons and W·lnenerint. Model

(5) and model (6) contain W·lnenercons, W·lnenerint, and
W·lntechexp. Table 6 shows the regression results. Due to the
choice of the fixed-effects SDM model in the above model
selection, the regression results of model (3), model (5), and
model (7) are used in the analysis below.

According to Table 6, the coefficient of W·lnpm passes the
significance test at the 10% significance level among the three
spatial weighting schemes, which fully indicates that there are
significant spatial clustering characteristics and interaction effects
of haze pollution in China at present, that is, the increase of
PM2.5 concentration in other cities will further aggravate the
degree of haze pollution in this city. Under the effect of
asymmetric spatial interaction, haze pollution shows a more
significant diffusion effect, and the interaction effect of haze
pollution among cities becomes increasingly significant.
Therefore, combating haze requires regional joint prevention
and control by cities, and the effect of haze prevention and
control policies of individual cities or a few cities are
becoming less and less obvious. Since haze pollution is
essentially a socio-economic problem, identifying the socio-
economic influences on haze pollution is essential to
improving the current haze pollution prevention and control
policies.

Based on the regression results below, we further analyze each
factor: 1) Economic development. As shown in columns (3), (5),
and (7) of Table 6, the primary terms of economic development
are all positive, and the secondary terms are all negative. Except
for model (5), which is insignificant, model (3) andmodel (5) pass
the 1% significance level, indicating an inverted U-shaped curve

TABLE 4 | Results of Bivariate Moran’s I.

W1 W2 W3

2014 2015 0/1 2014 2015 0/1 2014 2015 0/1

lnpm-lnpgdp −0.004 −0.023*** 0 0.098*** 0.081*** 1 −0.003 −0.028** 0
lnpm-lnpopdens −0.011* −0.013* 1 0.045* 0.058** 1 0.058 0.041 0
lnpm-lntechexp −0.024*** −0.053*** 1 −0.003 −0.046* 0 −0.075*** −0.107*** 1
lnpm-lnrdint 0.043*** 0.044*** 1 0.017 0.069** 0 0.013 0.033** 0
lnpm-lnenercons 0.104*** 0.119*** 1 0.112*** 0.120*** 1 0.115*** 0.136*** 1
lnpm-lnenerint 0.112*** 0.120*** 1 0.200*** 0.213*** 1 0.197*** 0.219*** 1
lnpm-lninvestint 0.009* 0.038*** 1 0.021 0.081*** 0 0.010 0.032*** 0

Note: The third column 0/1 of each weight matrix indicates whether the spatial Durbin term is added, added if it is significant in both 2014 and 2015. Adding is 1, not adding is 0. ***, **, and *
indicate significant at 1, 5, and 10% significance levels, respectively.

TABLE 5 | Model diagnostic test.

W1 W2 W3

SDM-RE SDM-FE SDM-RE SDM-FE SDM-RE SDM-FE

Log likelihood 139.604 549.218 115.343 491.037 149.230 541.593
AIC −243.207 −1066.437 −198.687 −954.074 −268.4593 −1057.186
Wald-spatial-lag 40.30*** 47.99*** 114.65*** 15.95*** 42.43*** 21.34***
LR-spatial-lag 44.36*** 52.83*** 95.91*** 15.79*** 40.92*** 25.98***
Wald-spatial-error 44.76*** 52.50*** 32.52*** 21.03*** 49.96*** 24.05***
LR-spatial-error 78.18*** 61.90*** 14.91*** 24.72*** 84.53*** 18.38***
Hausman 52.24*** 11.22* 32.15***

Notes: ***, **, and * indicate significance at the 1, 5, and 10% levels, respectively.
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between haze pollution and economic development under the
asymmetric interaction. It is consistent with the classical EKC
hypothesis that the haze pollution level tends to increase and
decrease with increasing levels of economic development. On the
surface, the haze pollution level decreases after reaching a peak as
the economy continues to develop, so there is no need to prevent
and control the increasing haze pollution in economic
development. However, it is worth noting that we further
calculate the inflection point of the inverted U-shaped curve
(in the model (7), for example), which is 150.03 million yuan, and
only a few of the 160 sample cities exceeded the inflection point.
The cities that exceeded the inflection point in 2014 were Daqing,
Dongying, Yangquan, Ordos, and Karamay, and in 2015 were
Dongying, Daqing, Yantai, Shenzhen, and Ordos, and about 97%
of the cities did not cross the inflection point. Therefore, we
cannot expect that haze pollution can be improved just by
developing the economy, which requires that we should be
aware that the management of haze pollution is a long-term
and complex process and focus on continuously improving the
prevention and control policies of haze pollution while
developing the economy. 2) Population density. Observing the
regression results of model (3), model (5), and model (7) in
Table 6, it can be found that the regression coefficients of
population density show significant positive correlations. It
indicates that there is a significant positive correlation between
population density and haze pollution. In other words, the higher
the population density, the more serious the haze pollution. With
the accelerated urbanization process, the population is rapidly
concentrated in cities, especially in large and medium-sized cities,
and the population density is too large to exceed the carrying
capacity of the urban environment. In addition, the increase in

fossil energy consumption and traffic congestion caused by the
over-concentration of the population are also important reasons
for the increase in haze pollution. 3) Technological progress.
According to Table 6, R&D intensity has a positive impact on
haze pollution under all three spatial weighting schemes, but
none of them is significant except for the regression coefficient of
the model (7). This paper indicates that the current R&D
investment in China is not strong enough, and technological
progress does not have a significant positive effect on haze
pollution. It also indicates that the directional pair of R&D
investment is at odds with improving haze pollution. In
addition, in terms of science and technology expenditure, the
regression coefficients of models (3), (5), and (7) are significantly
negative, indicating that the current government financial
investment in science and technology has played a beneficial
role in improving haze pollution. Therefore, in the future
economic development process, the investment in technology
dedicated to improving haze pollution should be strengthened,
such as increasing the support for new energy and other green
technologies and other measures. 4) Energy consumption. The
regression coefficients of models (3), (5), and (7) are all positive,
and they pass the 1% significance level except for model (7). This
result indicates that the current energy consumption structure of
China is not reasonable enough, and the coal-based energy
consumption structure aggravates the haze pollution. 5)
Energy intensity. From the regression results, it can be seen
that the regression coefficients are positive and insignificant
except for model (5). This indicates that the energy
consumption of China’s 10,000 Yuan GDP is gradually
decreasing, but it still aggravates haze pollution. Therefore, it
is necessary to strengthen energy conservation and emission

TABLE 6 | Estimation results of the spatial panel model.

POLS W1 W2 W3

Model (1) Model (2) Model (3) Model (4) Model (5) Model (6) Model (7)

SDM-RE SDM-FE SDM-RE SDM-FE SDM-RE SDM-FE

W·lnpm 0.318 0.864** 0.661*** 0.415*** 0.616*** 0.331*
lnpgdp −0.296 0.164 0.732*** −0.037 0.251 0.037 0.622***
lnpgdp2 0.055 −0.039 −0.136*** −0.008 −0.041 −0.016 −0.114**
lnpopdens 1.351*** 1.054*** 0.498*** 0.969*** 0.656*** 0.994*** 0.406**
lnenercons 0.290*** 0.100* 0.201** 0.245*** 0.462*** 0.052 0.100
lninvestint −0.030 −0.021 −0.047** −0.026 −0.036* 0.007 −0.034*
lnenerint 0.331*** 0.061 0.126 0.068 0.499*** 0.093 0.002
lnrdint 0.015 −0.002 0.014 0.003 0.025 0.014 0.07***
lntechexp 0.047** −0.039** −0.047*** 0.008 −0.047*** −0.010 −0.037**
W·lnpgdp −0.164 −0.272**
W·lnpopdens 6.305*** 3.560 −1.062*** −0.096
W·lnenercons 1.934*** 2.758*** −0.394** −0.036 0.526** 1.953***
W·lninvestint −0.111 −0.110
W·lnenerint 1.122** 3.325*** 0.399*** 0.736** 0.855*** 0.606
W·lnrdint −0.321 −0.785***
W·lntechexp −0.083 −0.215** −0.068 −0.054

Year fixed YES YES YES YES YES YES YES
City fixed YES YES YES YES YES YES YES
Obs 320 320 320 320 320 320 320
R2 0.601 0.643 0.721 0.657 0.709 0.671 0.734
Inflection point 14.749 21.348 15.303

Notes: ***, **, and * indicate significance at the 1, 5, and 10% levels, respectively. Standard errors are not reported due to space limitations.
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reduction and enhance the use of clean energy and new energy to
further reduce the energy consumption of 10,000 Yuan GDP. 6)
Investment intensity. The regression coefficients of investment
intensity in models (3), (5), and (7) are significantly negative,
indicating that increasing investment in fixed assets is beneficial
to improving haze pollution.

Given that the above regression coefficients can only roughly
estimate the effect of each factor on haze pollution and cannot
accurately explain its direct and indirect effects on haze pollution,
this paper, thus, performs effect decomposition on each
explanatory variable, as shown in Table 7. Given that the
effect decomposition results under the three weight matrices
are in the same direction under the same influencing factor,
and the spatial weight W3 can better fit the asymmetric
interaction effects of haze pollution, the spatial weight W3 is
used as an example for analysis in the later section.

The effect decomposition results in Table 7 show that: 1) The
direct effect of population density (lnpopdens) is 0.425, which is
significantly positive, showing that the increase of population
density will significantly aggravate the haze pollution in the area.
The indirect effect is also positive but insignificant, showing that
the positive effect of population concentration in the region on
haze pollution in other cities is insignificant, leading to a
significant positive total effect. This fully indicates that with
the current gradual acceleration of urbanization, the over-
saturation of the population in megacities and large cities will
exacerbate urban haze pollution while also producing spatial
spillover effects on other cities. Although the spatial spillover
effect is not too obvious at present, with the further increase of
urbanization level, the population of big cities will flow to second-
tier and even third-tier cities. Suppose the urban population
structure is not reasonably adjusted. In that case, it will also
aggravate the haze pollution in other areas. 2) The direct effect of
science and technology expenditure (lntechexp) is −0.038, which
is significantly negative, while the indirect effect and the total
effect are simultaneously negative, indicating that an increase in
the proportion of science and technology expenditure in the
government’s fiscal expenditure helps to improve the haze
pollution in the region and beyond. However, the indirect, and
total effects are not significant, which may exist because
government fiscal expenditure has certain regional
characteristics, and it is difficult to impact other regions. 3)

The direct effect, indirect effect, and the total effect of R&D
intensity (lnrdint) are significantly positive, but the indirect effect
is not significant. 4) The direct and indirect effects of energy
consumption (lnenercons) are significantly positive, showing that
the unreasonable energy consumption structure will not only
aggravate the level of haze pollution in this region but also
increase the level of haze pollution in other regions. Hence,
the total effect is also significantly positive. 5) The direct
effect, indirect effect, and total effect of energy intensity
(lnenerint) are all positive but insignificant, indicating that the
current energy consumption of 10,000 Yuan GDP in China’s
cities is not very reasonable, and further energy saving and
emission reduction are needed to reduce the energy
consumption of 10,000 Yuan GDP. 6) The direct effect of
investment intensity (lninvestint) is significantly negative,
which indicates that fixed-asset investment helps to reduce
haze pollution in this city. However, its indirect effect is not
significant, which shows that the current investment structure is
not very reasonable and cannot produce spillover effects.

Examining the above factors together, from the direct effects of
each influencing factor, investment intensity and science and
technology investment are conducive to reducing haze pollution
in the region, while high population density, unreasonable energy
consumption structure, and deviation in the direction of R&D
intensity exacerbate the level of haze pollution in the region. All
factors are insignificant except that energy consumption will
significantly aggravate the indirect effects of haze pollution in
other cities. Through the above analysis, we can clearly
understand that there is still disunity in the prevention and
control of haze pollution in China, which is the main reason
why the implementation effect of joint prevention and control
policies in China is far below the expected level.

CONCLUSION AND POLICY
RECOMMENDATIONS

The regional haze pollution in China has shown an increasingly
serious and expanding coverage, while the real world is composed
of asymmetric spatial relationships, and asymmetric spatial
interaction is more consistent with the reality of haze
pollution, which implies that there is a large asymmetric

TABLE 7 | Estimation results of decomposition of the effects.

lnpopdens lnenercons lninvestint lnenerint lnrdint lntechexp

W1 Direct effect 0.503*** (0.171) 0.191** (0.089) −0.047** (0.018) 0.119 (0.091) 0.017 (0.018) −0.047*** (0.013)
Indirect effect 1.776 (1.428) 1.396*** (0.363) −0.035 (0.157) 1.720*** (0.455) 0.436*** (0.163) −0.094 (0.060)
Total effect 2.280 (1.45) 1.587*** (0.358) −0.082 (0.162) 1.838*** (0.462) 0.420** (0.168) −0.142** (0.060)

W2 Direct effect 0.679*** (0.199) 0.462*** (0.101) −0.037 (0.021) 0.511*** (0.103) 0.025** (0.020) −0.048*** (0.016)
Indirect effect 0.321 (1.016) 0.190 (0.418) −0.024 (0.019) 1.458*** (0.516) 0.017 (0.018) −0.032* (0.019)
Total effect 0.999* (1.065) 0.652** (0.443) −0.061 (0.037) 1.969*** (0.545) 0.043** (0.036) −0.080*** (0.030)

W3 Direct effect 0.425** (0.171) 0.115* (0.094) −0.035* (0.018) 0.006 (0.103) 0.070*** (0.018) −0.038*** (0.014)
Indirect effect 0.256 (0.294) 3.180*** (1.172) −0.019 (0.019) 0.772 (0.781) 0.042 (0.048) −0.108 (0.120)
Total effect 0.681* (0.380) 3.295*** (1.168) −0.054* (0.031) 0.778 (0.751) 0.112** (0.054) −0.147 (0.120)

Notes: According to the results of the effect decomposition calculated in Table 6model (3), (5), and (7), other decomposition results are not reported due to the limitation of space, and
readers can request the results from the author. ***, **, and * indicate significant at 1, 5, and 10% significance level, respectively.
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spatial interaction of haze pollution in a large spatial scale.
Therefore, this paper identifies the spatial asymmetric
interaction effects of haze pollution under the framework of
time series econometric analysis and then constructs three
asymmetric spatial weight matrices to reveal the socio-
economic influences of haze pollution more accurately using a
spatial panel Durbin model and combining with effect
decomposition techniques. It is found that there is exactly a
significant asymmetric spatial interaction of haze pollution in
China. Taking the identification of variance decomposition
scheme as an example, the influence of Beijing on haze
pollution in Tianjin is 0.329%, while the effect of Tianjin on
Beijing is 0.553%. At this stage, economic development and haze
pollution show an inverted U-shaped curve, consistent with the
EKC-Hypothesis. However, it is important to emphasize that
most cities have not yet crossed the inflection point and are still at
the stage where haze pollution increases with economic growth.
Under the asymmetric spatial interaction, high population
density, unreasonable energy consumption structure, and high
energy consumption of 10,000 Yuan GDP all aggravate haze
pollution, while fixed-asset investment and technology
expenditure help reduce haze pollution. However, except for
the energy consumption structure, the spatial spillover effects
of all the above factors are not significant.

The above conclusions provide important policy
implications for China to improve and implement more
effective socio-economic prevention and control policies and
effectively fight the defense of the blue sky. Above all,
reconfigure the scope of joint prevention and control. Based
on the accurate identification of the spatial asymmetric
interaction of haze pollution, the scope of regional joint
prevention and control of haze pollution based on the urban
perspective are further expanded and redefined, and establish
higher-level environmental protection regulatory agencies
beyond administrative divisions. The precise definition of the
scope of joint prevention and control is the primary link in haze
pollution prevention and control. Without proper joint
prevention and control of haze pollution, the subsequent
treatment will not be smooth. At the same time,
environmental incentives should be standardized to avoid the
phenomenon of gain without pain. Furthermore, the
establishment of long-term governance mechanism
construction from the socio-economic factors of influence.
Haze pollution is ultimately a socio-economic problem and

needs to be solved by socio-economic means. Layout a
reasonable population size, prevent excessive concentration
of population to large cities, a reasonable layout of the urban
population, and to the second and third-tier cities diversion.
Continue to promote the transformation and restructuring,
especially the continuous adjustment of energy consumption
structure, improve energy use efficiency while reducing the
percentage of coal in the energy consumption structure.
Improve policies to support the development of green
industries, expand the improvement of haze reduction
technologies, and increase the proportion of public finance
expenditures on science and technology. The most important
thing is to carry out a region-wide cooperation system.
According to the conclusion of the study, the current socio-
economic influencing factors of haze pollution only function in
the region and do not effectively play its spatial spillover effect.
Finally, explore sustainable development models that meet
national characteristics and accelerate green and
technological cities’ construction. Integrate the concept of
sustainable development into the planning and construction
of cities, steadily promote circular development and green
development, advocate green travel, and accelerate the
promotion and policy support of clean energy and new
energy vehicles. To achieve the win-win goal of sustainable
reduction of haze pollution and transforming the economic
development mode to sustainable development, which is the
core meaning of the sustainable development concept in dealing
with the eternal relationship between environmental protection
and economic development. Therefore, haze control is a long-
term process, and it is a long way to go.
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Environmental pollution comes from several sectors of activities. It is almost
conceivable that the education sector subsidies to the disruption of the
environmental quality. The study employs panel cointegration techniques and
method of moments quantile regression (MMQR) to inspect the influence of income,
education (scholarly enrollment and expenditure), and foreign direct investment on
carbon dioxide (CO2) emissions for a panel of 46 Belt and Road initiative (BRI) countries
spanning the period 1996–2016. The estimation shows that the hypothesis of
environmental Kuznets is established for both the models. Using fully modified
ordinary least squares (OLS), fixed effects OLS and dynamic OLS, long-run
elasticities show that real income increases the emissions. At the same time, foreign
direct investment and education contribute toward decreasing the emissions in the long
run. Using the approach of MMQR, the estimated coefficients confirm that only
economic growth positively affects pollution. However, education and foreign direct
investment negatively influence CO2 emissions with different quantile levels. As policy
recommendations, governments of the BRI region should improve the educational
services by installing new technologies, equipment, and supplies, which leads to
mitigation of the emission levels.

Keywords: CO2 emissions, education, method of movements quantile regression, BRI countries, economic growth

1 INTRODUCTION

The structural changes and economic progress affect the environment unprecedentedly (Hashmi
et al., 2020). With increasing globalization, environmental pollution has become a topic of concern
for many researchers, irrespective of who is responsible (Ukaogo et al., 2020; Wang et al., 2022).
Environmental science documented that economic progress and development at a large-scale lead to
the depletion of earth resources, increasing the levels of air/water/land pollution, loss of biodiversity,
and extreme climate temperatures (Polasky et al., 2019). These ecological changes have an inverse
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impact on the human well-being and the quality of the
environment (Sandifer et al., 2015; Shah et al., 2022). In this
respect, several domestic and international institutions consider
rising carbon emissions and climate change the most pressing
issues (IPCC, 2020).

Figure 1 shows the dramatic changes in CO2 emission from
the beginning of the industrial revolution in 1750 to the start of
the 21st century. Undoubtedly, the carbon emissions are gradually
increased to around 5 billion tons per year in the mid-20th

century to over 35 billion tons per year till the end of 2000
(20th century). According to the International Energy Agency
(2019), the energy consumption contributes to the CO2 emissions
by increasing the energy demand because of the rapid economic
development and industrial growth. Therefore, reducing the CO2

emissions and making a sustainable environment requires much
attention in identifying the main determining factor of CO2.

Several studies have examined the impact of environmental
determinants. However, the gross domestic product and foreign
direct investment are the widely used determinants of CO2

emissions in the existing literature. Some recent studies
investigated the impact of income on environmental
degradation. The outcomes from these studies revealed that
mostly the effect of economic growth was positive (e.g., Ikram
et al., 2021; Sarkodie and Strezov, 2019). Moreover, in the age of
climate change, higher levels of GDP indicate the high levels of
carbon dioxide emissions (Bove, 2021). GDP has been ameasure of
the growth of a country. However, the greater the GDP, the faster
the economy grows and the better the quality of life becomes. The
more the non-renewable resources are used, the worse the
environment becomes. Therefore, it is necessary to seriously
reduce the CO2 emissions worldwide with rapid economic
development. In retrospection, China being the initiator of an
investment project in BRI has faced environmental issues due to its
increasing development. As a reaction, the government of China
regulated some policies and strategies for ecological civilization
(Tracy et al., 2017). Now, they have higher environmental
standards and are using new green technologies but the
safeguarding of natural resources has not received attention.

Similarly, foreign direct investment is one of the determinants
of environmental pollution responsible for carbon dioxide

emissions into the atmosphere. FDI brings advanced
technologies and infrastructural development that impedes
environmental excellence (Shahbaz et al., 2015). Acharyya
(2009) found that the FDI inflow positively impacts India’s
GDP growth and CO2 emissions. While on the other side, the
environmental pollution deteriorates the quality of life (Hitam
and Borhan, 2012). In addition to the case of ASEAN countries,
Baek, (2016) estimated the effects of FDI on CO2 emissions on
panel data from the period 1981–2010. The conclusions suggested
that energy and income have a detrimental impact on carbon
emissions.

Many studies suggest that the foreign-owned firms
aregreenhouse gas intensive than the local firms. On average,
they are more energy efficient than the domestic firms but the
results are controversial empirically. Some studies showed no
significant association between foreign investment and
manufacturing plants emissions (Hartman et al., 1997). At the
same time, some argued that the foreign-invested plants are more
energy efficient (Eskeland andHarrison, 2003). In another research
study, Rahman et al. (2019) investigated the relationship between
remittances, foreign direct investment, energy, and environment
for the top six Asian countries. The results showed that FDI has a
significant impact on the CO2 emission in China, Sri Lanka, and
India, while no significant impact in the case of Pakistan and the
Philippines and an inverse relation in the case of Bangladesh. The
findings point out that carbon emissions rise significantly with the
increasing energy use, even in the long or short term.

The existing literature has been discussed in several pieces of
research on this topic of the environment. These publications
have shown that several strategies must be implemented to
protect the atmosphere against climate change (Grossman and
Krueger, 1991; IPCC, 2020). The environmental risks will
exacerbate in countries with zero to no environmental
governance. Safeguarding the environment, while nurturing
the growth is quite challenging nowadays. However,
environmental education can bring positive impacts.
According to the study of Zhang et al. (2021), public
education spending and Research and development (R&D)
positively impact the economy. The authors estimated the
study by generalized methods of moments which concluded
that education has a positive effect on the economic
sustainability of the countries. Huckle (1993), in his research,
gave holistic standpoints on the education required for
environmental sustainability. He emphasized that education is
not the only solution to the environmental problems, but
appropriate types of awareness along with certain strategies
can bring sustainable development. In achieving a sustainable
environment, good and effective education is necessary. The
United Nations (2002) emphasized that education for
sustainable development stimulates awareness and skills
essential for the safety of the environment and economy. It
will help people perform certain actions that will enhance the
quality of life without affecting the planet. The environmental
education will create links among socioeconomics, ecology, and
environmental quality that solve environmental problems. The
success of a sustainable environment depends on effective and
critical education on the environment (Tilbury, 1995).

FIGURE 1 | CO2 emissions and atmosphere concentration
(1750–2020). Source: NOAA Climage.gov.
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This study selects the BRI countries because of several reasons.
The increasing global trade and investments by China’s Belt and
Road initiative will boost economic progress and development,
but it has some repercussions concerning the quality of the
environment. China’s Belt and Road initiative (BRI) is
considered one of the largest infrastructure regional trade
schemes started in 2013 to connect sixty-plus countries
initially through infrastructure and roads excluding
environmental design. This interaction of countries is
distressing the energy and environmental scenarios. This study
will help the BRI economies because a sustainable environment
through education is necessary. The increasing energy
consumption with rising industrialization and urbanization
will decrease the forest area and biodiversity, thereby affecting
the environment and the people around the world (Anwar et al.,
2020).

Further, Rauf et al. (2020) observed that the BRI global project
success relies on the economy, environment, and energy. BRI
project is causing severe damage to the existing environment.
However, shifting toward renewable energy programs and setting
up water treatments projects near the industrial area will be an
enormous contribution in this regard. The findings of their study
have some policy implications that can play a vital role in
environmental sustainability. The allocation of economic
resources effectively makes and checks the short or long-run
approaches for environmental problems and educational
campaigns for the environmental sustainability. Figure 2
depicts the 3D graphs of annual average time trends for
carbon emissions, school enrollments, education expenditures,
gross domestic product, and foreign direct investment in BRI

countries. It is evident from the figure that CO2, GDPPC, and
EDU_en had increasing and flat trends from 1995 to 2016. It
means that CO2, GDDPC, and EDU_en have increased parallelly
together in the BRI region. EDU_ex and FDII have more
fluctuations with mixed trends (increasing and decreasing) at
different periods in the BRI region.

This study contributes to the current body of knowledge in
many ways. First, this study investigates the impact of education
(school enrollments and education expenditures) on
environmental degradation. Only scant research is available on
the linkage between education and the environment. To the best
of our knowledge, we have found only two studies that have
examined the relationship between education and the
environment. Eyuboglu and Uzar (2021) investigated the
relationship between higher education and environmental
degradation in Turkey, whereas Zhu et al. (2021) examined
the same linkage at the disaggregated level in China. Thus,
there seems to be a research gap in other countries or group
of countries. Second, we deviated from the existing literature and
used different proxies of education a) school enrollment and b)
education expenditures. We believe that more school enrollments
and government expenditures on education are more likely to
support the human capital development and increase
environmental consciousness.

According to UNESCO (2014), education can solve social,
cultural, economic, and environmental issues. Third, we have
taken the Belt and Road Initiated (BRI) countries as our sample
study. China is making a huge foreign investment in BRI
countries that will boost the economic progress and
development; consequently, there is a great chance of polluting

FIGURE 2 | Yearly average CO2, EDU_en, EDU_ex, GDPPC and FDII in BRI countries.
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the environment in the BRI region. Therefore, this research will
help the BRI nations achieve a sustainable environment through
education. Finally, we use a novel econometric tool, method of
moments quantile regression (MMQR), recently developed by
Machado and Silva (2019). This method is vigorous to the outliers
and provides valid estimations. Moreover, this method gives
heterogenous relationships among variables within quantile
distributions.

The remaining arrangement of the study is given as follows;
Section 2 is about the literature review of the research. Section 3
represents the data and empirical modeling. While Section 4 has
details about the results and discusses the study’s empirical
findings. Last but not least is Section 5, which is about the
study’s conclusion.

2 LITERATURE REVIEW

Global warming and its associated risks for biodiversity and
coastal populations have pushed researchers and global
organizations to commit to environmental objectives. Over the
past twenty years, many studies have been published in this
domain. The literature has primarily focused on CO2 emissions
(the most harmful pollutant) used as a proxy for environmental
pollution. Using various approaches, its determinants have been
examined in various empirical studies, which differ by their
specification, covariates, methodology, and selected period of
data (e.g., Ozturk, 2010; Dogan and Seker, 2016).

While several global organizations have urged that the share of
CO2 emissions is growing vigorously (IPCC, 2020), various
sectors of activities (such as trade, tourism, agriculture, and
service industry) continue to grow and require practical
measures (Al-Mulali et al., 2015; Ben Jebli et al., 2016; Kahia
and Ben Jebli, 2021). In the long run, it is now admitted that the
combustion of fossil fuels is the main source of this externality.
Therefore, deploying renewable and alternative energy sources is
an essential and effective solution to curb the environmental
pollution, paying attention to allocating green energies to the
most intensive sectors (principally trade, industry, manufacturer,
and transport).

Education is an interesting factor that is known to influence
the environmental degradation. For this reason, our study
extends the literature since it claims that education is also a
determining factor of CO2 emissions levels. Eyuboglu and Uzar
(2021) developed a new perspective on the environmental
situation by testing the relationship between higher education
and emissions of CO2 in Turkey using the autoregressive
distributed lag (ARDL) method for the period 1983–2017. The
outcomes revealed that increasing higher education will
negatively affect emissions. Economic growth and energy will
disturb the emissions positively. The authors support the
existence of long-run linkages running from education, growth
of GDP, energy, trade openness, and exchanges proportional to
CO2 emissions. For Bangladesh, Moyen Uddin (2014) examined
the association between education, pollution, and economic
growth using vector error correction model (VECM). The
outcomes confirm the existence of cointegration among the

underlining variables. Also, the empirical evidence shows
positive linkages between environmental pollution, economic
growth, and education expenditure. For Cyprus, Katircioglu
et al. (2020) investigated the impact of education (higher) on
the environmental situation by implementing energy as a
dependent.

The results support the strong impact of education on
environmental indicators using energy. Bekaroo et al. (2018)
investigates the relation of insights and behaviors related to
the CO2 emissions of higher education employees of
Mauritius’s institutions. The results highlight that
demographic features and events nature disturb the personal
CO2 emissions. Also, the authors revealed that the carbon average
of education staff was more progressive than the per capita
carbon of the residents of the area. Zhu et al. (2021) applied
panel threshold and panel quantile regressions to examine the
influence of education (higher level) on CO2 emissions of 31
provinces in China over the period 2004–2015. The econometrics
outcomes suggest a threshold effect of higher education’s scale
and quality on regional emissions. The further advancement of
higher education could relieve the positive control on CO2

emissions if the technology exceeds the threshold. Its potential
progress could restrain the positive influence on emissions for
education quality if the GDP growth is sufficiently more than the
threshold. The outcomes suggest that higher quality education
may promote its impact on emissions if the technological
threshold is exceeded. The positive effect of education on
pollution seems minor in China’s provinces when the
emissions level is greater. The authors conclude that provinces
with higher emissions may promote per capita CO2 emissions,
while declining the influence of technological level on emissions is
relatively stable in different regions with various emissions
grades. Park et al. (2007) examined the linkage between
culture (higher education for adults aged 20–24) and
environmental sustainability index for 43 countries. The
authors suggest a positive association between the culture and
environmental sustainability. Dutt (2009) discussed the impact of
education on the relation of income and environment using
cross-country CO2 emissions from 1984–2002 for 124
countries. The outcomes suggest that increasing the
expenditure on education may reduce the emissions levels.
Disli et al. (2016) have examined the relationship between
education (national culture), CO2 emissions, and real GDP for
69 developed and developing countries by applying the
generalized system method of moment (GMM). The
consequences suggest culturing of the income-emissions
relationship with a significant probability value. The authors
provide a range of policy insights, including that, in
sustainable development, education should be merged in
national behavior toward the environment and growth of
economic activities.

Only a few studies discuss the dynamic relationship between
education and pollution rates. There is no distinction between the
different educational indicators through these empirical studies.
So far, the consumption of energy has been extensively
introduced in the specification model but its linkages with
educational and environmental quality indicators are unclear.
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This study’s originality introduces the educational indicators into
two different keys as the determinants of pollution level (CO2).
The integration of education development in the current study is
related to the school endorsement and government expenditure
for the case of BRI countries. Moreover, this study applies an
innovative econometric methodology, namely, method of
moments quantile regression (MMQR), to discuss the linkage
between education development and CO2 emissions for BRI
countries.

3 DATA, DESCRIPTIVE STATISTICS, AND
EMPIRICAL METHODOLOGY

3.1 Data
The data are annual (from 1996 to 2016) and obtained from the
World Bank (2021). Data contain carbon dioxide (CO2)
emissions (kg per 2010 USD of GDP); gross domestic product
per capita (GDPPC) (constant 2010 USD); foreign direct
investment net inflows (FDII) (% of GDP); education school
enrollment, secondary defined (EDU_en; % of GDP);
government expenditure on education, total (EDU_ex; % of
GDP). Table 1 summarizes the variables with their
abbreviation, units, and data source.

3.2 Descriptive Statistics
The descriptive statistics of BRI countries for 987 observations are
reported in Table 2 (observations, standard deviation, mean,
minimum, and maximum) over 1996–2016. Based on the
computed statistics, CO2 emissions record a mean value of
270851.15 kg per 2010 US$. The highest amount was equal to
10,000,000 kg per 2010 US$, while the lowest value was equal to
759.811 kg per 2010 US$. Regarding the education variables, the
maximum value (resp. minimum) of education endorsement
reached 1.961% (resp. −1.581%). The government expenditure

in education has attained a higher share (resp. lower share) equal
to 2.015% (resp. -2.369%). For real GDP per capita, the biggest
value has reached 69680.210 US dollars, while the lowest value
has been attained 351.444 US dollars.

3.3 Empirical Modeling
The present study goal is to examine the effect of education on the
environmental indicator for BRI countries using the MMQR
technique of estimation. The empirical modeling follows the
same specification model inspired by Eyuboglu and Uzar
(2021), who applied the ARDL approach to cointegration for
estimation. Thus, our long-run equation is given as follows:

lCO2it � α0 + α1lGDPPCit + α2lGDPPC2
it + α3lEDUit

+ α4lFDIIit + εit, (1)
where i � 1, ..., 46 and t � 1996, ..., 2016 indicates the specified
country and period, respectively. εit designates the error term. l
denotes the logarithmic form applied to each variable. The vector
(α0, α1, α2, α3, α4) denotes the long-run estimated coefficients.
The empirical study examines two specification models referring
to two different indicators of education. EDU variable indicates
either education enrollment (EDU_en) or education expenditure
(EDU_ex).

For the empirical modeling, the present study employs panel
cointegration techniques which are based on i) checking the
cross-sectional dependence (CD) and cross-sectional
augmented IPS (CIPS) of Pesaran (2007); ii) testing the order
of integration corresponding to each variable through IPS test; iii)
the existence of long-run cointegration among the variables is
checked usingWesterlund (2007) bootstrap test; v) estimating the
long-run coefficients using fixed-Eeffect ordinary least square
(FE-OLS), fully modified OLS (FMOLS), dynamic OLS (DOLS),
and MMQR approaches with plots.

For comparative purposes, the long-run estimates are
computed using three distinct approaches as FMOLS, DOLS,
and FE-OLS. The FE-OLS method is extended with Driscoll and
Kraay standard errors. These computations are stronger
compared with the general forms of CD and autocorrelation.
The FMOLS is a non-parametric approach proposed by Pedroni
(2004), which includes individual-specific intercepts and allows
heterogenous characteristics of serial correlation of the error
procedure. The DOLS is a parametric technique developed by
Kao and Chiang (2001) that controls endogeneity through the
augmentation of lead and lagged differences of integrated series.
Due to the limitations of the previous estimations approaches, the

TABLE 1 | Variable description.

Abbreviation Units Data source

CO2 kg per 2010 US$ of GDP WDI (World Bank)
EDU_En School enrollment, secondary (% gross) WDI (World Bank)
EDU_Ex Government expenditure on education, total (% of GDP) WDI (World Bank)
GDPPC GDP Per capita (constant 2010 US$) WDI (World Bank)
FDII Net inflows (% of GDP) WDI (World Bank)

The data are transformed to the natural logarithmic form. The selected panel is composed of 46 BRI countries. All of these countries are reported in Appendix A.

TABLE 2 | Summary statistics.

Variable Obs Mean Std. dev Min Max

CO2 987 270851.15 1048129.4 759.811 10000000
EDU_en 987 84.773 19.019 −1.581 1.96
EDU_ex 987 4.03 1.416 −2.369 2.015
GDPPC 987 10670.688 13427.134 351.444 69680.210
FDII 987 4.699 6.303 −37.155 54.017

Source: Authors’ estimation
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panel quantile regression procedure is applied to control the
heterogenous impact across quantiles (Sarkodie and Strezov,
2019). Koenker and Bassett (1978) have announced the panel
quantile regression approach. Binder and Coad (2011) advised
that quantile regressions are considered a robust technique
employed to calculate conditional median (or diversity of
response variables quantiles).

This study employs theMMQRwith fixed effects developed by
Machado and Silva (2019). Even though the quantile regression
method is robust to outliers, however, it remains unsuccessful
across the individual heterogeneity unobserved in a panel. For
this reason, the method of moments quantile regression (MMQR)
is applied in this study to identify the conditional heterogenous
covariance influence of environmental quality (CO2 emissions),
which allows the individual effects to the entire distribution (Ike
et al., 2020; Rehman et al., 2021; Rehman et al., 2022).

This estimation technique is suitable for the case, where the
panel is engrained with individual effects. Also, it could be applied
when independent variables have endogenous characteristics.
This approach is fairly interesting because it gives non-
crossing estimates in quantile regression. The conditional
quantile estimates Qy(τ| X) of the model varying at location-
scale are expressed by the following equation:

Yit � αi +X′itβ + (δi + Z′itγ)Uit, (2)
where i � 1, ..., n and t � 1, ..., T designate individual fixed effects
and time period, respectively. The
probabilityP{δi + Z’itγ}> 0 � 1, and {α, β, δ, γ} are the
parameters to estimate. The k-vector of known composes of X
is represented by Z, which are differentiable conversions with
component l given by:

Zl � Zl(X), l � 1, ..., k. (3)
The variable Xit is distributed independently and identically

for all fixed i and is independent of time (t). Uit is independently
and identically distributed between the individuals and time and
is orthogonal to Xit and is normalized to satisfy the moment
conditions of Machado and Silva (2019) which, among others, do
not imply strict exogeneity. The Eq. 2 can be written as follows:

Qy(τ| Xit) � (αi + δiq(τ)) +X′itβ + Z′itγq(τ). (4)
According to Eq. 4, the vectors of the independent variables

are represented by X′it in natural logarithmic form. This means
that, given our specified model, GDPPC is taken in natural
logarithmic form (lGDPPC); the natural logarithmic form of
the square of GDPPC (lGDPPC2) the natural logarithmic of
education enrollment (lEDU_en); logarithmic of education
expenditure (lEDU_ex), and the natural logarithmic of foreign
direct investment (lFDII). The quantile distribution of the
dependent variable Yit is indicated by Qy(τ| Xit), which is
denoted, in our case, by the natural logarithm for per capita
CO2 emissions and is conditional on the location of an
independent variable X′it. The scalar coefficient, which
indicates the fixed effects of the quantile τ for the individual, i
is given by αi(τ) � αi + δiq(τ). Unlike the common least-squares
fixed effects, the individual effect does not show a lag on intercept.
Unlike the common least squares fixed effects, the individual
effect does not show a lag on intercept. These parameters are
invariant over time whose heterogenous impacts can vary along
the conditional distribution of the quantiles of the endogenous
variable Y. q(τ) denotes the τ -th sample quantile, which is
evaluated by solving the optimization problem next:

minq∑
i

∑
t

ρτ(Rit − (δi + Z′itγ)q), (5)

where ρτ(A) � (τ − 1)AI{A≤ 0} + TAI{A> 0} indicates the
check function.

4 RESULTS AND DISCUSSION

Before testing for the stationary properties variables, it is
necessary to check for the cross-sectional dependence in
residuals using the cross-sectional augmented IPS (CIPS) tests
developed by Pesaran (2004, 2007). The CIPS test seems to be
more efficient than traditional unit root tests because it considers
the cross-sectional dependence in residuals. In fact, the
traditional unit root tests such as Augmented Dickey and
Fuller, (1979) and Levin et al. (2002) do not take into account
the cross-sectional dependence proprieties in time series. Thus, the
ignorance of cross-sectional dependence leads to spurious results
(Phillips and Sul, 2003). The CD test allows estimating the degree

TABLE 3 | Cross-sectional dependence test and CIPS Unit root test results.

Panel A

Variables CD test p-value CIPS

Level First-difference

lCO2 86.735 0.0000 −1.507 −5.324***
lEDU_en 70.190 0.0000 −1.849 −4.110***
lGDPPC 78.542 0.0000 −1.097 −3.312***
lFDII 44.522 0.0000 −1.615 −4.913***

Panel B

lCO2 87.852 0.0000 --- ---
lEDU_ex 68.319 0.0000 −1.712 -5.313***
lGDPPC 86.817 0.0000 --- ---
lFDII 48.278 0.0000 --- ---

Notes: “***” shows a statistical significance level of 1%.

TABLE 4 | Panel unit root (im, pesaran, and shin) results.

Variable Im, pesaran, and shin

Level First-difference

C C&T C C&T

lCO2 2.2817 −6.1018*** −13.1835*** −14.5514***
lEDU_en 1.6101 −3.2565*** −11.1786*** −12.5211***
lEDU_ex 3.1108 −5.2961*** −11.1678*** −12.3341***
lGDPPC 7.1910 −5.7102*** −10.5612*** −12.1232***
lFDII 5.1182 −6.1295*** −14.1621*** −15.1752***

Notes: Standard errors are in parentheses, and “***” indicates statistical significance at
the 1% level.
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of cross-sectional dependence in residuals andmayhelp us to decide the
suitable panel generation unit root test for the stationary proprieties of
the analysis variables. The null hypothesis assumes that the variable is a
cross-sectional independent,whereas the alternative hypothesis suggests
that variables are cross-sectional dependent.

Table 3 shows the results of the CD test for each panel (A and
B) and suggests that the null hypothesis can be rejected. Thus, the
presence of cross-sectional dependence can be confirmed at the
1% significance level. Moreover, the results of the unit root test of
CIPS are reported in Table 4 and highlight that all variables are
stationary when transformed into their first-difference form,
confirming the long-run association among the variables.

Using the traditional unit root test of IPS, the results of the
statistical test (reported in Table 4) show that all selected
variables are non-stationary at level, while they became
stationary after the first difference. Thus, the variables are
integrated of order 1: I(1).

Once the integration order has been established, the existence
of long-run association among the variables is then be checked
using Westerlund (2007) panel cointegration approach. This
assumes common-factor restrictions assumption on tests.
Westerlund (2007) suggests four tests assuming the null
hypothesis of no cointegration. Using the approach of

Westerlund’s boot-strapping, it will be possible to moderate the
misleading influences of the CD process and yield robust critical
values. The results of Westerlund tests are reported in Table 5 and
confirm that, either for themodel with education enrollment or for the
model with education expenditure, the cointegration between the
underlining variables is established at the 1% level.

Using the FMOLS, DOLS, and FE-OLS estimation techniques,
the outcomes of these procedures are described in Table 6. Given
the natural logarithmic transformation of the selected variables,
the computed long-run parameters can be interpreted as long-run
elasticities. The calculated parameters are significant at mixed
levels quite closer in term of values and signs.

For the model with EDU_en (Panel A), all the estimated
parameters are significant for all techniques. The coefficients
of lGDPPC2, lFDII, and lEDU_en are statistically significant
and negatively affect the growth of CO2 emissions. However,
the lGDPPC coefficient is with a positive effect on CO2 emissions.
This result confirms the validity of the EKC assumption given the
estimated coefficients of lGDPPC and its square. Thus, at a
definite threshold of maturity, governments of BRI countries
must seriously think about taking the required precautions to
reduce the pollution rate in the long run. Using the FMOLS
approach, the outcomes show that a 1% increase in lEDU_en,
lGDPPC2, and lFDII will decrease the per capita CO2 emissions
by 0.78, 0.16, and 0.37%, respectively. A 1% increase in lGDPPC
leads to increased CO2 emissions per capita by 3.09%.
Approximately the same consequences are observed for FE-
OLS, and DOLS approaches. Thus, foreign investment in
secondary educational establishments is an effective solution to
improve the quality of the environment. Therefore, it is important
to encourage foreign investors to plan educational projects for
secondary school students, while using the goods and equipment
to reduce the pollution rate.

For the model with EDU_ex (Panel B), the computed
coefficients are statistically significant at a mixed level for all
estimation techniques. The coefficients of lGDPPC2, lFDII, and
lEDU_ex are statistically significant and negatively affect the CO2

emissions growth. The EKC hypothesis is also validated for the
model with EDU_ex. As a matter of fact, using FE-OLS, a 1%

TABLE 5 | Westerlund (2007) bootstrap test.

Panel A

Statistics Value Z-value p-value Robust p-value

Gt −12.435 −7.611 0.000*** 0.000***
Ga −15.455 −16.501 0.000*** 0.000***
Pt −7.454 −11.615 0.000*** 0.000***
Pa −13.235 −8.245 0.000*** 0.000***

Panel B

Gt −15.491 −10.201 0.000*** 0.000***
Ga −8.131 −9.029 0.000*** 0.000***
Pt −9.100 −10.919 0.000*** 0.000***
Pa −14.011 −7.134 0.000*** 0.000***

Notes: H0 states that there is no cointegration. p-values are based on 400 repetitions,
and “***” denotes significance at the level of 1%.

TABLE 6 | Long-run estimates for BRI countries.

Panel A

Variables FE-OLS FMOLS DOLS

B-Coef t-stat p-value B-Coef t-stat p-value B-Coef t-stat p-value

lEDU_en −0.764 −1.930 0.068* −0.780 −1.766 0.078* −3.006 −3.677 0.000***
lGDPPC 2.985 8.710 0.000*** 3.091 8.102 0.000*** 4.910 6.655 0.000***
lGDPPC2 −0.149 −9.680 0.000*** −0.159 −8.143 0.000*** −0.244 −6.559 0.000***
lFDII −0.300 −5.430 0.000*** −0.376 −4.896 0.000*** −0.158 −2.448 0.015**

Panel B

lEDU_ex −0.436 −4.080 0.001*** −0.488 −1.883 0.060* −0.307 −2.148 0.033**
lGDPPC 2.408 72.050 0.000*** 2.497 25.646 0.000*** 2.396 40.512 0.000***
lGDPPC2 −0.120 −62.480 0.000*** −0.128 −13.773 0.000*** −0.122 −21.343 0.000***
lFDII −0.315 −6.260 0.000*** −0.398 −-5.547 0.000*** −0.238 −7.417 0.000***

Notes: “***“, “**“, and “*” indicate statistical significance at 1, 5, and 10%, respectively.
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increase in lEDU_ex, lGDPPC2, and lFDII will decrease per
capita CO2 emissions by 0.43, 0.12, and 0.31%, respectively.
For both models, the outcomes are similar to that of Aziz
et al. (2020), who found a positive association between
lGDPPC and CO2 emissions for BRICS countries and online
to that of Eyuboglu and Uzar (2021) in Turkey. Spending on
educational activities is an effective solution to protect the
environment. Indeed, it is necessary to encourage the investors
to invest in educational activities to protect the humanity health
against pollution and to inspire scholars to advance education or
scientific research.

For bothmodels, the outcomes show that education and foreign
direct investment negatively affect the environmental situation.
This result is quite interesting since it indicates that governments of
the selected countries are thinking of investing in the education
sector in a suitable way that both stimulates economic growth and
protects the environment. The fact of investing in a rational way in
educational activities by installing efficient and higher quality of
equipment and materials stimulating both human resources and
the economic growth of nations.

The results of themethod ofmoments quantile regression for both
models are reported in Table 7. For the EDU_en equation, the
findings display that the influence of lGDPPC on emissions is
significant at the 1% level and homogenous across all quantiles.
Also, the effect of lGDPPC on emissions of CO2 across different
quantile levels is approximately stable given that the estimated
coefficient indicates a small increase and moves from 7.54% (0.10)
to 7.662 (0.9). At the quantile 90%, lGDPPC has the highest
coefficient, which means emissions growth has the highest level
against the other quantiles. Thus, this result implies that more
development in the economic activities of BRI countries leads to
more emissions levels. In the case of the square of GDP (lGDPPC2),

its heterogenous impact on CO2 is negative and significant at the 1%
level for all quantiles distribution. The negative and significant
coefficients of lGDPPC2 on CO2 emissions are growing positively
across quantiles. The quantile distribution (from 0.10 to 0.90) shows
that a 1% increase in lGDPPC2 will decrease emissions by
0.39–0.42% in BRI countries. Thus, the effect of lGDPPC2 on
CO2 is certified and higher when the quantile becomes higher
too. The validity of the EKC is also confirmed for the higher level
of quantile. Our consequences align with those of Ike et al. (2020),
who revealed an inversedU-shape association between emissions and
GDP growth. The estimated coefficients of lFDII are also observed to
be negative and significant at a 1% level. Also, there is large
heterogeneity in the coefficients across quantiles distribution. In
fact, a 1% increase in lFDII leads to decreased emissions by
0.34–0.41% across different quantiles. This outcome means that
from the first to the latest quantile, the estimated coefficients of
lFDII are higher, and its negative effect on emissions can be
confirmed for the selected panel. In the long-term, the growth of
foreign investment countries of the region leads to the mitigation of
pollution levels due to the installation of new and clean technologies
using renewable resources, which improve the productivity.

Regarding the lEDU_en influence on CO2 emissions, the
estimated coefficients are heterogenous, negative, and
statistically significant across quantiles distribution at the 1%.
However, its coefficients impact on CO2 emissions are
decreasing among quantiles distribution. In fact, increasing
EDU_en by 1% will decline emissions of CO2 by 1.70–0.95%.
Thus, for selected BRI countries, any increase in education
enrollment will decrease emissions levels in the long run. Thus,
the supervisors of BRI states should invest more in the secondary
education to recover the environmental feature. The installation of
equipment and materials relating to secondary education events

TABLE 7 | Method of moments quantile regression (MMQR) estimation results.

Panel A

Variables Method of moments quantile regression

Location Scale Quantiles

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

lEDU_en −1.322*** −0.257* −1.708*** −1.601*** −1.541*** −1.442*** −1.333*** −1.227*** −1.137*** −1.071*** −0.952***
(0.243) (0.139) (0.281) (0.254) (0.244) (0.237) (0.243) (0.261) (0.284) (0.306) (0.351)

lGDPPC 7.602*** 0.041 7.54*** 7.557*** 7.567*** 7.583*** 7.6*** 7.617*** 7.632*** 7.643*** 7.662***
(0.689) (0.395) (0.796) (0.72) (0.691) (0.67) (0.685) (0.738) (0.806) (0.867) (0.994)

lGDPPC2 −0.409*** −0.012 −0.391*** −0.396*** −0.399*** −0.404*** −0.409*** −0.413*** −0.418*** −0.421*** −0.426***
(0.038) (0.022) (0.044) (0.04) (0.038) (0.037) (0.038) (0.041) (0.044) (0.048) (0.055)

lFDII −0.381*** −0.023 −0.346*** −0.355*** −0.361*** −0.37*** −0.38*** −0.389*** −0.397*** −0.403*** −0.414***
(0.044) (0.025) (0.051) (0.046) (0.044) (0.043) (0.044) (0.047) (0.052) (0.055) (0.064)

Panel B

lEDU_ex −0.571*** −0.245*** −0.200 −0.292* −0.360** −0.461*** −0.568*** −0.659*** −0.735*** −0.83*** −0.953***
(0.156) (0.086) (0.18) (0.166) (0.158) (0.154) (0.157) (0.166) (0.178) (0.197) (0.227)

lGDPPC 4.926*** 0.89*** 3.58*** 3.912*** 4.159*** 4.525*** 4.913*** 5.244*** 5.521*** 5.866*** 6.309***
(0.581) (0.318) (0.671) (0.616) (0.589) (0.571) (0.583) (0.617) (0.662) (0.732) (0.844)

lGDPPC2 −0.264*** −0.060*** −0.173*** −0.196*** −0.212*** −0.237*** −0.263*** −0.285*** −0.304*** −0.327*** −0.357***
(0.032) (0.018) (0.037) (0.034) (0.033) (0.032) (0.033) (0.034) (0.037) (0.041) (0.047)

lFDII −0.368*** −0.037* −0.312*** −0.326*** −0.336*** −0.351*** −0.368*** −0.382*** −0.393*** −0.408*** −0.427***
(0.041) (0.023) (0.047) (0.044) (0.042) (0.04) (0.041) (0.044) (0.047) (0.052) (0.06)

Standard errors are in parentheses and ***p < 0.01, **p < 0.05, *p < 0.1.
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must be more efficient to improve the quality of secondary
schooling and keep the environment clean.

For the panel with EDU_ex, the results show that the estimated
coefficients are positive with higher heterogeneity and significant
at the 1% level. Thus, from the first to the latest quantile, a 1
increase in lGDPPC leads to an increase in emissions level by
3.58–6.30%. The estimated coefficients of lGDPPC2 are negative
with higher heterogeneity and statistically significant at 1% level.
This outcome confirms that the hypothesis of the EKC is certified.

Across quantiles distribution, increasing lGDPPC2 by 1% will
decline emissions by 0.17–0.35%. This means that, at a certain
level of economic development, BRI countries must reflect on
mitigating pollution rates and invest in abatement technology
and new clean technologies using renewable energies.

Figure 3 illustrates theMMQR coefficients against quantile for
each panel. For the model with EDU_en, the illustration displays
that the MMQR estimated coefficients of economic growth
(lGDPPC) and education enrollment (LEDU_en) are moving

FIGURE 3 | Plots of MMQR coefficients against quantiles (A). Plots of MMQR Coefficients against quantiles (B).
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with a different dynamic. In the last quantile, the estimate of
lEDU_en has its maximum parameter, while lGDPPC remains
stable across quantiles distribution. This means that emission of
CO2 is at lowermost standards at quantiles, where the influences
of education enrollment on emissions are uppermost.

For the model with EDU_ex, the movement shows that the
MMQR coefficients of economic growth and education expenditure
are moving in two different dynamics. In fact, the estimate of lEDU-
ex has its highest coefficient in the lowest quantile, whereas the
economic growth also remains stable in the last quantile. This
outcome underlines that, in general, the emissions of CO2 are at
the lowest levels when education enrollment and income effect on
emissions are at the lowest quantiles.

5 CONCLUSION

Education events have an important role in the advancement of
human resources. It is almost essential to highlight the standing of
the education sector in the growth of economic events of nations
and in mitigating CO2 emissions to improve the quality of the
environment. To do that, the present study tries to evaluate the
role of education in mitigating emissions levels for a sample of the
BRI countries using the MMQR approach. Income and foreign
direct investment are considered to control variables to check for
the influence of education on CO2 emissions. Our empirical study
considers two models: the first model investigates the impact of
real GDP and its square, FDI, and education enrollment for a
secondary scholar on emissions. The second model evaluates the
influence of real GDP and its square, FDI, and education
expenditure on emissions. For each model, a long-run
relationship among the variables has been established. The
hypothesis of the EKC has been validated, confirming that BRI
countries reserve part of their capital to reduce the CO2 emissions
rate in the long term. Using FMOLS, DOLS, and FE-OLS, the
computed coefficients are significant at the mixed level and show
that only income leads to increased emissions, while the FDI and
education (either enrollment or expenditure) contribute toward

reducing the CO2 emissions. Using the MMQR approach, the
estimated coefficients are similar to that of cointegration
techniques and revealed that, across quantile distribution, CO2

emissions are negatively influenced by foreign direct investment
and education.

In conclusion, the governments of BRI countries should invest
more in secondary education to recover the environmental
feature. The installation of equipment and materials relating to
secondary education events must be more efficient to improve the
quality of secondary schooling and keep the environment clean.
Moreover, at a certain level of economic development, BRI
countries must reflect on mitigating the pollution rates and
invest in abatement technology and new clean technologies
using renewable energies. Finally, it is essential to enhance
investors to invest in educational activities to protect
humanity′s health against pollution and to inspire the scholars
to advance education or scientific research.
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APPENDIX ALIST OF BRI SAMPLE
COUNTRIES

N° Country N° Country

1 Albania 24 Lithuania
2 Armenia 25 Malaysia
3 Azerbaijan 26 Moldova
4 Bahrain 27 Mongolia
5 Bangladesh 28 Oman
6 Belarus 29 Pakistan
7 Bosnia and Herzegovina 30 Philippines
8 Bulgaria 31 Poland
9 Cambodia 32 Qatar
10 China 33 Romania
11 Croatia 34 Russia
12 Czech Republic 35 Saudi Arabia
13 Egypt 36 Serbia
14 Estonia 37 Singapore
15 Georgia 38 Slovakia
16 Hungary 39 Slovenia
17 Indonesia 40 Sri Lanka
18 Iran 41 Syria
19 Jordan 42 Thailand
20 Kuwait 43 Turkey
21 Lao PDR 44 Ukraine
22 Latvia 45 United Arab Emirates
23 Lebanon 46 Vietnam

Notes: The sample is limited to 46 BRI countries based on availability.
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The Dynamics of Three Currencies’
Bid–Ask Spread From the Perspective
of Import–Export Success: Novel
Findings for Digital Trade and
Sustainable Production
Lu Xu1, Xijing Liu2, Luboš Smutka3†, Wadim Strielkowski 3† and Xin Zhao4*

1School of Economics, Fujian Normal University, Fuzhou, China, 2Overseas Education College, Fujian Business University,
Fuzhou, China, 3Department of Trade and Finance, Faculty of Economics and Management, Czech University of Life Sciences
Prague, Prague, Czechia, 4School of Statistics and Applied Mathematics, Anhui University of Finance and Economics, Bengbu,
China

Import and export have been acknowledged for their beneficial effects on sustainable
economic development. In the context of economic globalization, the dynamics of
exchange rates are more critical and necessary to export success and sustainable
development. Therefore, understanding the dynamics of exchange rates contributes to
the achievement of export success so as to promote sustainable production. The aim of
this research was to find out the dynamics of spreads in foreign exchange rates over
15 years and the systematic relationship between dynamics of spreads in foreign
exchange rates and information arrival and dynamics of spreads and cost of carry. The
multiple regression, dummy variable test, and vector autoregressive model show that most
variations in the spreads result from relative spread rather than information arrival and cost
of carry for the long term. The information arrival and cost of carry have almost no influence
upon relative spread, even during the global financial crisis in 2008. This article suggests
that exporters should pay more attention to the effects of relative spread rather than
information arrival and cost of carry in the foreign exchange market when they carry out
foreign trade.

Keywords: exports, bid–ask spread, foreign exchange market, financial crisis, sustainable development

1. INTRODUCTION

Sustainable development answers to the common needs and demands of human beings in both
developed countries and developing countries (Zhao et al., 2022a). It is widely accepted that
economic growth cannot be achieved at the cost of the environment; thus, sustainable development
has become a common aspiration of the society (Zhao et al., 2022b). Studies have shown that
sustainable economic development can be achieved by using cleaner energy, improving the efficiency
of using natural resources, green technology innovation, and environmental regulations (Shahzad
et al., 2021; Song et al., 2022a; Song et al., 2022b; Zhao et al., 2022c). Moreover, some studies have
shown that there is a positive relationship between government expenditure and economic
sustainable growth (Delani et al., 2021), and policymakers should promote green finance to
provide more funds for green energy for sustainable economic development (Samour et al.,
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2022), but they need to pay attention to the effects of external
shocks such as oil prices on domestic markets to maintain
economic stability (Alhodiry et al., 2021). Furthermore, import
and export have been acknowledged for their beneficial effects on
sustainable economic development (Zhao et al., 2022d;
Magazzino et al., 2022; Shahzad et al., 2022). Magazzino et al.
(2022) and Shahzad et al. (2022) point out that sustainable
economic growth is found to be substantially driven by trade
globalization diversification. In the context of economic
globalization, the dynamics of exchange rates are more critical
and necessary to export success and sustainable development.
Therefore, understanding the dynamics of exchange rates
contributes to the achievement of export success so as to
promote sustainable production.

Both developed and developing countries would like to
explore the international market because of export success and
sustainable economic development, and thus they have to be
concerned about foreign exchange trading. The bid–ask spread in
foreign exchange markets is dealers’ profit by trading execution.
Some researchers found that costs have a relationship with the
bid–ask spread (Demsetz, 1968; Benston and Hagerman, 1974).
Bessembinder (1994) argued that foreign exchange dealers adjust
the spread to react to changing expectations about the cost of
carry. Boothe (1988) and Glassman (1987) highlighted volatility
of having a positive relationship with spread. In addition, Galati
(2000) found that volatility of emerging market currencies caused
by the public information arrival has a positive relationship with
spread.

The analysis of changes in the cost of carry and information
arrival is mainly concerned for observing spread variations for
dealers’ trading (Chelley-Steeley and Tsorakidis, 2013). However,
such analysis has been rare, especially one focusing on the two
factors during and after the global financial crisis, which may
draw many countries’ attention. This research investigates how
changes in the cost of carry and information arrival affect the
evolution of the bid–ask spread and whether these two factors
changed during the global financial crisis in 2008. It is expected to
fill the research gap.

This research work applies the three main variables—volatility
of information arrival, cost of carry, and relative spreads, which
are similar to those used by Chelley-Steeley and Tsorakidis
(2013). We tend to perform a time-series model, for which
stationary of data should be determined first. Hence, we use
the ADF test to make sure whether the data collected are
stationary or not. We find that there are more than one non-
stationary data, so we perform the cointegration test. After the
cointegration test, we can verify the cointegration relationship
between a set of variables (dependent and explanatory variables)
which is equivalent to testing the stationarity of the residual series
of the regression equation. Next, we conduct a multiple
regression. When we perform the Chow test and dummy
variable test, we add a dummy variable—the global financial
crisis—from the dummy variable test model.We consider that the
global financial crisis is an important factor and tend to know
whether the crisis can affect the relationship among the
information arrival, cost of carry, and relative spread, so we
choose the crisis as a dummy variable. We also use a vector

autoregressive model (VAR) test, which is similar to the
methodology applied by Chelley-Steeley and Tsorakidis (2013).

The results show that information arrival and cost of carry
have almost no impact on the spread variation, and most
variations are attributed to the spread itself. Moreover, it is
found that the global financial crisis in 2008 did not have a
significant impact on the spread, information arrival, or cost of
carry. It can be a reference for both developed and developing
economies that focus on foreign exchange markets.

The rest of this article is organized as follows: Section 2
presents the literature review. Section 3 describes data and
summary statistics. Section 4 illustrates the methodologies.
Section 5 presents the results of the research. Section 6 is the
conclusion.

2. LITERATURE REVIEW

It is necessary to know the situation of bid–ask spread of some
main foreign currencies for most of the countries, so they can
apply these currencies more efficiently. Some economists have
conducted research on foreign exchange trading. Some of them
found the relationship between cost components and trading over
time. Demsetz (1968) found that changes in costs (such as order
processing cost and cost of carry) usually have a significant effect
on the bid–ask spread. In addition, Benston and Hagerman
(1974) pointed out that order processing costs play an
important role in the evolution of bid–ask spread.
Bessembinder (1994) argued that foreign exchange dealers
adjust the spread to react to changing expectations about the
cost of carry. Galati (2000) found that volatility of emerging
market currencies caused by the public information arrival has a
positive relationship with effective spread. Two researchers have
verified that the association between volatility and the bid–ask
spread is positive. Boothe (1988) argued that the spread is mainly
determined by exchange rate uncertainty after comparing the
data of seven countries. Glassman (1987) showed that exchange
rate risk, modeled by the lagged absolute change, is also a main
determinant of the exchange rate. In addition, some researchers
have examined liquidity in the foreign exchange market. For
instance, Froot and Ramadorai (2005) and Breedon and Vitale
(2010) indicated that the understanding of how liquidity affects
exchange rates and the spread is insufficient. Moreover, Evans M.
and Lyons R. (2002) showed that liquidity of the DM/US dollar
does not relate to return volatility and trading volume. For the
case of G7 and E7 economies, Rafique et al. (2021) documented
that economic complexity as product diversification of export
basket has direct linkages with greener energy generation, which
contributes to sustainable production. More recently, Magazzino
et al. (2022) reported that export product diversification is
directly linked with energy use and sustainable production in
APEC countries.

Two studies examined currency trading and quotation, but
both of them focused on particular foreign exchange markets.
Hua (2009) pointed out that large multinational banks expand
spread quotation to respond to the quotation widened by
small Taiwanese banks in the Taipei inter-bank foreign
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exchange market. Cheung and Chinn (2001) showed that
individual macroeconomic variables significantly influence
exchange rate dynamics in the United States foreign
exchange market.

Our research is based on the study by Chelley-Steeley and
Tsorakidis (2013), which shows that changes in inventory,
adverse selection, and cost of carry have little influence on
further spread variation. This means that the three variables
(volatility, quote revision, and interest rate differentials) have a
much smaller impact on the spread than the past or future spread
itself. They used foreign exchange quotes of ten years (from 1995
to 2005), and they only analyzed the long-term period data
without considering important information events. In our
research, updated data from 2001 to 2016 were selected. This
period is not only over ten years but also contains an important
information event. Moreover, our study separated the long period
into three short periods to determine whether some information
events significantly impact bid–ask spreads.

3. DATA AND SUMMARY STATISTICS

US dollar/UK pound and US dollar/Euro taken from the
OANDA History database were used as spot exchange rate
quotes in this study. The two quotes were selected because the
US dollar is the main currency for international trade and
investment, and the two currency pairs could be the most
active currencies of trading in the foreign exchange market.
The selected data are daily closing bid and ask quotes, and the
monthly average was computed as monthly bid and ask quotes
(Chelley-Steeley and Tsorakidis, 2013). Indicative quotes rather
than transaction prices were chosen because they contain more
information (Goodhart and O’Hara, 1997; Phylaktis and Chen,
2009).

The closing relative spread for each monthly closing quote was
calculated using a method similar to that used by Ding and
Charoenwong (2003) and Wang (2001). The calculation formula
is as follows:

Relative spread% � (ask − bid)
(ask + bid)/2

where ask is the closing ask quote and bid is the closing bid quote.
Figure 1 shows the monthly average of the daily spread of the

US dollar/UK pound from 1 January 2001 to 30 September 2016.
Figure 2 shows the same daily spread for the US dollar/Euro. It
can be seen that the spreads of the US dollar/UK pound and the
US dollar/Euro decreased from 2001 to 2007. Between 2008 and
2010, when the global financial crisis broke out, spreads of both
US dollar/UK pound and US dollar/Euro fluctuated, and those of
the US dollar/Euro fluctuated more gently. From 2010 to 2016,
the spreads of the two currency pairs were more stable than in
previous periods and that of the US dollar/UK pound fluctuated
more significantly.

The effects of volatility of information arrival and cost of carry
have also been shown to be significant. In the aspect of the studies
on volatility, Galati (2000) found that volatility caused by the
public information arrival and that of currencies of emerging
markets have a positive relationship with effective spread. Huang
andMasulis (1999) found that volatility is positively related to the
bid–ask spread in the foreign exchange market. Moreover, Evans
M. D. D. and Lyons R. K. (2002) pointed out that order flow is
highly correlated with exchange rate dynamics as it can convey
fundamental information. In addition, Melvin and Yin (2000)
argued that exchange rate volatility is linked to information
arrival.

Many foreign exchange volatility metrics have been proposed
in previous research. Some researchers used variables such as
price volatility of foreign exchange future contracts or GARCH

FIGURE 1 | Monthly relative spread of US dollar/UK pound.
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(Generalized Autoregressive Conditional Heteroskedasticity)
model to estimate the conditional variance of the spot
exchange rate (Glassman, 1987; Boothe, 1988; Bessembinder,
1994; Bollerslev and Melvin, 1994). Moreover, Huang and
Masulis (1999) used the variance of bid–ask midpoint quotes
within 15 min to measure volatility. Mclnish and Wood (1992)
used the standard deviation of relative spread to measure
volatility. Kim and Rhee (1997) utilized [ln (pt/pt-1)]

2 to
capture price volatility. In this formula, pt is the closing price
at the t time. Our research captured the volatility of prices using
the variation coefficient (C) of the mid-prices within each trading
day or time interval. The calculating method is the same as the
one used by Ding and Charoenwong (2003). The formula is as
follows:

C � SD

(ask + bid)/2
where SD is the standard deviation of the mid-prices.

In the aspect of the studies on the cost of carry, Bessembinder
(1994) pointed out that the interest-rate-based measure of
liquidity costs is helpful for the measure of the cost of carry
and argued that “the opportunity cost resulting from the
requirement to maintain liquid inventories is the difference
between the interest earned on highly liquid positions and the
interest that could have been earned on less liquid positions”
(Bessembinder, 1994, p. 323). He showed onemeasure of liquidity
costs using the following formula:

Cost of carry � one −month Eurodollar deposit rate

− overnight Eurodollar deposit rate.

Chelley-Steeley and Tsorakidis (2013) also used this formula, and
it was applied in our research. In order to capture the cost of
carry, the data of the 1-month Eurodollar daily deposit rate and

Overnight London Interbank Offered Rate (LIBOR; based on US
dollar) were collected from the economic research FRED
economic database. The period for those data is also from
2001 to 2016.

4. METHODOLOGY

Previous studies have utilized questionnaire surveys. For
example, Hua (2009) sent questionnaires to 281 recipients,
including 110 financial staff at 36 foreign banks and 171
financial staff at 40 domestic banks. In addition, Cheung and
Chinn (2001) used data obtained from foreign exchange traders
by mail surveys in the United States. Nevertheless, a
questionnaire survey is not a suitable methodology for our
research. One important reason is that the response rate of
questionnaires can be very low, which may cause inaccurate
results. For instance, one mail survey on the US foreign
exchange market had a response rate of approximately 8.1%
(Cheung & Chinn, 2001). The other reason is that most
questionnaire surveys are time-consuming as the designers
need to spend a significant amount of time waiting for
responses. Given that it is theoretically uncertain which
methodology is superior, the exhaustive time-series analysis
methodologies were chosen. This approach has the advantage
of illustrating the differences among these methods on a common
data set.

4.1 ADF Test
The ADF (Augmented Dickey–Fuller) test is used to determine
whether the data in this research are stationary. There are two
reasons to explain why this test is important. First, the stationarity
of data can significantly affect their behaviors and properties.
Second, the use of non-stationary data usually causes spurious

FIGURE 2 | Monthly relative spread of US dollar/Euro.
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regression; in other words, if non-stationary data are applied to
the standard regression techniques, there will be a good but
valueless regression in a standard measure (significant
coefficient estimates and a high R2). Therefore, non-stationary
and stationary variables should be treated differently. In the ADF
test, test equations with the constant and constant and trend were
chosen.

The equation with the constant:

ΔYt � α + δYt−1 + μt.

The equation with the constant and trend:

ΔYt � α + βT + δYt−1 + μ.

The hypothesis:

H0: δ � 0(UnitRoot);
H1: δ ≠ 0.

Decision rule:
If tp > ADF critical value, = => null hypothesis is not rejected,

i.e., unit root exists.
If tp < ADF critical value, = =>null hypothesis is rejected,

i.e., unit root does not exist.
The number of augmenting lags is determined by minimizing

the Akaike information criterion or dropping lags until the last
lag is statistically significant.

4.2 Cointegration Test
Regression analysis in econometrics requires stationary time
series since non-stationary time series degrades the
effectiveness of the analysis. To solve non-stationary time
series found by the ADF test, Engle and Grander developed
cointegration at the beginning of the 1980s. Cointegration
implies that the linear combination of two or more non-
stationary time series may contribute to stationarity.
Cointegration focuses on the equilibrium relationship among
more than two non-stationary time series. It is significant for
establishing an econometric model with non-stationary economic
variables and verifying the long-run equilibrium among these
variables.

Cointegration is defined as:
The components of the vector Y � (y1, y2, ..., yk)′ are

cointegrated of order (d, b), denoted by Y~CI(d, b). If

1) all components, y1, y2, ... yk, of Y are I(d), denoted
by yi ~ I(d), i � 1, 2, ..., k;

2) there exists a vector β � (β1, β2, ...βk) such
that β’Y ~ I(d − b), 0< b≤ d,

then Y is cointegrated, and β is called the cointegration vector.
It should be noted that:

1) The cointegration vector, which describes the relationship
among non-stationary variables, is not unique.

2) The order of integration of the cointegration vectors must be
the same.

3) There may be as many as k-1 cointegration linearly
independent vectors.

4) The cointegration vectors share the same stochastic trends
and are proportional.

Engle and Granger proposed the E-G two-stepmethod in 1987
to verify the cointegration relationship. If the linear combination
of independent variables can explain the dependent variable, they
have an equilibrium relationship. The part of the dependent
variables that cannot be explained by the independent variable
constitutes a stationary residual series. Therefore, verifying the
cointegration relationship between a set of variables (dependent
and explanatory variables) is equivalent to testing the stationarity
of the residual series of the regression equation. The procedure of
the E-G two-step test is as follows:

1) To establish a regression equation, if y2t, y3t, ... ykt, are all I(d):

y1t � β2y2t + β3Y3t + ... + βkykt + μt.

The estimated residual series is

μ̂t � y1t − β̂2y2t − β̂3y3t − ... − β̂kykt.

2) Next is to verify whether the residual series μ̂t is stationary
with the ADF test, in other words, to determine whether it has
a unit root. The critical value needs to be determined by
referring to the table of the critical value of the E-G test. If the
residual series is stationary, k variables in the regression
equation have a cointegration relationship. Otherwise, there
is no cointegration relationship.

4.3 Multiple Regression
In this research, multiple regression analysis is used to discuss
whether volatility and cost of carry influence bid–ask spread.
Regression describes and evaluates the relationship between a
given variable and one or more other variables. More specifically,
regression explains variations in one variable by reference to
variations in one or more other variables. The model is:

Yt � β1 + β2X2t + β3X3t + ξt, (t � 1, 2, ...n),
where the variables X2t and X3t are explanatory variables that are
thought to influence Yt, and the coefficient estimates β1, β2, and
β3 are the parameters that quantify the effect of these explanatory
variables on Yt.

4.4 Chow Test and Dummy Variable Test
The fourth methodology is the Chow test and the dummy
variable test since a dummy variable is added. The dummy
variable is related to the data span of the global financial crisis
from 2008 to 2010. We consider the global financial crisis as an
important factor. So, it is hypothesized that the global financial
crisis affects the relationship between bid–ask spread and
volatility and between bid–ask spread and cost of carry. In this
research, the years 2008 and 2010 are selected to divide the
sample period because the global financial crisis first occurred in
2008 and was widely thought to be finished by 2010. The Chow
test model is:

Yt � β1 + β2X2t + β3X3t + ... + βkXkt + ξt, (t � 1, 2, ...n).
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There are three samples from different economic environments
(before 2008, between 2008 and 2010, and after 2010), and their
quantities are n1 (<n), n2 (<n), and n3 (<n) with n1+n2+n3 = n.
The three samples are:

Y1t � α1 + α2X2t + α3X3t + ...αkXkt + ξ1t, (t � 1, 2, ...n1);
Y1t � β1 + β2X2t + β3X3t + ...βkXkt + ξ2t, (t � n1 + 1, n1 + 2, ...n2);
Y1t � ε1 + ε2X2t + ε3X3t + ...εkXkt + ξ3t, (t � n2 + 1, n2 + 2, ...n).
The Chow test presents that the structure of regression is changed
but does not show how the structure of regression changes.
Therefore, the dummy variable test is applied. The dummy
variables are:

If the Dt1 0, t> � 2008; Dt2 0, t> � 2010;
1, t< 2008; 1, t< 2010.

For Dt1, 0 represents the period after 2008, and 1 represents the
period before 2008; for Dt2, 0 stands for the period after 2010, and
1 stands for the period before 2010.

The dummy variable test model is:

Yt � β1 + β2X2t + β3X3t + β4Dt1 + β5Dt2 + β6(X2tDt1)
+ β7(X3tDt1) + β8(X2tDt2) + β9(X3tDt2) + ξ,

where β1 to β9 are parameters quantifying the effects of these
explanatory variables on Yt; β4Dt1 and β5Dt2 are addition forms of
the dummy variable test; X2tDt1, X3tDt1, X2tDt2, and X3tDt2 show
multiplication forms of the dummy variable test.

4.5 Vector Autoregressive Model
The last methodology is the vector autoregressive model (VAR)
test. This methodology is similar to the method used by Chelley-
Steeley and Tsorakidis (2013). VAR methodology is an
n-equation and n-variable model in which each variable is, in
turn, explained by its own lagged value and current and past
values of the remaining n-1 variables. For example, in a two-
variable case, it is a model in which the time path of {Yt} is
affected by current and past realizations and the time path of the
{Zt} sequence and current and past realizations of the {Yt}
sequence. The simple bivariate system is:

Yt � c1 + A11Yt−1 + A12Yt−2 + A13Zt−1 + A14Zt−2 + e1t;
Zt � c2 + A21Zt−1 + A22Zt−2 + A23Yt−1 + A24Yt−2 + e2t.

In general, a VAR(p)-process would be:

Yt � c + A1Yt−1 + A2Yt−2... + ApYt−p + et,

where p is the lag length, c is a constant vector, et is the white
noise, and Yt is a vector containing the time series.

In the VAR system, impulse responses and variance
decomposition are the most important. Impulse responses are
useful to separate the impacts of different variables on spread
evolution. In addition, in this research, impulse responses present
how much a 1% shock from one variable influences other
variables in VAR. “Moreover, the variance decomposition of
the VAR will identify how much of the variation in the spread
can be explained by each different component used in the VAR
model” (Chelley-Steeley and Tsorakidis, 2013, p. 125). It
determines whether changes in the volatility and cost of carry

can influence unexpected changes in the relative spread. The
lower value of the variance decomposition of one variable may
indicate that other components are more important and have
more impact on spread variation.

5. EMPIRICAL RESULTS

5.1 ADF Test
Table 1 shows the result of the ADF test for the US dollar/UK
pound in which relative spread, volatility, and cost of carry are
represented by gbprs, gbpv, and gbpcoc, respectively, and are
represented by dgbprs, dgbpv, and dgbpcoc, respectively, after the
first-order differencing. Table 2 shows the same information for
US dollar/Euro in which relative spread, volatility, and cost of
carry are represented by eurrs, eurv, and eurcoc, respectively, and
are represented by deurrs, deurv, and deurcoc after the first-order
differencing.

The results of the ADF test before the differencing of the time
series are shown in Table 1 and Table 2. It can be seen that the
ADF values of time series are greater than the critical values of 1
and 5%, and the p-values are greater than 0.05. Therefore, the null
hypothesis that the time series is non-stationary should be
accepted. However, after first-order differencing, the ADF
values are less than the critical value of 1 and 5%, and the
p-values are less than 0.05. Therefore, the null hypothesis is
rejected, and the time series after first-order differencing is
regarded as stationary. In addition, after first-order
differencing, all of the time series are I(d). The prerequisite of
the cointegration test is realized.

5.2 Cointegration Test
It can be concluded from the previous ADF test that the time
series used in this study are all I(d), which guarantees the
feasibility of cointegration analysis. For the cointegration
analysis of the relationship between the relative spread and the
other two variables, the three variables involved in US dollar/UK
pound and US dollar/Euro were regressed with ordinary least
squares (OLS), and the regression equations were established.
Then, the ADF test of the residual series of the equations was
conducted, and the results are shown in Table 3 and Table 4.

It can be seen that the ADF values of the residual series of the
cointegration equations of US dollar/UK pound and US dollar/
Euro are -2.6126 and -2.6016, respectively, significantly lower
than the critical value of -2.5776 under the confidence level of
0.01. In addition, p-values are close to zero. Therefore, the
hypothesis that unit root exists is rejected, and the residual
series is considered stationary. Accordingly, it can be
determined that the cointegration relationship of gbprs, gbpv,
and gbpcoc exists, and that of eurrs, eurv, and eurcoc also exists.
In other words, there is a stable long-run equilibrium among the
variables.

5.3 Multiple Regression
The relationships between the volatility of information arrival
and relative spread and between the cost of carry and relative
spread of the two currency pairs are shown in Table 5.
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It can be seen that there is almost no relation between the two
independent variables and the relative spread. For the US dollar/
UK pound, the coefficients are both small and close to zero
(-0.004627 for volatility and 0.000032 for the cost of carry),
suggesting that changes of volatility and cost of carry have a
small impact on the bid–ask spread, although the p-values of
volatility and cost of carry are less than 0.05. In addition, the
R-squared is 0.16, which means only 16% of data can be fit into
this regression model, demonstrating that there are hardly any
relationships between two independent variables and relative
spread for the US dollar/UK pound. Similar phenomena were
observed for the US dollar/Euro. The coefficients of the two
variables are approximately zero though p-values are more than
0.05 (0.240 and 0.079, respectively), indicating that the two
independent variables have scarcely any relationship with the
relative spread of US dollar/Euro.

These results are different from those in previous research.
Most previous studies showed that volatility and cost of carry

impact relative spread (Benston and Hagerman, 1974;
Bessembinder, 1994). For example, Huang and Masulis (1999)
pointed out that volatility is positively related to the relative
spread in the foreign exchange market; Stoll (1978) highlighted
the effect of cost of carry on the spread. Many factors can lead to
this inconsistency, including the measure of calculating variables
and the length of the period of the data. The empirical results are
in line with the study by Tarczynski et al. (2021) for the case of
Poland.

5.4 Chow Test and Dummy Variable Test
The Chow test results of the two currency pairs are illustrated
in Table 6. It can be seen that the F-statistic of US dollar/UK
pound and US dollar/Euro have been low since the year 2008,
and the year 2010 was chosen to divide the sample period. In
addition, the p-values of both two currency pairs are over 0.1,
indicating that regressions were not different in the three
different periods.

TABLE 1 | Result of the ADF test for US dollar/UK pound.

Variable Difference Test
equation
(c,t,k)

ADF Prob DW 1% level 5% level Result

gbprs No (c,t,0) −3.2223 0.083 1.9380 −4.0076 −3.4339 Non-
stationary

gbpv No (c,t,1) −2.0594 0.565 2.0015 −4.0079 −3.4340 Non-
stationary

gbpcoc No (c,t,10) −3.0189 0.13 1.9777 −4.0104 −3.4353 Non-
stationary

dgbprs First (0,0,1) −11.0556 0.000 2.0035 −2.5775 −1.9425 Stationary
dgbpv First (0,0,1) −9.8727 0.000 1.9897 −2.5775 −1.9425 Stationary
dgbpcoc First (0,0,1) −17.772 0.000 1.9961 −2.5775 −1.9425 Stationary

TABLE 2 | Result of the ADF test for US dollar/Euro.

Variable Difference Test
equation
(c,t,k)

ADF Prob DW 1% level 5% level Result

eurrs No (c,t,7) −1.9469 0.626 1.9891 −4.0096 −3.4348 Non-
stationary

eurv No (c,t,1) −1.7944 0.704 1.9544 −4.0079 −3.4340 Non-
stationary

eurcoc No (c,t,10) −3.0189 0.13 1.9777 −4.0079 −3.4340 Non-
stationary

deurrs First (c,t,6) −7.0130 0.000 1.9883 −4.0096 −3.4349 Stationary
deurv First (c,t,6) −5.9917 0.000 1.9903 −4.0096 −3.4349 Stationary
deurcoc First (c,t,11) −5.5447 0.000 1.9784 −4.0110 −3.4356 Stationary

TABLE 3 | Result of the cointegration test for US dollar/UK pound.

t-statistic Prob

ADF test statistic −2.6126 0.0091
1% level −2.5776
5% level −1.9426
10% level −1.6156

TABLE 4 | Result of the cointegration test for US dollar/Euro.

t-statistic Prob

ADF test statistic −2.6016 0.0093
1% level −2.5776
5% level −1.9426
10% level −1.6156

Frontiers in Environmental Science | www.frontiersin.org May 2022 | Volume 10 | Article 9007607

Xu et al. Digital Trade and Sustainable Production

442428

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


The dummy variable test shows more details about the
differences in the regression in the three periods. The results
of the Dummy variable tests of US dollar/UK pound and US
dollar/Euro are shown in Table 7, where Dt1 and Dt2 represent
dummy variables for 2008 and 2010. The global financial crisis
hardly affects the relative spread of the two currency pairs, as
demonstrated by that t-Statistics of the two dummy variables in
2008 and 2010 are not significant, and p-values are more than 0.1.
The coefficients of the two dummy variables are all small (3.88E-
06 and -5.86E-06 for US dollar/UK pound, -7.12E-06 and 2.11E-
07 for US dollar/Euro). In addition, the global financial crisis does
not significantly impact volatility and cost of carry, as shown by
low t-statistics and high p-value (more than 0.1). The R-squared
values are 0.17 and 0.04 for two currency pairs, respectively,
which means only 17 and 4% of data can be fit into those
regression models. These results indicate that the regressions
in the three different periods were not different.

It was hypothesized that the global financial crisis in 2008
would impact volatility, cost of carry, and spread. However, the

results of our research show that there were no significant
changes in regressions in the three different periods, indicating
the global financial crisis in 2008 had little impact on the three
variables of the two currency pairs.

5.5 Vector Autoregressive Model
It can be seen from the results of the previous ADF test that the six
time series variables of US dollar/UK pound and US dollar/Euro
are non-stationary and become stationary after first-order
differencing. Therefore, the data after first-order differencing
are used to establish the VAR model. According to the
principle of using the lowest Akaike information criterion and
Schwartz criterion, the lag order of the variables is determined to
be first-order after several attempts. The estimation results of the
regression are as follows:

US dollar/UK pound

⎧⎪⎨
⎪⎩

dgbprs � −0.1362dgbprs( − 1) − 0.0026dgbpv( − 1) + 2.3855e − 05dgbpcoc( − 1) − 2.3233e − 06;
dgbpv � −2.3751dgbprs( − 1) + 0.2910dgbpv( − 1) − 0.0022dgbpcoc( − 1) − 2.9025e − 05;
dgbpcoc � −43.1302dgbprs( − 1) − 0.5612dgbpv( − 1) − 0.2558dgbpcoc( − 1) + 0.0017.

TABLE 5 | Multiple regression results.

US dollar/United Kingdom pound US dollar/Euro

Variable Coefficient Std.
error

t-statistic Prob Variable Coefficient Std.
error

t-statistic Prob

C −0.000002 0.000002 −0.868778 0.386 C −0.000003 0.000002 −1.182117 0.239
Volatility −0.004627 0.000929 −4.980191 0.000 Volatility −0.000767 0.000651 −1.177659 0.240
Cost of carry 0.000032 0.000010 3.103239 0.002 Cost of carry 0.000020 0.000012 1.764359 0.079
R-squared 0.164 R-squared 0.028
F-statistic 18.089 F-statistic 2.665
Prob (F-statistic) 0.000 Prob (F-statistic) 0.072

TABLE 6 | Chow test results for US dollar/UK pound and US dollar/Euro.

US dollar/United Kingdom Pound US dollar/Euro

Divide point F-statistic Prob (F-statistic) Divide point F-statistic Prob (F-statistic)

2008/2010 0.455882 0.8401 2008/2010 0.432798 0.8563

TABLE 7 | Dummy variable test results for US dollar/UK pound and US dollar/Euro.

US dollar/United Kingdom pound US dollar/Euro

Variable Coefficient Std.
error

t-statistic Prob Variable Coefficient Std.
error

t-statistic Prob

C −6.62E-07 3.29E-06 −0.20162 0.840 C −2.01E-07 3.66E-06 −0.05484 0.956
Volatility −0.00372 0.00178 −2.0995 0.038 Volatility −0.00121 0.00103 −1.17391 0.242
Cost of carry −6.18E-05 0.00017 −0.36946 0.712 Cost of carry −2.98E-05 0.00019 −0.16022 0.873
Dt1 3.88E-06 7.07E-06 0.54918 0.584 Dt1 −7.12E-06 7.64E-06 −0.93172 0.353
Dt2 −5.86E-06 7.05E-06 −0.83121 0.407 Dt2 2.11E-07 7.60E-06 0.02770 0.978
Volatility*Dt1 0.00200 0.00231 0.86756 0.387 Volatility*Dt1 0.00052 0.00176 0.29568 0.768
Volatility*Dt2 −0.00223 0.00243 −0.92056 0.359 Volatility*Dt2 0.00075 0.00163 0.46136 0.645
Cost of carry*Dt1 3.74E-05 3.53E-05 1.05945 0.291 Cost of carry*Dt1 5.95E-06 3.89E-05 0.15307 0.879
Cost of carry*Dt2 9.00E-05 0.00017 0.53649 0.592 Cost of carry*Dt2 5.07E-05 0.00019 0.27679 0.782
R-squared 0.176 R-squared 0.042
F-statistic 4.784 F-statistic 0.979
Prob (F-statistic) 0.000 Prob (F-statistic) 0.454
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US dollar/Euro

⎧⎪⎨
⎪⎩

deurrs � −0.2831deurrs( − 1) − 0.0015deurv( − 1) − 2.6698e − 06deurcoc(−1) − 3.2487e − 06;
deurv � −0.4955deurrs( − 1) + 0.2823deurv( − 1) − 0.0025deurcoc( − 1) + 0.0001;
deurcoc � 376.4496deurrs( − 1) − 4.1337deurv( − 1) − 0.2776deurcoc( − 1) + 0.0034.

It is also necessary to test the stability of the estimated model. If
the established VAR model is not stable, some results will be
invalid (e.g., the standard error of the impulse response function).
Therefore, this research applies the AR root for verification. If the

FIGURE 3 | Inverse roots of AR characteristic polynomial: US dollar/UK pound and US dollar/Euro.

FIGURE 4 | Impulse responses: US dollar/UK pound.
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modulus of all roots is smaller than 1 (i.e., the unit roots lie inside
the unit circle), the estimated model is stable and otherwise
unstable. The results are shown in Figure 3.

It can be seen from Figure 3 that all unit roots of the estimated
VAR models lie inside the unit circle, indicating that the models
are stable. Therefore, impulse response analysis and variance
decomposition analysis on the two models can be performed.

5.5.1 Impulse Responses
The results of the standardized impulse responses are shown in
Figure 4 and Figure 5. Figure 4 presents the results of the US
dollar/UK pound. Figure 5 shows the same information for the
US dollar/Euro. The impulse responses explain howmuch impact
a 1% shock from one variable has on the other variables. Simply
speaking, they indicate how shocks from each variable are
transmitted to the spread.

Figure 4 (response of dgbprs to dgbpv) illustrates that the
relative spread shows a small negative response after a positive
shock is given to volatility in the first period. It reaches the
maximum in the second period and converges. It is indicated that
volatility has a lagged effect on the spread in the short run;
however, the change of volatility does not have a significant
driving effect on the spread. The negative effect on spread tends to
zero after the second period and then levels off. It can be

concluded that a positive shock on volatility has a small
negative effect on the relative spread in the short run, but the
long-run effect tends to be zero. Overall, there is no significant
driving effect of volatility in the US dollar/UK pound on the
spread.

Figure 4 (response of dgbprs to dgbpv) also suggests that the
relative spread shows a trend of small positive response after a
positive shock is given to the cost of carry in the first period. It
reaches the maximum in the second period and converges. It is
indicated that the cost of carry has a lagged effect on spread in the
short run; however, the change in the cost of carry does not have a
significant driving effect on the spread. The positive effect on
spread tends to be zero after the second period and then level offs.
It can be concluded that a positive shock to volatility has a small
positive effect on the relative spread in the short run, but the long-
run effect tends to be zero. Overall, there is no significant driving
effect of the cost of carry in US dollar/UK pound on the spread.

In addition, in US dollar/UK pound, the spread is significantly
influenced by its own shock in the first period (Response of dgbprs to
dgbprs), but the impact converges and tends to zero after the second
period, indicating that the impact on the relative spread is largely
attributed to the short-term shock of the spread itself.

The impulse response of the US dollar/Euro shows the same
results. As shown in Figure 5, the spread is significantly impacted

FIGURE 5 | Impulse responses: US dollar/Euro.
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by its own shock in the first period (response of deurrs to deurrs),
but the effect converges and tends to zero after the second period,
indicating that the effect on the relative spread is largely
attributed to the short-term shock of spread itself. Shocks on
volatility and cost of carry have almost no effect on the spread.

5.5.2 Variance Decomposition
The results of the variance decomposition are summarized in
Table 8 and Table 9. Table 8 displays the results for the US
dollar/UK pound, while Table 9 shows the results for the US
dollar/Euro. Variance decomposition evaluates the
importance of different structural shocks by analyzing the
degree of contribution of each structural shock to the
changes in endogenous variables (usually measured by
variance). The variance decomposition provides the relative
importance of each random disturbance affecting the variable
in the VAR model. The response lag and relative effect of the
variable can be estimated by comparing the change of relative
importance over time. The variance decomposition results
after the 10th period, which stabilize, are not presented in
this article.

It can be seen from Table 8 that the variation of the growth
rate of the relative spread of the US dollar/UK pound is mainly
attributed to the shock itself. The growth rate reaches 100% in the
first period and then tends to decrease. The decrease is not

significant, and the growth rate stabilizes at 94% after the 7th
period. The contribution of the shocks from the variation of the
change rate of volatility to the fluctuation of the growth rate of
spread only accounts for 3% in the second period. In other words,
3% of the forecast variance of the growth rate of the spread can be
explained by the variation of the change rate of the volatility. It is
indicated that the effect of the change rate variation of the
volatility on the growth rate of the spread is small, and this
effect changes slightly over time. The contribution maintains at
about 3% in the end. It can be seen from the aforementioned
analysis that although the variation in change rate of volatility has
an impact on the variation of the growth rate of relative spread,
the variation in the growth rate of relative spread is mainly
attributed to the change in itself.

It can also be found from Table 8 that the contribution of the
shock from the variation of the change rate of cost of carry to the
fluctuation of the relative spread (i.e., the contribution to forecast
error) accounts for 2% of the total forecast errors in the second
period. The relative contribution maintains at about 2%
afterward. It is indicated that the change rate variation of the
cost of carry only explains 2% of the variation of the growth rate
of the spread. It can be concluded that the influence of the change
rate of the cost carry on the growth rate of the spread, whether in
the short or long run, is small. This result is consistent with that of
impulse response analysis.

TABLE 8 | Variance decomposition–US dollar/UK pound.

Variance decomposition of dgbprs Variance decomposition of dgbpv Variance decomposition of dgbpcoc
Period dgbprs dgbpv dgbpcoc dgbprs dgbpv dgbpcoc dgbprs dgbpv dgbpcoc

1 100 0 0 9.2530 90.7470 0 7.3187 0.1586 92.5227
2 94.8385 2.9790 2.1825 10.8019 85.6244 3.5738 7.3779 0.1504 92.4714
3 94.7316 3.0397 2.2287 10.8239 85.6175 3.5586 7.3858 0.1503 92.4639
4 94.6968 3.0533 2.2499 10.8333 85.5898 3.5772 7.3863 0.1503 92.4634
5 94.6957 3.0542 2.2502 10.8333 85.5894 3.5773 7.3864 0.1503 92.4633
6 94.6954 3.0543 2.2503 10.8334 85.5892 3.5774 7.3864 0.1503 92.4633
7 94.6954 3.0543 2.2503 10.8334 85.5892 3.5774 7.3864 0.1503 92.4633
8 94.6954 3.0543 2.2503 10.8334 85.5892 3.5774 7.3864 0.1503 92.4633
9 94.6954 3.0543 2.2503 10.8334 85.5892 3.5774 7.3864 0.1503 92.4633
10 94.6954 3.0543 2.2503 10.8334 85.5892 3.5774 7.3864 0.1503 92.4633

TABLE 9 | Variance decomposition–US dollar/Euro.

Variance decomposition of deurrs Variance decomposition of deurv Variance decomposition of deurcoc
Period deurrs deurv deurcoc deurrs deurv deurcoc deurrs deurv deurcoc

1 100 0 0 0.8132 99.1868 0 2.6221 3.8014 93.5765
2 97.6571 2.3176 0.0253 0.9787 97.3216 1.6997 2.4810 3.5720 93.9471
3 97.5805 2.3026 0.1169 0.9958 97.3172 1.6870 2.4911 3.6114 93.8975
4 97.5573 2.3161 0.1265 0.9955 97.3059 1.6987 2.5010 3.6095 93.8895
5 97.5548 2.3161 0.1291 0.9958 97.3056 1.6986 2.5024 3.6102 93.8874
6 97.5546 2.3162 0.1293 0.9958 97.3055 1.6987 2.5027 3.6101 93.8872
7 97.5545 2.3162 0.1293 0.9958 97.3055 1.6987 2.5027 3.6101 93.8872
8 97.5545 2.3162 0.1293 0.9958 97.3055 1.6987 2.5027 3.6101 93.8872
9 97.5545 2.3162 0.1293 0.9958 97.3055 1.6987 2.5027 3.6101 93.8872
10 97.5545 2.3162 0.1293 0.9958 97.3055 1.6987 2.5027 3.6101 93.8872
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The variance decomposition of the relative spread of the US
dollar/Euro shows a similar result. It can be found from Table 9
that the change in the growth rate of the relative spread is mainly
attributed to the shock from itself. The growth rate reaches 100%
in the first period and tends to decline. The decline is
insignificant, and the growth rate maintains at about 97% after
the seventh period. The contribution of the shock from the
change rate of volatility to the fluctuation of the growth rate
of spread only accounts for 2% in the second period. In other
words, only 2% of the forecast variance can be explained by the
variation of the change rate of the volatility, indicating that the
influence of the change rate of volatility on the spread is very
small. The effect varies slightly with time, and the contribution
maintains at about 2% in the last period. It can be seen from the
aforementioned analysis that although the variation in the change
rate of volatility has an impact on the variation of the growth rate
of relative spread, the variation in the growth rate of relative
spread is mainly attributed to the change in itself.

Table 9 also shows that the contribution of the shock from the
variation of cost of carry on the fluctuation of the growth rate of
relative spread (i.e., the contribution to forecast error) accounts
for 2% of the total forecast errors in the second period. After that,
the relative contribution maintains at about 0.1%, indicating that
the change rate variation of the cost of carry has almost no
influence on the growth rate of the spread, and it only explains 2%
of the change of the growth rate of the spread. This result is
consistent with that of impulse response analysis.

We mentioned five different methodologies previously. First,
we find that the six time series variables of US dollar/UK pound
and US dollar/Euro are non-stationary and become stationary
after first-order differencing and use the ADF test to make sure
the feasibility of cointegration analysis. Second, the result of the
cointegration test shows that there is a stable long-run
equilibrium among the variables. Third, using multiple
regression, we find that there is almost no relation between
the volatility of information arrival and relative spread and
between the cost of carry and relative spread of the two
currency pairs. Fourth, the results illustrate that there were no
significant changes in regressions in the three different periods,
indicating that the global financial crisis in 2008 had little impact
on the three variables of the two currency pairs, through the
Chow test and dummy variable test. Finally, we find that the
fluctuation of relative spread is from itself, not from the
fluctuation of arrival information and cost of carry, through
impulse responses and variance decomposition.

6. CONCLUSION

This research studied the dynamics of the bid–ask spread, which
is useful for economic globalization and sustainable developing
research. The relative spread of two currency pairs commonly
concerned by most of the countries, US dollar/UK pound and US
dollar/Euro, were studied with a new data set that includes daily
data over 16 years. This research focused on how changes in the
components of the spread influence the relative spread’s future
dynamics and whether the influencing mechanism changed
during different periods (especially during the important
event), which could be a reference for both developed and
developing economies that focus on foreign exchange markets.

The results show that the changes in the arrival of new
information and cost of carry have almost no impact on
future variations in the spread, even during the global
financial crisis in 2008. The spread’s future value is mainly
determined by its dynamics, which could be beneficial for
those who are concerned about foreign exchange markets. In
the future, the influence of other factors (such as trading volumes
and market frictions) on spread variation should be studied,
which were not analyzed in this study because data on them were
unavailable.
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Green Supply Chain Management and
Corporate Performance Among
Manufacturing Firms in Pakistan
Sikandar Ali Qalati 1*†, Sonia Kumari 2*†, Ishfaque Ahmed Soomro2†, Rajib Ali 2† and
Yifan Hong3†

1School of Finance and Economics, Jiangsu University, Zhenjiang, China, 2Department of Business Administration, Sukkur IBA
University, Sukkur, Pakistan, 3School of Economics and Management, Nantong University, Nantong, China

A common perception is lowering the environmental consequences of firms’ supply chain
activities is a costly idea that poses a challenge to the corporate world. This study aimed to
examine the relationship between green supply chain management (GSCM) and corporate
performance among listed firms in Pakistan, using the general panel method of moments
(GMM) and ANOVA techniques. At the same time, the Granger causality technique
provides robust results. The study focused on manufacturing firms, covering periods
from 2009 to 2020. The study engaged a modified balanced scorecard framework to
adopt five metrics of corporate performance, namely, gross profit ratio, net profit ratio,
customer dimension, learning growth dimension, and efficiency dimension. The study
incorporated the two measures of the GSCM initiative and two control variables. The
findings from the panel GMM estimates reveal that GSCM positively and negatively
impacted the five corporate performance metrics explored. ANOVA results indicate
significant differences in customer satisfaction, profitability, and efficiency performance
metrics among the top and low GSCM practicing corporations. On the other hand,
Granger causality results specify a moderate causal association between GSCM
implementation and firm performance in Pakistan. Implying that poor GSCM practice
may not yield the expected benefits, instead, conscientious efforts should be put in place
to ensure that practicing GSCM initiative should be effectively carried out.

Keywords: green supply chain management, general method of moments, corporate performance, granger
causality, Pakistan

1 INTRODUCTION

Modern-day businesses engage in supply chains to create, transport, and provide value to end
consumers in the most efficient and effective means (Green et al., 2012). By collaborating in a
distribution network, businesses can concentrate on improving their competencies, achieve
economies of scale, and remain competitive in an increasingly competitive business environment
(Kozlenkova et al., 2015). The supply chain spurs business performance by integrating businesses to
provide value to customers at the least cost (Bagher, 2018). Hence, it is pertinent that business
managers design a supply chain that is effective and efficient; needed to maximize consumer
satisfaction, promote competitive advantage, and maximize the wealth of their business (Diabat and
Govindan, 2011). However, when designing and managing effective and efficient supply chains, the
businesses generate externalities to the environment; which are usually detrimental and non-
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sustainable. That is, increased management of the supply chain
among businesses brings about the depletion of natural resources
and increased emission of carbon gas and its greenhouse gas
components, which pose a serious challenge to the environment
(Dadhich et al., 2015). It has, thus, become pertinent that
businesses should be responsible for their environment and
ensure Green Supply Chain Management (GSCM), which
helps to ensure that the practice of supply chain management
does not threaten the sustainability of the environment. Thus,
businesses should align their performance objective with
environmental performance.

In the literature, several dimensions have been proposed on how
to practice GSCM among businesses. These include green
purchasing, green production, and eco-design (Tan et al., 2016;
Khan and Qianli, 2017). With the application of these dimensions,
businesses are expected to pursue their supply chain activities
within the confines of environmental sustainability. The majority
of literature recognizes that GSCM is not only beneficial to the
environment but also promotes the firm performance. Sari (2017)
and Youn et al. (2013) recognize that measures of green supply
chain aided businesses to lower energy consumption and logistic
costs, which help to better their performance. Seman et al. (2012)
support green technology, especially in manufacturing firms that
enhance profits. Similarly, Choi and Hwang (2015) concur that the
implementation of GSCM improves both the environment and
financial performance of participating businesses. Tan et al. (2016)
empirically found that green supply chain management improves
firm competitiveness. The empirical results from Laari et al. (2016)
corroborate that adding GSCM promotes businesses’ operational
and environmental dimensions. Contrarily, Syakila (2016)
highlights that GSCM does not always promote firm
competitiveness. Likewise, Khan and Qianli (2017) agreed that
increased environmental practices lower firms’ profitability
because GSCM involves the engagement of large investments in
technology. This thus offers a divergent view that GSCM may not
contribute to the overall well-being of businesses.

The theoretical perspectives on the matter do not provide a
unanimous opinion. For instance, Tripathi and Bains (2013)
argued that every business’s responsibility is to maximize
profit and wealth for its shareholders. However, pressurizing
businesses to act responsibly for the environment amounts to
double taxation on firms who already pay taxes (Masulis and
Reza, 2015). Eccles et al. (2014) admitted that firms are pressured
to participate in environmental sustainability at the expense of
investors, leading to agency problems between managers and
shareholders. The shareholders’ theory presents another position
on this topic, assuming that a business’s failure to identify with all
of its shareholders fully poses a risk to maximizing performance
indicators. The resource-based theory supports that firms should
engage in GSCMpractice because it affords them the advantage to
achieve competitiveness in an increasingly competitive industry.
However, the findings from Hu and Hsu (2010) suggest that
insufficient green supply chain management practice may be
counterproductive to firm’s performance. This implies that a
positive nexus between GSCM and firm performance is
dependent on the implementation of the GSCM framework
among corporate managers.

In Pakistan, the subject matter of green supply chain
management has gained measurable interest among academic
scholars, owing to the quality of the environment over time. The
World Bank data reveals that Pakistan’s environment has
deteriorated since the 1970s, which worsened during the 1990s
as greenhouse gas and carbon gas emissions increased in the
country; which suggests that an increase in economic activities in
the country constituted some harm to the environment (Sohail
et al., 2013). Environmental preservation ordinances were
promulgated in 1983, which are ineffective at promoting
sustainability practice among domestic businesses because
existing institutions in the country are weak to enforce them
(Sohail et al., 2014). A national environmental action plan
(otherwise known as NEAP) was set up in 2001 to improve
the environment in the country in support of the United Nations
Development Program.

Aslam et al. (2018) expressed great concern toward GSCM
practices, as there is low environmental monitoring and
collaboration among stakeholders. This is further highlighted
by Zhu et al. (2012) who found that there is no clear association
between profitability and GSCM engagement among corporate
organizations, which explains the low commitment and
difference of practices among manufacturers to engage in
GSCM practices. Already, developing countries are faced with
the challenges of poor environmental quality, which could
negatively affect the firm performance therein. Most firms in
the developing countries have low incentives to adopt green
practices (Miroshnychenko et al., 2017). The factors
responsible for the neglect of the environment among
corporations in such countries include policy loopholes and
assumed additional costs caused by green practices (Han and
Huo, 2020). Environmental deterioration and harsh weather are
jeopardizing long-term growth and development (Khan et al.,
2022). Here, it seems necessary to evaluate environment-friendly
activities such as GSCM practices adopted by enterprises and
their impact on a firm’s success. Thus, it highlights the gap in the
association’s holistic and integrated investigation.

Green et al. (2012) argued that corporations are uncertain
about which green practices they are to engage in, and which of
them are most profitable to organizational performance and help
optimize shareholders’ wealth. Kirchoff et al. (2016) noted that
specific green-related practices and capabilities are essential to
derive ecological and economic benefits. However, note that
many of these GSCM resources and capabilities have not yet
been fully examined in the literature (Chan et al., 2016; Laari
et al., 2016). Nowadays, innovative capabilities that incorporate
environmental safeguards in business activities are critical to
sustainability challenges (Awan, 2020). Therefore, it is
imperative to inspect performance differences between
GSCM’s highly committed firm and GSCM lowly committed
firm. Also, there is a gap in the comprehensive understanding of
green resources and their association with various performance
parameters. It is essential to explore the subject matter in a
complex environment, where GSCM policy implementation is
inefficient specifically within the less business-friendly
environment. Notably, the capacity for a firm to engage its
resources toward GSCM practices and derive ecological and
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economic benefits might be dependent on a firm’s orientation and
perception of GSCM. For this reason, Seman et al. (2012) noted
that examining a strong strategic focus on GSCM influences a
firm’s attitude toward GSCM practices, which in turn influences
their capacity to achieve success. Thus, it is critical to analyze the
influence of GSCM implementation on the performance of listed
firms in Pakistan using panel data analysis. The specific objectives
as enumerated and discussed as follows:

-To inspect the causal relationship between GSCM practices
and firm performance
-To inspect the effects of GSCM practices on firm’s
performance
-To inspect the performance differences of GSCM highly
committed and GSCM lowly committed firms

This study finds it imperative to explore the argument using
secondary panel data when empirical literature is dominated by
primary data analysis. Furthermore, annual reports’ textual
analysis clarifies the management’s mindset and strategy
focuses on environment preservation without being biased
(Loughran et al., 2009; Baier et al., 2020). Also, it is important
to highlight whether these practices promote or inhibit
performance. The novelty of this study is to explore such
practices implementation using annual reports’ text in
association with five dimensions of firm performance. The
study uses an adjusted balanced scorecard by disaggregating
performance dimensions into gross profit ratio, net profit
ratio, customer satisfaction, learning and growth, and
efficiency metrics. Twenty-five manufacturing firms listed on
the Pakistani Stock Exchange are selected for this study,
covering the period from 2009 to 2020. The study used
general method of moments (GMM), ANOVA, and granger
causality data analysis techniques. The GMM is employed to
mitigate potential endogeneity problems in the parameter
estimates and, thereby produce non-biased estimates.

Similarly, previous studies recognize the environmental and
economic benefits of practicing GSCM (Laari et al., 2016).
Notwithstanding, there are costs associated with engaging in
GSCM. Therefore, the practice of GSCM has its costs and
benefits, which many studies in the literature have debated
(Chan et al., 2016; Syakila, 2016).

This study’s contribution elucidates the importance of
corporate practices in obtaining competitive performance.
First, this research widens the scope of green management
evaluation by looking at the impact of information provided
in the text of annual reports on firm’s performance which offered
a comprehensive evaluation of such practices with textual
analysis. Second, green management improved corporate
performance indicators, and the findings confirmed the
premise in part. Third, it is demonstrated that the profitability
of enterprises with low and high levels of such activities differs
dramatically. Finally, this study also extends the existing literature
in the field of green supply chain management and firm
performance. Also, this study contributes to academic learning
on the importance of the GSCM initiative among businesses in a
developing country where environmental protection is not a

priority. The study engages five firm performance measures,
thus providing robust results on the topic. This study is
centered on the resource-based theory and thus highlights how
organizational managers can use firm resources to maximize
performance metrics, given an ever-dynamic business
environment. The results would aid better policy formulation
regarding environmental pollution and the practice of green
supply chain management. Also, the decision to engage
secondary panel data seeks to spur future studies on the topic
using secondary data.

This study comprises five sections: the introduction, followed
by a literature review of previous studies on the subject matter.
Afterward, the third section develops a research methodology,
highlighting the data collection method, the measurements of
variables, and the methods for estimating the datasets. The fourth
segment represents the findings obtained from the data analyzed,
while the fifth segment concluded the findings and presented the
implications of the study based on the results obtained.

2 LITERATURE REVIEW

2.1 Scope of GSCM
The firms have contributed to achieving sustainable development
goals in the current industrial and technical progress period. As a
result, the absorption of modern technology acts as a spur for
attaining the sustainable development goals (SDGs) by
transforming firms, which account for 90% of global
businesses, 50% of global employment, and up to 40% of
national income in developing countries (World Bank, 2018).
The need to protect the environment coupled with summits Rio
de Janerio in 1992, theMillenniumDevelopment Goals and SDGs
campaigns have raised businesses’ awareness to adopt green
measures in their operations. Its practice is particularly new to
firms in developing countries, who are adopting green solutions
in their supply chain management to lower the negative
consequences supply chain activities may have on their
environment (Seman et al., 2012).

Several definitions are provided to explain GSCM in literature;
Chan et al. (2016) regarded GSCM as incorporating the
environment into the management of the supply chain.
Similarly, Zhu et al. (2012) noted that GSCM included green
initiatives to promote environmental sustainability. The practice
of GSCM is on the premise to balance the nexus between
organizational and environmental performances. GSCM
emphasizes the effective, efficient, and broad implementation
of green measures to improve the environment. However,
Drohomeretski et al. (2014) noted that successful
implementation of the GSCM framework requires a holistic
approach among all business stakeholders their incompatible
benefits would be united and managed into an effective
greening of the environment.

GSCM refers to a supply chain that attempts to decrease waste,
enhance ecosystem quality, increase eco-efficiency, and improve
the recycling process of materials. In practice, GSCM, which
includes technological measures, new facilities, vendor training,
and labor allocation, aimed to create considerable profits while
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paying attention to environmental efficiency (Sugandini et al.,
2020). The company managers must use the green supply chain
management concept to boost output and comply with
government requirements on potential pollution (Khaksar
et al., 2016). The purpose of GSCM is to enhance a company’s
economic, environmental, operational, and social performance
(Geng et al., 2017). Practically their impartial measurement proxy
is still a literature gap that requires conceptualization with a
tangible approach (Karmaker et al., 2021).

The academic scholars have proposed various frameworks for
GSCM practice incorporated into the regular activities of
managing supply chains (Ghobakhloo et al., 2013; Wibowo
et al., 2018). However, Zhu et al. (2008) noted that GSCM
practices fall under four basic dimensions within this
framework: green purchasing, green manufacturing; green
distribution; and reverse logistics. This can be illustrated
graphically in Figure 1.

2.2 Theoretical Framework
An important theory that supports the practice of GSCM is the
stakeholders’ theory developed by Ian Mitroff, further improved
by Freeman (2015), recognizing stakeholders of a business, asides
from its business owners/shareholders, such as customers,
investors, and various trade groups. Thus, it recommended
that a business is responsible to these parties because they
influence the performance directly or indirectly. Another
theory that supports the practice of GSCM among businesses
is the resource-based theory developed by Barney (1991),
explaining how businesses can get a competitive advantage
through strategic planning.

However, the theory’s logic has been extended to explain that
businesses should engage in GSCM initiatives that improve the
environment and performance metrics (Hart and Dowell, 2011).
Additionally, Zhu et al. (2012) stated that greening in
procurement, manufacturing, and distribution are three GSCM
components that can be used to gain a competitive advantage.
The proponents of this theory reckon that components of GSCM
serve as relevant strategic means for a firm to gain a competitive
advantage (Teng, 2007; Hart and Dowell, 2011). Karmaker et al.

(2021) proposes conscious resource utilization to eliminate time
and resource waste, enhancing productivity and efficiency. Green
innovation is a long-term paradigm for problem-solving and
decision-making that goes beyond optimization and efficiency
(Lichtenthaler, 2019). Based on the foregoing, the GSCM
activities can be leveraged to improve a firm’s efficiency and
performance.

2.3 Evaluation of Performance Based on
GSCM Practices
The majority of empirical literature favors the practice of GSCM
among businesses. Awan (2019) examined the relationship
between internal environmental investment decisions and firm
social sustainability performance in Pakistan. The study found
that protection practices promote social sustainability
performance in manufacturing firms by focusing on safety,
environmental interaction, and sustainable manufacturing. Tan
et al. (2016) explored the effects of GSCM on the competitiveness
of one hundred and forty-four (144) manufacturing firms in
Malaysia, using primary data and partial least squares. There is
evidence that GSCM directly impacted the competitiveness of the
firms. Whereas, Novitasari and Agustia (2021) suggested that
GSCM holds an insignificant impact on the firm’s performance.
Chiu and Hsieh (2016) revealed the relationship of GSCM with
performance among one hundred and thirty Taiwanese firms
show that GSCM measures indirectly affect the firms’
performance.

Furthermore, the study concluded that a higher level of GSCM
framework contributed to the firms’ performance. However,
Syakila (2016) found that GSCM does not always promote the
firm’s competitiveness. Contrarily, Aslam et al. (2018) explored
the determinants of GSCM among the listed firms in the Pakistan
Stock Exchange using a structural equation model. The study
found that customers’ pressure and entrepreneurship positively
impact GSCM adoption; and observed that GSCM practice has
positive contributions to environmental and corporate
performance. Using a different approach, Shafique et al. (2017)
studied the effects of GSCM on the profitability of five hundred

FIGURE 1 | Green supply chain management (GSCM) framework. Source: author’s compilation from Khan and Qianli (2017), Tan et al. (2016), and Zhu et al.
(2008).
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(500) firms in Pakistan, while moderating the influence of
institutional pressure and the mediating effects of green
innovation. Moderated regression and correlation analyses
were employed to analyze the data. Evidence revealed that
GSCM has a strong favorable impact on business
performance; institutional pressure significantly moderated the
relationship and green innovation mediated this association. The
results obtained from these studies are consistent with Khan and
Qianli (2017); who found that five GSCM components helped
organizations in Pakistan to function better.

Better firm performance represents the capacity to satisfy
consumers in terms of timely and speedy delivery of quality
goods and services and flexibility and waste removal in
manufacturing practices (Green et al., 2012; Lai and Wong,
2012). GSCM decreases greenhouse emissions due to the
coordination amongst the systems, suppliers, and customers
assists in identifying, and resolving supply chain sustainability
issues (Wong et al., 2018). Environmental sustainability reduces
the costs, while also meeting customer needs for ecologically
friendly products and services, resulting in an increased financial
performance.

Additionally, GSCM, which is being used to protect the
environment, may assist the businesses in lowering the cost of
raw materials and increasing the usage of recycled resources,
resulting in an increased profitability and improved firm
performance. Choi and Hwang (2015) discovered that GSCM
has a positive relationship with financial performance. Rigorous
environmental protection practices in the supply chain lead to
improved social performance (Awan, 2018). Green supply chain
management and green product innovation are two main
categories associated with the environment protection practices
of the firm (Khan and Qianli, 2017; Awan, 2020). However, when
it comes to implementation, there are contrasts incorporate
perspectives that require understanding the variables in
GSCM. The current study provides a broader understanding
of the impact of GSCM and GPI on firm performance, while
using different measures for firm performance. Our hypothesis
about the impact on corporate performance has yet to be checked.

H1: green supply chain management index (GSCM) index and
green product index impact positively on firm profitability.

H1a: GSCM index and green product index impact positively
on gross profit ratio.

H1b: GSCM index and green product index impact positively
on net profit ratio.

H1c: GSCM index and green product index impact positively
on customer satisfaction.

H1d: GSCM index and green product index impact positively
on learning and growth.

H1e: GSCM index and green product index impact positively
on efficiency.

In general, the implementation of GSCM techniques is
expected to improve a company’s environmental performance.
However, based on Kim et al. (2011), adopting GSCM practices
may not translate to improved financial performance. Although,
the economic performance and environmental practices have a
beneficial association (Choi and Hwang, 2015). Similarly, Youn
et al. (2013) opine that environmental performance promotes

financial performance such as through higher revenue and
profits. Also, Diabat and Govindan (2011) note that improved
environmental quality enhances corporate image and goodwill,
which will promote sales and profits. The study of Nikabadi and
Shahrokhnia (2019) reveals that innovation and knowledge-
sharing culture are highly desired for product development.
Appropriate innovative infrastructure has the greatest impact
on fostering the improvement of upcoming products. It is also
discovered that there is a favorable and important association
between culture and new-product development performance, and
technology firms differ in terms of innovation and product
performance. Similarly, the study by Shafique and Saeed
(2020) indicates that differences in innovative and
environmental practices yield great benefits for firms when
applied to gain a competitive advantage. There are differences
in the integration of green practices with social and
environmental benefits for the firm (Khan et al., 2022). The
environmental and social aspects are linked to the innovativeness
and risk-taking capabilities, which can further support the
inclination of the firms toward environmental protection
reaping benefits in different arrangements (Han and Huo,
2020). According to Zhu et al. (2008), the organizations use
GSCM strategies to improve supply chain performance. Whereas
the country’s major aim is still economic development (Lee et al.,
2013), its manufacturing industry has been driven to enhance its
sustainability impact due to growing worldwide attention on
environmental concerns. GSCM is a relatively new idea in
Pakistan and other developing nations, despite its maturity in
certain developed economies. Based on the above discussion this
study proposes the following hypotheses:

H2: There is a significant difference in the profitability
between GSCM of highly committed firm and GSCM lowly
committed firm.

H2a: There is a significant difference in the gross profit ratio
between GSCM of highly committed and GSCM lowly
committed firms.

H2b: There is a significant difference in the net profit ratio
between GSCM of highly committed firm and GSCM lowly
committed firm.

H2c: There is a significant difference in customer satisfaction
between GSCM of highly committed firm and GSCM lowly
committed firm.

H2d: There is a significant difference in the learning and
growth between GSCM of highly committed and GSCM lowly
committed firms.

H2e: There is a significant difference in the efficiency of GSCM
of highly committed firm and GSCM lowly committed firm.

3 METHODOLOGY

3.1 Measurement of Variables
3.1.1 Dimension of Performance
Gross profit ratio (GPR) is measured as the ratio of gross profit to
total revenue; net profit ratio (NPR) is measured as the ratio of net
profit to total revenue, customer satisfaction (CUS), the
dimension of performance is measured as the total sales,
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learning and growth (LGR) dimension of performance is
measured as the number of firm employees, efficiency (EFF)
dimension of performance is measured as the ratio of total sales to
total assets.

3.1.2 GSCM Indicators
The green supply chain management index (GSI) measures green
supply chain management that focuses mainly on how the
corporate supply chain impacts the environment. This variable
measures the existence of four GSCM practices, which are the
presences of production processes to lower environmental
impacts of the supply chain; life cycle assessment to source
materials; ISO 14001 criteria for selecting suppliers; and
termination of the supply chain that does not meet
environmental criteria. Green Product Index (GPI) is another
green supply chain management indicator that focuses on how
corporate products encourage environmental sustainability. It
measures the existence of three GSCM practices. These are the
existence of a product that improves environmental quality; the
existence of product features that promote environmental quality;
and the existence of design of products for recycling, reuse, and
reduction of environmental pollution. In the construction of both
indexes of GSCM points, each parameter of the index
abovementioned is assigned from minimum 0 to maximum 1
by evaluating the focus on GSCM parameters in the annual
reports of selected corporations (Miroshnychenko et al., 2017).

The other variables engaged in this study are firm size (SIZ)
and board size (BSI) measured by taking the log of total assets and
the total number of executive members on the board of the firm,
respectively. The data for this study is gathered from annual
reports of fifteenmanufacturing firms listed on the Pakistan Stock
Exchange (Goh et al., 2016) from 2009 through 2018. The
manufacturing firms are suitable for this sort of investigation
because their range of activities includes the input of materials,
production, distribution, and finally the end-user incorporating
all the processes of supply chain activities (Yusoff et al., 2021).

3.2 Model Specification
To analyze the impact of green supply chain management on
firm’s performance, the firm’s performance is modeled as a
function of green supply chain management. Following
Miroshnychenko et al. (2017), green supply chain
management is decomposed into two indexes, which are the
green supply chain management index (GSI) and the green
product index (GPI). The firm size and board size are
included as control variables. Hence, the model of this study is
stated in functional form as follows:

PERF � f(GSI, GPI, SIZ, BSI). (1)
Equation 1 is disaggregated to accommodate five dimensions

of the firm’s performance; which are gross profit ratio, net profit
ratio, customer satisfaction, the learning and growth, and
efficiency dimension. Hence, Eq. 1 produces

GPR � f(GSI, GPI, SIZ, BSI), (1a)
NPR � f(GSI, GPI, SIZ, BSI), (1b)

CUS � f(GSI, GPI, SIZ, BSI), (1c)
LGR � f(GSI, GPI, SIZ, BSI), (1d)
EFF � f(GSI, GPI, SIZ, BSI). (1e)

Equation 2: In linear form the abovementioned Eq. 1 for
performance dimensions can be stated as

GPR � α0 + α1GSI + α2GPI + α3SIZ + α4BSI + µ, (2a)
NPR � β0 + β1GSI + β2GPI + β3SIZ + β4BSI + v, (2b)
CUS � π0 + π1GSI + π2GPI + π3SIZ + π4BSI + e, (2c)

LGR � Ω0 + Ω1GSI +Ω2GPI +Ω3 SIZ +Ω4BSI + ut, (2d)
EFF � γ0 + γ1GSI + γ2GPI + γ3 SIZ + γ4BSI + et, (2e)

where α0, β0, π0, Ω0, and γ0 are intercept of their respective
models, α1 to α5, β1 to β5, π1 to π5,Ω1 toΩ5, and γ1 to γ5 are the
parameter estimates in abovementioned equations. µ, v, e, ut, and
et are the stochastic error terms of their respective models.

3.3 Estimation Techniques
The study engaged two estimation techniques. The first technique
is the general method of moments (GMM) proposed by Arellano
and Bond (1991) and Arellano and Bover (1995) offering linear
and non-biased parameter estimates that have the least variances
which is particularly used when there is a potential problem of
endogeneity in a regression model. ANOVA is also employed to
ascertain significant differences in performance among top and
least firms practicing GSCM in Pakistan. Another statistical
technique used is granger causality to ascertain whether a
particular time series can be used to forecast another. The use
of granger causality helps to provide robust results on the
phenomenon investigated.

Certain factors are compelled to use the GMM analysis
technique mainly. First, it takes an omitted time-invariant
country effect in the penal data. Second, GMM is a more
efficient model when the data contain autocorrelation and
heteroscedasticity issues (Roodman, 2006). Third, there are
chances that endogeneity problems may arise due to which the
results may deteriorate but system GMM also encounters
endogeneity (Akbar et al., 2016; Duru et al., 2016). The
endogeneity problem is when the explanatory variable and
error term is correlated. Before engaging the GMM estimator,
the study engaged appropriate tests to ascertain that the data is
reliable and valid for empirical analysis. To assess the validity of
the instruments used for the GMM estimation, the study made
use of Sargan’s statistics. It is employed for over-identifying
limitations, which are typically used to see if an estimated
parameter is impacted when the number of instrumental
variables exceeds the number of estimated parameters
(Arellano and Bond, 1991). The study showed that the
instruments were valid and that the over-identifying limits
would not be rejected. Moreover, the study engaged the Wald
statistic to check for the presence of heteroscedasticity. The
results showed that heteroscedasticity is absent in the datasets.
Further, the study tested for serial autocorrelation using the AR
(1) and AR (2) statistics. The results of AR (2) show that there is
an absence of serial autocorrelation in the datasets.
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4 RESULTS AND DISCUSSION

4.1 ANOVA Results
In Table 1, the ANOVA results indicate differences in
performance metrics among top and least firms practicing
green supply chain management in Pakistan. For the learning
growth performance dimension (LGR) there is no significant
difference among firms practicing GSCM. However, at the 1%
level, there is a significant difference in customer (CUS)
performance dimension among the top and low GSCM
performing firms in Pakistan. Also, at the 1% level, there is
a significant difference in gross profit ratio (GPR), net profit
ratio (NPR), and efficiency (EFF) performance indicators
among the top and low GSCM performing firms in
Pakistan. These results indicate that the firms with high
participation in GSCM initiatives experience the difference
in performance metrics from those with low GSCM practices.
The results confirm the acceptance of the second alternate
hypothesis.

Moreover, these results are aligned with the results of Nikabadi
and Shahrokhnia (2019) revealing that difference in performance
is achieved with innovation in product development.
Furthermore, ANOVA results confirm the resource-based
theory which posits that businesses should engage their
resources to attain competitiveness (Tan et al., 2016). This is
mainly due to the significant differences in customer satisfaction,
gross profit ratio, net profit ratio, and efficiency performance
metrics among the top and low GSCM practicing corporations
investigated which are supported by previous studies (Barney,
1991; Hart and Dowell, 2011; Sohail et al., 2013).

4.2 Granger Causality Results
Granger causality results reported in Table 2 highlighted only
significant granger cause results; extended results are not reported
due to their insignificance. The results indicate that both GSI and
GPI granger cause learning growth (LGR) metric performance of
the firms investigated. On the other hand, LGR also Granger
cause GSI. GPI holds a strong position here to granger causes
gross profit ratio, net profit ratio, and efficiency performance
metrics of the corporations investigated. Moreover, the results
elucidate that neither GSI nor GPI measures of GSCM practices
granger cause customer dimension metric among the
corporations explored in Pakistan. The results inferred that the
GPI measure of GSCM practice exhibits a strong impression on
performance factors. However, GSI exerts a weak influence on the
performance measures of corporations in Pakistan. This
highlights that not enough GSCM practices are followed
among corporations in Pakistan, which have not translated in

TABLE 1 | ANOVA for performance indicat.

Source of
Variation

SS df MS F-value p-value F-crit

Panel-A: ANOVA for CUS
Between groups 1,06,907 2 53,454 82,649 0.00 3.92
Within groups 580.14 897 0.646
Total 8.04E+22 899

Panel-B: ANOVA for LGR
Between groups 1.02E+09 2 5.09E+08 0.61 0.55 3.92
Within groups 2.76E+09 897 3.07E+08
Total 9.8E+08 899

Panel-C: ANOVA for GPR
Between groups 33.23 2 16.62 162.25 0.00 3.92
Within groups 91.86 897 0.102
Total 125.09 899

Panel-D:ANOVA for NPR
Between groups 55.84 2 27.92 275.48 0.00 3.92
Within groups 90.92 897 0.101
Total 146.76 899

Panel-E:ANOVA for EFF
Between groups 48.65 2 24.32 80.05 0.00 3.92
Within groups 272.59 897 0.303
Total 321.25 899

Source: Author’s compilation.

TABLE 2 | Granger causality results.

Pairwise granger causality tests up to 2 lags

Null hypothesis Obs F-stat Prob

GPI does not Granger cause GPR 280 5.81 0.00
GPI does not Granger cause NPR 300 5.49 0.00
GPI does not Granger cause EFF 280 2.83 0.06
LGR does not Granger cause GSI 300 5.61 0.00
GSI does not Granger cause LGR 280 2.99 0.05
GPI does not Granger Cause LGR 300 3.24 0.04
BSI does not Granger cause LGR 300 7.41 0.00

Source: Author’s compilation.
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their performance metrics which is aligned with the literature
(Sohail et al., 2014; Laari et al., 2016; Sari, 2017).

4.3 GMM Panel Regression Results
The results in Table 3 revealed that the GSI component of GSCM
practices significantly affects the corporate performance. It
positively determines customer satisfaction and learning
growth dimension metrics but holds a negative association
with gross profit ratio, net profit ratio, and efficiency metrics.
This explains that firms with higher GSI increases their customer
dimension by increasing their sales and also increasing their
number of employees (LGR dimension) which enhances overall
growth prospects. The contrary results specify that a higher GSI
component negatively affects profitability ratio and efficiency in
terms of asset utilization due to the focus on processes
improvement by protecting the environment.

The GPI component of GSCM practice exerts a significantly
positive impact on the customer aspect, profitability ratios, and
efficiency performance metrics of the corporations investigated in
Pakistan. The parameter estimates confirm that GPI contributes
to increases in sales, efficiency, net profit ratio, and gross profit
ratio. Furthermore, clarifying that growth in GPI promotes sales,
asset utilization, and firm profitability with the product features
that improve environmental quality or reusability. However, the
learning growth performance metric is not significantly affected
by the GPI component. This implies that the number of
employees metric is not considered connected to green
product features. Nonetheless, the board size and firm size
contribute positively to the firms’ customer, learning growth,
and profitability ratios. This implies that growth in investment
and board members cause growth in performance indicators.

The estimates from the panel regression results revealed that
Pakistan’s GSCM practice is a significant determinant of
corporate performance. The Green product index (GPI) helps
to improve the gross profit ratio (GPR performance dimension),
net profit ratio (NPR performance dimension), sales, and
corporate efficiency (EFF performance dimension). The
promotion of GSCM initiatives in terms of green products
helps in improving the corporate relationship with its
customers (CUS performance dimension) and profitability.

These findings are aligned with Khan and Qianli (2017),
Shafique et al. (2017), Aslam et al. (2018), whose results offer
sufficient evidence that the practices of green products initiatives
enhance the corporate performance in Pakistan.

On the other hand, the green supply chain management index
(GSI) also promotes the firm’s performance in terms of customer
satisfaction and learning growth parameters. However, there is an
evidence of a negative association of GSI with profitability and
asset utilization. This implies that business partners’
collaboration, safety, sustainability, and environmental
protection practices are not meaningfully transferred to offer a
higher level of economic, environmental, operational, and social
performance contrary to the findings of Geng et al. (2017), who
offer the inclusion of such practices to get superior performance.
Furthermore, these findings imply that there is a need for more
conscious efforts and meaningful implementation of these
practices to translate them into the success factors for the firm
along with optimization for the society (Sugandini et al., 2020).

Importantly, the panel regression estimates that GSCM
indexes influence at least the five corporate performance
metrics explored in this study, this confirms that GSCM does
not only influence internal performance metrics (Gross profit
ratio, net profit, efficiency, and learning growth dimension) of
corporations in Pakistan, but it also influences external
performance metric (customer dimension) of corporations in
Pakistan. Thus, supporting the stakeholders’ theory in terms of
the impression of firms’ activities to larger groups in society and
also resource-based theory suggesting appropriate use of means
leads to superior performance (Teng, 2007; Freeman, 2015; Saeed
et al., 2018). However, the panel regression results also revealed
that GSCM indexes can contribute to a decline in performance
metrics among the corporations, as the GSI component
negatively impacted gross profit ratio, net profit ratio, and
efficiency ratio metrics. The previous studies also supported
the claim that GSCM does not always promote firm
competitiveness (Masulis and Reza, 2015; Syakila, 2016;
Miroshnychenko et al., 2017). Therefore, in this condition H1
is partially accepted. Furthermore, the results supported the
importance of engaging in such practices due to significant
differences in profitability, customer satisfaction, and efficiency

TABLE 3 | GMM panel regression results.

Variable Model 1 Model 2 Model 3 Model 4 Model 5

Dependent variable

CUS LGR GPR NPR EFF

GSI 0.21 (0.04) 11.93 (0.08) −0.21 (0.00) −0.13 (0.15) −0.39 (0.00)
GPI 15.02 (0.00) −19.58 (0.22) 0.189 (0.06) 0.28 (0.46) 1.41 (0.00)
SIZ 0.76 (0.04) 21.18 (0.00) 0.43 (0.03) 0.14 (0.04) −0.68 (0.00)
BSI 0.22 (0.02) 1.34 (0.01) 0.18 (0.1) 0.031 (0.61) 0.036 (0.43)
Weighted statistics
R-squared 0.63 0.47 0.51 0.55 0.54
Adjusted R2 0.61 0.41 0.47 0.51 0.51
Sargan’s test prob (0.36) (0.25) (0.37) (0.42) (0.29)
Wald test (Prob > chi2) (0.00) (0.00) (0.00) (0.00) (0.00)
AR (2) prob (0.11) (0.19) (0.13) (0.15) (0.16)

Source: Author’s compilation. In parenthesis () p-values are presented.
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among the top and low GSCM practicing corporations. However,
the manufacturing sector activities does help in environmental
sustainability by aligning their production and distribution
processes with green and environment-friendly sustainable
practices (Awan, 2020; Yusoff et al., 2021).

Overall, the present study’s finding highlighted the importance
of effective green supply chain management among corporations
in developing countries to drive their overall performances. These
findings are consistent with previous research in a similar context
(Awan, 2018; Karmaker et al., 2021; Khan et al., 2022).
Furthermore, shallow GSCM practices may not yield the
expected benefits; instead, conscientious efforts are needed to
ensure continuous GSCM initiatives that comprehensively
benefit stakeholders and the environment. To achieve
outstanding financial results in today’s competitive market, a
firm must pursue a cohesive resource-based strategy that
articulates its goals to create, acquire, and use green resources
that enhance performance and support the environment.

This study is not without some challenges and limitations that
can be improved upon by future studies. For instance, this study
focuses on a few parameters of GSCM, which future researchers
can improve upon by exploring other measures of GSCM.
Moreover, this study centers on businesses and corporations
in Pakistan. The future researchers can advance this by
exploring other developing countries and comparing them
with the developed countries. Additionally, the focus of this
study was only on the practices of GSCM and firms’
performance. Other factors, such as green innovation or green
innovation intensity, should be used to examine business
performance in future studies. It is well understood that
GSCM raised the operating expenses in enterprises; thus,
future research studies can highlight the sort of operating
factors that can get affected due to such practices.

5 CONCLUSION

This study investigates the association between green supply
chain management (GSCM) and corporate performance
among Pakistani listed companies by using the panel general
method of moments (GMM) and ANOVA, while the Granger
causality methodology provides robust results. The results from
this study revealed that GSCM practice plays a significant role in
determining corporate performance in Pakistan. The GSCM
initiative helps to profitability, customer satisfaction, asset
utilization, and growth dimensions of the corporations. It is
important to understand that a superficial approach to GSCM
may not deliver the desired results; instead, conscious efforts

must be made to guarantee ongoing GSCM activities benefiting
all stakeholders and the environment. In today’s competitive
market, a company must follow a unified resource-based
strategy that articulates its goals for creating, acquiring, and
using green resources that improve performance and benefit
the environment. The uniqueness of this study elucidates the
role of a company’s practice in achieving competitive
performance by providing evidence on various performance
indicators and offering evidence not based on opinion but
rather factual knowledge. Although it is widely known that
GSCM procedures do not immediately provide advantages and
instead increase operating costs in firms, if fully implemented,
they contribute to greater financial performance.

5.1 Implications
This study depicted that adopting GSCM approaches helps a firm
be responsible toward society as a whole. Business managers,
shareholders, and policymakers are all affected by GSCM
practices engaged in corporations. This study helped managers
to better understand how organizational managers can engage in
green practices to achieve competitive advantage in an ever-
dynamic business world. This assumption is based on resource-
based theory’s arguments that governments and companies
should implement GSCM policies that benefit society as a
whole. With the support of developing nations, the growing
need for the adoption of green practices will support the
realization of SDGs. However, the companies must raise their
knowledge of the need to incorporate green practices into their
operations to gain higher performance and safeguard the society
and the environment from the detrimental effects of supply chain
activities.
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This study assesses India’s environmental problems by focusing on the ecological footprint
pressure index (EFPI), which provides a simultaneous analysis of biocapacity and
ecological footprint. In particular, the study examines the impact of export
diversification, economic growth, and renewable energy on EFPI under the
environmental Kuznets curve (EKC) hypothesis for India. To analyze the long-run
relationships, the Residual Augmented Ordinary Least Squares (RALS)-Fourier
cointegration test is applied to annual data from 1965 to 2014. Contrary to the EKC
hypothesis, the results show a U-shaped relationship between income and EFPI. The
absence of the EKC hypothesis implies that economic development does not help to
ensure environmental quality; hence, other measures are required to minimize irreversible
environmental problems. In this regard, the results of the study suggest that renewable
energy consumption and export diversification reduce EFPI. Based on the overall findings
of the study, it is recommended that the Indian government improve environmental values
by changing the export structure and energy mix.

Keywords: ecological footprint, EKC hypothesis, export diversification, RALS-fourier cointegration, India

INTRODUCTION

The desire for a higher standard of living pushes countries to accomplish the objective of economic
growth through the transition from the agricultural to the industrial sector, which may lead to
deterioration of the environment (Li et al., 2021). The environmental quality is simply influenced by
national and international economic aspects. To meet this objective, both developed and developing
nations are considering various policies and strategies that address the impact of global trade on
sustainable economic growth. More so, to generate sustainable revenues and curtail dependence on
specific exports, the World Bank and the International Monetary Fund (International Monetary
Fund, 2020) encourage both developing and advanced economies to adopt export diversification
policies. Diversified exports and trade openness strategies primarily promote countries’ economic
development. Occasionally, however, it may also be a process that leads to environmental
degradation. Clearly, diversified exports simply rely on industrialization and traditional fossil
fuel-based energy consumption, which can degrade environmental quality by emitting
greenhouse gas (GHG) emissions unless the portion of clean and renewable energy sources has
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been inflated (Can et al., 2021; Shahzad et al., 2021). Export
diversification and the impact of renewable resources on
environmental quality have recently become an important
research topic. The environmental indicator studied in this
context is important.

Global warming is a universal concern and the whole world is
facing an alarming situation due to the expansion of GHG
emissions (Yang et al., 2021). In recent years, economies have
also been hit by enormous disasters, such as the explosion of
floods in India, Pakistan, and Australia, the tsunami in Indonesia,
and the fire disaster in Russia, etc. Such disasters are the main
reasons for the deterioration of the ecological environment
(Dagar et al., 2021). However, carbon dioxide (CO2) emissions
do not reflect this and similar disasters. In this context, the
ecological footprint proposed by Rees 1992) is a more
comprehensive environmental measure. Ecological footprint
includes six sub-components such as builtupland, cropland,
grazingland, fishing grounds, forest area, and carbon footprint,
allowing to examine environmental problems with air, land and
marine ecosystems. On the one hand, an analysis covering only
the ecological footprint deals with the demand side of
environmental problems. On the other hand, biocapacity
reflects the supply side of this demand (Pata and Isik, 2021).
Ecological footprint and biocapacity should be evaluated together
in order to evaluate environmental problems from both supply
and demand aspects. In this context, the ecological footprint
pressure index (hereafter EFPI) can be used as a proxy for
environmental deterioration. Calculated by dividing the
ecological footprint by biocapacity and proposed by Huang
et al. (2007), the EFPI allows for a simultaneous analysis of
the environmental situation with supply and demand. Hence, this
will offer an opportunity to evaluate the ecological hazards from a
wide ranging perspective rather than just considering
environmental demand.

In this study, we examine the effects of export diversification,
renewable energy consumption, and gross domestic product
(GDP) on EFPI. In this study, we seek answers to three basic
research questions. 1)What is the impact of export diversification
on sustainable development? 2) Does the use of renewable energy
promote environmental quality? 3) Is there an inverted U-shaped
environmental trade-off between GDP and EFPI, as reflected in
the environmental Kuznets curve (EKC) hypothesis proposed by
Grossman and Krueger (1991)? We attempt to answer these
questions for India.

We have chosen to analyze the determinants of environmental
degradation in India for several reasons. Since the 1990s, India’s
GDP growth rate has been among the fastest in the world (Solarin
et al., 2017). However, this growth also brings with it social,
economic and environmental problems. The increasing
production and consumption activities in the wake of
liberalization and economic reforms in India have led to
environmental problems such as climate change and depletion
of the ozone layer globally (Pata and Kumar, 2021). Moreover,
Indian society is exerting significant pressure on water and land
resources. The fact that India has the third largest ecological
footprint in the world (Global Footprint Network, 2018) is a clear
indication of these pressures. For these reasons, it is important to

study the impact of export diversification, renewable energy and
income on environmental quality in India, both for the country
and the world.

However, few studies in the literature have adjusted export
diversification to test the EKC hypothesis (Liu et al., 2019). Given
this gap, our study is the first to analyze the impact of export
diversification on environmental degradation in India. Moreover,
we introduce and use the RALS-Fourier cointegration test to
provide stronger evidence of the cointegration relationship than
conventional methods by considering both the information of the
high moments of non-normal residuals and smooth structural
changes. Furthermore, unlike previous studies, we focus on the
ecological footprint pressure index for India and thus analyze the
ecological footprint and biocapacity simultaneously. With these
aspects, we expect this study to contribute to the field of
environmental economics. Based on the outcomes of this
study, policy implications will be suggested on export
diversification and economic growth for emerging countries.
The regulators of these countries may benefit from these
recommendations by drawing such plans to enjoy sustainable
economic growth and international trading.

The remainder of the study is organized as follows. Section 2
represents the existing literature whereas Section 3 defines the
materials and methods of the research. Section 4 elaborates the
empirical results. Lastly, Section 5 concludes the study and
provide some indispensable policy implications.

LITERATURE REVIEW

Since the seminal research of Grossman and Krueger (1991),
many researchers have tested the validity of the environmental
Kuznets curve hypothesis, which implies that there is an inverted-
U-shaped relationship between income and environmental
degradation, ultimately resulting in environmental benefits
from economic growth. In the initial stages of economic
development, ecological degradation becomes started to rise as
the per capita income in a country increases; though, after
reaching a certain point, the per capita income begins to
decline by preserving the environment (Tamazian et al., 2009;
Jalil and Feridun, 2011; Shahbaz et al., 2013; Ulucak et al., 2020).
More so, some studies showed a mixed relation between
economic growth and the environment (Destek et al., 2020;
Ullah et al., 2022).

Because the EKC literature is so extensive, we briefly review
studies on India. Some studies have argued that the EKC
hypothesis is valid for India (see e.g., Managi and Jena, 2008;
Tiwari et al., 2013; Shahbaz et al., 2015; Sinha and Shahbaz, 2018;
Ahmed and Wang, 2019; Rana and Sharma, 2019; Usman et al.,
2019). In contrast, the studies of Alam et al. (2016), Pal and Mitra
(2017), Destek et al. (2018), Adamu et al. (2019), Sarkodie and
Yadav (2019), Pata and Aydin (2020), and Bandyopadhyay and
Rej (2021) do not support the EKC hypothesis. The validity of the
EKC hypothesis for India is still a controversial issue in the
current literature. We aim to contribute to this discussion by
examining the effects of renewable energy and export
diversification on the ecological footprint pressure index in India.
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On the one hand, some researchers have analyzed the
determinants of renewable energy (Abumunshar et al., 2020;
Habesoglu et al., 2022; Samour and Pata, 2022). On the other
hand, the environmental pollution-reducing effect of renewable
energy consumption has been proven in many studies (see e.g.,
Destek and Sinha, 2020; Wang et al., 2020; Destek and Manga,
2021; Li et al., 2021; Pata, 2021; Rehman et al., 2021; Fareed et al.,
2022; Rehman et al., 2022, among others). However, contrary to
the general view, some studies have reported that renewable
energy does not have a significant impact on environmental
degradation (Apergis et al., 2010; Menyah and Wolde-Rufael,
2010; Lin and Mubarek, 2014; Pata, 2018), even that it can
increase CO2 emissions (Boluk and Mert, 2014). Al-Mulali
et al. (2016) also found that renewable energy production
could increase the ecological footprint by causing inefficiency
in the use of water and land.

Researchers have widely used trade-related variables such as
exports, imports, and trade openness when testing the EKC
hypothesis. However, these variables refer to trade volume and
do not provide information on the diversity of exported and
imported goods. How does the diversity of exported goods affect
environmental degradation? Recently, some studies have focused
on this relatively new research topic compared to the EKC
hypothesis and renewable energy. There is also no consensus
among researchers on this topic and different results can be
observed under the following parts.

The first part of the studies emphasizes the negative
environmental side of export diversification. Liu et al. (2018)
used the Johansen cointegration test and vector error correction
(VEC) model on annual data from 1990 to 2013, and found that
export diversification leads to the formation of more ecological
footprint in Korea, Japan, and China. Liu et al. (2019) utilized the
Driscoll-Kraay panel estimator for 125 countries from 2000 to
2015 and found that export diversification is positively linked
with CO2 emissions. Can et al. (2020) performed the
autoregressive distributed lag (ARDL) model for 84 developing
countries from 1971 to 2014 and concluded that export
diversification increases CO2 emissions. Wang et al. (2020)
conducted the cross-sectional ARDL model for G7 countries
from 1990 to 2017 and concluded that export diversification
has a positive impact on CO2 emissions. Iqbal et al. (2021) used
the Augmented Mean Group Estimator for 37 OECD countries
from 1970 to 2019 and noted that export diversification has a
positive impact on CO2 emissions. Khan et al. (2021) and Sharma
et al. (2021) applied the cross-sectional approach for different
countries and reported similar results to previous studies.

The second part of the studies emphasizes that export
diversification benefits the environment. Shahzad et al. (2020)
used the generalized moment method for 63 countries from 1971
to 2014 and reported that export diversification has a negative
impact on CO2 emissions. Fareed et al. (2021) conducted the
Fourier quantile causality test for Indonesia from 1965q1 to
2014q4 and concluded that export diversification increases the
load capacity factor and improves environmental quality. Li et al.
(2021) conducted Bayer-Hanck and Maki cointegration test for
annual data from 1989 to 2019 and found that export
diversification reduces CO2 emissions in China. Similarly,

Zafar et al. (2022) studied the relationship between export
diversification and the environment in a panel of 22 countries
over the period 1986–2017 by employing Westerlund and
Edgerton cointegration, Cup-FM and CUP-BC long-run
estimation, and generalized quantile regression techniques and
found that export diversification lessens CO2 emissions.

Despite the vast literature, no study has considered export
diversification in testing the EKC hypothesis for India. Also, no
study has examined the ecological footprint index pressure index
for India. Previous studies have generally focused on
environmental degradation indicators such as CO2, nitrogen
oxides and ecological footprint. These indicators only
symbolize the increase in emissions or ecological footprint due
to a demand, but do not provide information on nature’s ability to
meet human demand for environmental resources. To address
these research gaps, we examine the impact of export
diversification, income, and renewable energy consumption on
EFPI in India.

METHODOLOGY

In the last two decades, several cointegration tests have been
introduced in the literature that consider structural changes in the
long-term relationship. The pioneers use dummy variables to
capture structural changes and only allow for sharp breaks (see
Gregory and Hansen, 1996; Carrion-i-Silvestre and Sansó, 2006;
Hatemi-J, 2008, among others). But, as emphasized by Hyndman
(2014), “most things change slowly over time,” and dummy
variables are not able to characterize such changes. To
compensate for this shortcoming, Tsong et al. (2016) and
Banerjee et al. (2017) suggest using a Fourier function when
testing the cointegration relationship to account for multiple
smooth changes. Using a Fourier function eliminates the need
to determine the location and number of breaks.

Although both types of tests allow for structural changes, they
do not take into account the information contained in non-
normal errors because the limiting distribution of test statistics is
not based on the assumption of error distribution and the
parameter estimates are based on test regressions that remain
consistent. Since using the information contained in non-normal
errors improves the power of the test, as pointed out by Lee et al.
(2014), we follow the suggestion of Im and Schmidt (2008) and
employ “residual augmented least squares” (RALS) to use this
information to improve the power of the Fourier Engle-Granger
cointegration test introduced by Yilanci (2019). The RALS
method allows the use of information in the higher moments
of the residuals, and because of this advantage, a number of
studies use RALS to improve the power of unit root or
cointegration tests (see, among others, Im et al., 2014; Meng
et al., 2014; Lee et al., 2014). Differently, we propose for the first
time the use of the RALS method in a cointegration test that
accounts for structural breaks in the long-run relationship.

We first explain the two-step procedure of the Fourier Engle-
Granger (FEG) cointegration test. The FEG test is a residual-
based test for cointegration, and the first step is to estimate Eq. 1
as follows:
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y1t � α1 + α2 sin(
2πkt
T

) + α3 cos(
2πkt
T

) + β′y2t + et (1)

where y1t and y2t shows the dependent variable and nx1 vectors
of regressors. t and T indicate the trend term and sample size,
respectively. k is a particular frequency determined by the value
that gives the minimum sum of squared residuals (SSR). In the
second step, we investigate the null of no-cointegration by testing
the unit-root characteristics of the residuals of Eq. 1 using the
Augmented Dickey-Fuller (ADF) unit root test as in Eq. 2:

Δêt � ρêt−1 +∑
p

i�1
ϕiêt−i + εt (2)

Then, we can define the τFEG test statistic to test the null
hypothesis as in Eq. 3:

τFEG � ρ̂

se(ρ̂)
(3)

where ρ̂ denotes the ordinary least squares (OLS) estimator of ρ
and se(ρ̂) is the standard error of ρ̂. To illustrate the use of the
information about the non-normality of the error term, we
consider the following moment conditions in Eqs 4, 5:

E(εt ⊗ xt) � 0 (4)
E[(h(εt) − K) ⊗ xt] � 0 (5)

where εt, xt present the residuals, and all regressors in Eq. 2. h(εt)
denotes the nonlinear function of εt and K is defined as E(εt).
Equation 4 shows the usual moment condition of OLS
estimation, while Eq. 5 refers to the further moment
conditions based on non-linear functions of εt.

Following the suggestion of Im and Schmidt (2008), we
augment Eq. (2) with the following term:

ŵt � h(ε̂t) − K̂ − ε̂tD̂ (6)
where h(ε̂t) � [ε̂2t , ε̂3t ]′, K̂ � 1

T∑
T
t�1h(ε̂t), and D̂ � 1

T∑
T
t�1h′(ε̂t).

So, we can replace these terms into Eq. 6 and obtain ŵt:

ŵt � [ε̂2t −m2, ε̂
3
t −m3 − 3m2ε̂t]′ (7)

The first part of Eq. 7 is related to the condition of
homoscedasticity of the error terms, which improves the
efficiency of the estimator as long as the residuals are
asymmetric. The term of the second part improves the
efficiency if μ4 � 3σ4 not the case. Thus, as long as the error
term is not normally distributed, the inclusion of ŵt in the test Eq.
2 will improve the power of the test as follows:

Δêt � ρêt−1 +∑
p

i�1
ϕiêt−i + ŵ′

tφ + ξt (8)

We can obtain the RALS-FEG test statistic by estimating the
OLS to Eq. 8. We can obtain the t-statistic on ρ � 0 for the test the
null of no-cointegration as τRFEG. The asymptotic distribution of
τRFEG is given as follows:

Lemma 1: Under the null hypothesis of no-cointegration, the
limiting distribution of τRFEG can be derived as

τRFEG → ρτFEG + 





1 − ρ2

√
Z, where τFEG shows the t-statistics

for ρ̂ � 0 in Eq. 2, and Z denotes a standard normally
distributed random variable and ρ gives the long-run
correlation between the residuals of Eqs 2, 8, which can be
calculated as follows:

ρ2 � σ2εξ
σ2
ε σ

2
ξ

Under the moment conditions of Eqs 4, 5, the RALS-FEG test
has the same asymptotic distribution as generalized method of
moments estimators (see Lee et al., 2014). We compute the critical
values of the RALS-FEG test considering Eq. 7 with different
frequency values of k � 1, 2, 3, 4, and 5, for different values long-
run correlation of ρ2 � 0.1, 0.2, ..., 0.9, and 1.0, for different sample
sizes of T = 100, 500, and 2,500with different numbers of integrated
regressors (n = 1,2,3, and 4). We use 10,000 simulations to compute
the critical values and have tabulated them in the Appendix (see
Supplementary Appendix Tables S1A–S8A). The results indicate
that the critical values decrease as the optimal frequency increases.
Besides, we also investigate the finite small sample properties of the
RALS-FEG test and report the results in the Appendix (see
Supplementary Appendix Table S9A), which presents that the
RALS-FEG test outperforms the FEG test in all cases in terms
of power.

The fully modified OLS (FMOLS) method developed by
Phillips and Hansen (1990) is used to obtain cointegration
estimators. The FMOLS estimator remedies diagnostic
problems encountered with standard estimators. This method
was obtained by developing the OLS, taking into account the
internality and autocorrelation problem. Moreover, the
asymptotic deviation and externality assumption were used in
FMOLS to eliminate the inadequacy of the OLS estimator in
calculating the optimal values of the cointegrated equations
(Chen and Huang, 2013).

Â
+ � (Y+′X − TΔ̂+

0x)(X′X)
−1

(9)

The FMOLS estimator that corrects for the deviation effect in
the cointegrated equation with the help of the Δ̂

+
0x kernel

estimator is shown in equation 9 (Phillips, 1995).

Data and Model
Data
We use annual data for the period 1965–2014 for our empirical
analysis, which aims to analyze the dynamic impact of economic
growth, renewable energy consumption, and export diversification
on the ecological footprint pressure index under the EKC
hypothesis. Since export diversification data was available until
2014, we limited our data range to 50 years. Among the variables
used in the study, EFPI is the ecological footprint pressure index
measured as ecological footprint (per capital, global hectares)/
biocapacity (per capita, global hectares), GDP and GDP2 are
gross domestic production (per capita, constant 2010 $US) and
its squared term, REC is renewable energy consumption (per
capita, kWh) and EXDIV stands for export diversification
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(index, measured by Henn et al., 2020). These variables are
obtained from four different data sources. EFPI data is from the
Global Footprint Network (2021), GDP is from the World Bank
(2021), REC is fromOurWorld in Data (2021), and EXDIV is from
the International Monetary Fund (2021). The descriptive statistics
of the variables are shown in Table 1.

As for the mean, GDP has the highest value and EFPI has the
lowest value. EXDIV is the variable with the lowest standard
error. The mean value of EFPI is 1.83, and in the last 15 years, the
EFPI value has been above “2”, as shown in Figure 1.

SOURCE: Global Footprint Network (2021).
In Figure 1, the green area indicates pretty safe ecological status,

and the blue area indicates relatively safe ecological status.
According to Wang et al. (2018), EFPI values above “2” mean
that the ecological situation in a country or region is completely
unsafe. An EFPI greater than 1 symbolizes that humanity’s demand

for ecological resources is greater than the supply of natural
resources and that regional ecology is unsustainable (Wang
et al., 2018). The ecological footprint pressure index in India
has been greater than “1” for 50 years and in unsafe areas. Since
2001, the EFPI has crossed the threshold of “2”. In other words, the
people of India will not be able to sustain their current use of land
andwater resources in the future. This situation highlights the need
to address the ecological problems of India, whose population,
economy, exports and energy demand are growing rapidly.

Model
To investigate the validity of the EKC hypothesis in India, we use
the following log quadratic specification:

LnEFPIt � β0 + β1LnGDPt + β2LnGDP2
t + β3LnRECt

+ β4LnEXDIVt + ut (10)
where ln is the logarithm, t is the time period, β0 is the constant
term, β1,2,3, and β4 are the long term elasticities with respect to the
dependent variable, and ut is the error term. The inclusion of
the squared GDP in Equation 10 helps to analyze the inverted
U-shaped EKC relationship. If β1 is positive, β2 is negative, and
both coefficients are statistically significant, the EKC
hypothesis is valid. If β1 is negative and β2 is positive, there
may be a U-shaped relationship between economic growth and
environmental degradation (Pata and Caglar, 2021). When β1
and β2 are zero, there is no relationship between pollution and

TABLE 1 | Descriptive statistics.

Variables EFPI GDP REC EXDIV

Mean 1.837 700.023 215.876 2.188
Median 1.752 568.899 203.069 2.164
Maximum 2.690 1640.181 397.351 2.843
Minimum 1.385 345.421 106.670 1.813
Std. Dev 0.378 361.702 65.979 0.247
Observations 50 50 50 50

FIGURE 1 | Ecological situation in India.

TABLE 2 | Results of unit root tests.

Variable k F-Stat FADF-Stat ADF-Stat p-value

LnEFPI 5 0.764 2.879 (9) 3.015 (9) 0.999
LnEXPD 1 1.701 -3.315 (1) -2.562 (0) 0.108
LnGDP 5 5.762 0.473 (9) 4.360 (4) 0.999
LnGDP2 5 5.564 0.659 (9) 4.574 (4) 0.999
LnREC 1 2.132 -1.652 (1) -1.239 (0) 0.650

Note: 10% critical value for the F test is 7.78. The numbers in the parenthesis show the optimal lag length. k denotes optimal frequency.
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income. The expected value of β3 is negative because greater
use of renewable energy can help reduce anthropogenic air,
water and soil pollution. However, the expected sign of β4 can
be positive or negative conditional on the type of goods
exported.

Empirical Results
To investigate the long-run relationship among the variables,
we first test the unit root properties of the variables under
consideration. To this end, we employ the Fourier augmented
Dickey-Fuller (FADF) unit root test introduced into the
literature by Enders and Lee (2012). They extend the
traditional augmented Dickey-Fuller (ADF) unit root test
with a Fourier function to allow for multiple smooth
changes. We first test the significance of the Fourier
function, and in case of significance, we interpret the results
of the FADF test; otherwise, we use the ADF unit root test.
Table 2 presents the results of the unit root tests:

The results show that the trigonometric terms are not
statistically significant because the F-test statistics are below
the critical values. Thus, instead of considering the results of
the FADF test, we interpret the results of the ADF test, which
show that all variables are non-stationary at the level.
Therefore, we can apply the cointegration test to investigate
the long-run relationship between the variables. Table 3
presents the results of the FEG and RALS-FEG tests:

The findings of the RALS-FEG test show a cointegration
relationship between the considered series. The FEG test also
support these findings, as the test statistic is above the critical
value of 1% (-5.482|>|-4.906|). In other words, both test statistics
suggest the rejection of the null hypothesis of no cointegration.
Therefore, after finding the cointegration relationship, we
calculate the long-term coefficients using FMOLS method and
present the results in Table 4.

The long run estimates divulge that all coefficients are
statistically significant at the traditional levels. Since the
GDP coefficient is positive and its squared coefficient is
negative, there is a U-shaped relationship between income
and environmental degradation, implying that the EKC
hypothesis is not valid for India. In stark contrast to the
opinion of Sinha and Shahbaz (2018), Ahmed and Wang

(2019) and Usman et al. (2019) that the EKC hypothesis
holds for India, our result is fully consistent with the
outputs of Adamu et al. (2019) and Sarkodie and Yadav
(2019). It is possible that the EKC hypothesis is not valid in
countries like India that have not yet completed the
industrialization phase. The U-shaped relationship between
income and pollution in India shows that in the initial stage of
economic development, economic growth reduces pollution,
but after a certain threshold, industrial production, use of
polluting inputs and excessive resource consumption increase
environmental degradation. As Sarkodie and Yadav (2019)
point out, the validity of the U-hypothesis could mean that
India’s energy- and carbon-intensive industrial production is
driving up pollution. So, income growth does not
automatically solve environmental problems, and hence
additional measures need to be taken to maintain
environmental quality while the economy expands. India
needs an annual economic growth of 6–8% to reduce
poverty (Alam et al., 2016), and therefore, it does not seem
feasible for the Indian government to take measures that limit
economic development due to environmental concerns. In this
context, export diversification and renewable energy use can be
included in the environmental policymaking.

The coefficient of renewable energy is negative and statistically
significant at 1% level, revealing that cleaner energy has a
reducing impact on the EFPI. All else is same, a 1% upsurge
in REC reduces EFPI by 0.057%. This outcome concurs with the
results of Wang et al. (2020) for G7 economies, Iqbal et al. (2021)
for 37 OECD countries, Li et al. (2021) for China, and Pata (2021)
for the United States. Considering the environmental positive
role of renewable resources, Indian government should invest in
renewable energy technologies and expand the use of renewable
energy instead of fossil fuels. Although the Indian economy is
based on polluting energy sources, it may be possible to increase
environmental quality without hindering economic growth by
increasing the use of renewable energy types.

More so, keeping other things constant, there is 0.15%
decline in EFPI due to 1% rise in export diversification.
This empirical result is contradictory with Liu et al. (2018,
2019), Can et al. (2020), Wang et al. (2020), Iqbal et al. (2021),
Khan et al. (2021) and Sharma et al. (2021). However, our
results are in line with the findings of Shahzad et al. (2020), Li
et al. (2021), and Fareed et al. (2021). Diversification of export
commodities can contribute to environmental quality by
reducing traditional energy consumption (Li et al., 2021).
Accordingly, Shahzad et al. (2021) found that export
diversification reduces energy demand in India. Moreover,
the production of chemical, industrial and high-tech goods
can support renewable energy adaptation by providing
technological advancement through export basket

TABLE 3 | Results of cointegration tests.

Country FEG Stat RALS-FEG Stat ρ2 Optimal Freq Lag Length

India −5.482* −5.317* 0.904 1 0

Note: * shows the significance at the 1% level. 1% critical value of the FEG, and RALS-FEG, tests are -4.906 and -4.790, respectively.

TABLE 4 | Results of long-run estimation.

Constant LnEXPD LnGDP LnGDP2 LnREC

Coefficients 7.660** −0.155* −2.444** 0.218* −0.057***
t-stats 2.409 −2.721 −2.578 3.076 −1.844

Note: *, **, and *** show the significance at the 1, 5, and 10% levels, respectively.
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diversification. Therefore, India can reduce EFPI by
diversifying export portfolios and markets.

CONCLUSION

This study contributes to the growing literature by analyzing the
dynamic influence of export diversification, economic growth
and renewable energy on the EFPI using time series data from
India for the period 1965–2014. Following the EKC hypothesis,
we applied the RALS-Fourier cointegration test to provide
stronger evidence of the cointegration relationship than
conventional methods by considering both the high moments
information of the non-normal residuals and smooth structural
changes. This technique is efficient enough to extend the power
of the Fourier-Engle-Granger cointegration test. The empirical
findings represent that diversified exports and greener energy
consumption have a reducing effect on EFPI. Moreover,
contrary to the EKC hypothesis, the results show a U-shaped
association between GDP and EFPI, implying that economic
development does not contribute to the maintenance of
environmental quality.

The empirical results of the study suggest the following
policy implications. First, to offset the effects of global
warming, export diversification strategies should be
incorporated into sustainable growth programs. Industry
actors and political influencers should not influence
regulators in emerging economies. Second, policymakers
should also promote clean energy to reduce EFPI by
substituting renewable resources for fossil fuels. The
employment of export diversification and clean energy is
expected to achieve the goal of carbon neutrality. Since
these factors are closely aligned and not mutually exclusive,
they would not only enable a smooth transition of the
industrial energy structure, but also increase export
revenues. Specifically, this study recommends that to
achieve the goal of carbon neutrality and address
environmental challenges, emerging economies need to
consider export diversification and renewable energy
sources. A country like India can enable the development of
clean environmental technologies by diversifying its exports. It

can also increase the efficiency of energy use by facilitating the
adaptation of high technologies thanks to the specialization of
the production process in export. In addition, the Indian
government can support exporting companies that use
renewable energy sources with measures such as tax
exemptions, investment subsidies for renewable energy, and
price or volume adjustments for companies that do not use
renewable resources.

Finally, future studies could incorporate other comprehensive
environmental indicators to arrive at more meaningful results. In
addition, this article considers the cointegration nexus that can
lead to worthwhile effects of export diversification and renewable
energy. Including the moderation effect in the analysis could
increase its explanatory power. Moreover, this study is limited to
time-series data from one emerging market. Future studies can be
conducted considering a region or continent to evaluate the
impact of a panel data analysis.
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This study uses a new and innovative dynamic panel threshold technique to examine the
relationship between inbound tourism and ecological footprint (EF). This method was
applied to the 10 most popular destinations spanning 1995–2021. These findings
demonstrate that inbound tourism and EF have a threshold effect. To be specific, we
find that only a certain threshold of tourism is beneficial to the environment; beyond that
point, increasing tourism is likely to cause EF. Additionally, economic growth, infrastructure
investment, and energy all benefited the EF. But water availability negatively affects EF. The
findings of this study may have important policy implications for policymakers.

Keywords: economic growth, environment, energy, infrastructure, tourism

1 INTRODUCTION

Tourism is among the largest industries in the world, and it is intertwined with concepts such as
pilgrimage, travels, and leisure trip (World Tourism Organization, 2011). Tourism comes in different
forms, such as heritage tourism, medical tourism, sports tourism, and business tourism, amongst others
(U. N. Conference, 2017). International tourism, which relies on the transport industry, is increasingly
becoming more attractive, especially in emerging economies (The International Civil Aviation
Organization (ICAO), 2017). It is now an open secret that tourism adds to economic
advancement, promotes trade and resource mobilization, creates employment opportunities, and
encourages infrastructural development but could also intensify energy consumption. In-bound
tourism results in higher energy consumption (Katircioglu, 2014; Dogan et al., 2017; Katircioglu
et al., 2019), natural resource use (Robaina-Alves et al., 2016), and infrastructural investments (Ozturk
and Acaravci, 2016). However, in developing countries where the energy source is largely
nonrenewable, tourism development could prove to be devastating (Omojolaibi and Nathaniel, 2020).

There are various factors/variables that could hurt the environment. These factors include
economic growth, energy consumption, population, foreign direct investment, globalization,
transportation, temperature, water resources, and tourism among others. This study seeks to
investigate the impact of inbound tourism on environmental quality. To achieve this objective,
we included water resources and energy consumption in the study along with other control variables
to ascertain their impact on the environment because energy demand and water resources have been
subjects of immense attention in the ever-growing literature (for instance, (Santamaria and Filis,
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2019; Meo et al., 2020). It is an established fact in the literature
that tourism adds to the already increasing CO2 emissions (Koçak
et al., 2020; Nepal et al., 2019; Kongbuamai et al., 2020).

Recently, a plethora of studies have investigated the effect of
tourism on environmental degradation within the confinement of
the EKC framework. The reason behind such investigation was
premise on the fact that it is possible for tourism development to
deteriorate the environment at the initial stage of economic
development, but the impact of tourism on environmental
degradation dwindles after a threshold. Arbulú and Lozano
(2015) have shown that the influx of tourists leads to solid
waste production. In addition, the tourism sector depends on
a large range of infrastructure, which has diverse impact on the
environment (Gossling, 2002a; Gossling, 2002b). More so,
increased energy demand from transportation, lodging, and
management of tourist destinations may not be
environmentally friendly (Gossling, 2002b; Becken et al.,
2003). Katircioglu showed in his study that tourism
development negatively impacts environmental quality. The
author argued that tourism demand is associated with the
consumption of fossil fuels which are high in emissions.
Moreover, a number of other studies, including Jebli and
Youssef (2015), Zaman et al (2016), Paramati et al (2017), and
Shakouri et al (2017), have provided evidence in support of the
devastating impact of tourism on the environment. On the
flipside, there are other few studies [such as Solarin (2014),
Dogan et al (2017), Bozkurt et al (2016), Zhang and Jing
(2016), and Naradda Gamage et al (2017)] that see tourism as
a tool for enhancing environmental quality. These outcomes are
revealing, as there is no consensus on the linkages between
tourism and environmental quality. Factors that could be
responsible for these conflicting findings may include the
choice of tourism and environmental variables, estimation
techniques, regional policy changes, and the peculiarity of the
region considered. Hence, tourism-based EKC research requires
more attention from researchers, especially as it relates to the 10
most visited destinations (Omojolaibi and Nathaniel, 2020).

Moreover, in the current time, there is a huge debate on the
possibility of asymmetric relationship among the variables. Until
now, most of the researchers have investigated the impact of
tourism on the environment within a linear framework. However,
structural changes and short-term volatilities cannot be
investigated through linear models (Po and Huang, 2008).
Furthermore, the linear models assume linearity in time series;
however, in reality, the series are nonlinear (Anoruo, 2011). As
rightly mentioned by Smeral (2012), tourism demand in practice
is subjected to asymmetries. There are few studies that discovered
a nonlinear relationship between tourism development and CO2

emissions (Raza et al., 2017; Chishti et al., 2020; Uzuner et al.,
2020). This article provides new evidence that sheds light on the
impact of tourism on the ecological footprint (EF). Specifically,
we explore whether there exists a threshold level of tourism
demand in the tourism–EF relationship. This relationship may
be contingent on a country’s level of tourism demand, where
tourism increases EF after a country’s tourism demand exceeds a
certain threshold level. The findings of this study may have
important policy implications. If there is clear evidence that

more tourism demand significantly increases EF, or that a
threshold level exists, then policymakers may need to propose
measures that will strengthen the appropriate type and quality of
tourism demand rather than just expanding the tourism sector to
foster environmental wellness. In addition, knowing the turning
point of the relationship between tourism and EF is crucial for
policymakers, who could focus on other environment-enhancing
strategies, if the appropriate tourism demand threshold has been
achieved.

This study contributes to the literature from various
perspectives. First, with the continuation of the debate on the
tourism-based EKC, the literature has not given due attention to
EF as a proxy for environmental degradation. Hence, this
research adopts EF as a proxy for environmental performance.
EF is a better proxy than CO2 emissions. EF is a positive indicator,
unlike CO2 emissions which is a negative, insufficient, and weak
indicator. In addition, EF is an accumulative index that covers six
bioproductive land use type (grazing land, forest land, carbon
footprint, cropland, built-up land, and ocean). Recent studies,
such as Meo et al (2020), Nathaniel (2020), Nathaniel and
Adedoyin (2020), and Omojolaibi and Nathaniel (2020), have
used the EF as a proxy for environmental deterioration. However,
only a few literatures have adopted EF in the tourism–EF
relationship [see, for instance, (Ozturk and Acaravci, 2016;
Katircioglu et al., 2018)]. For these and other good reasons, we
preferred and used the EF as an environmental indicator in
this study.

The second contribution of the study is using tourism and
water resources in a single model to see their impact on
environmental quality. This is a crucial area that is seldom
considered in the literature. Third, the aforementioned studies
confirmed the nonlinear effect of tourism development on CO2

emissions but failed to show any threshold point at which the
relationship between tourism development and CO2 emissions
changes. Hence, there is a dire need to know the exact threshold
point as this will help policymakers to device ecotourism policies.
This is the major contribution of the study. We achieve this by
applying the dynamic panel threshold method developed by
Kremer et al, (2013) that extends Hansen (1999) original static
setup to endogenous regressors. This method has not been used
before in analyzing the nonlinear relationship between tourism
development and EF. The tourismmodelling is a dynamic process
in nature; thus, using a dynamic panel method is more
appropriate rather than a static threshold specification
proposed by Hansen (1999). The Hansen (2000) and Caner
and Hansen (2004) threshold techniques are able to deal with
the dynamic issues, but both techniques are based on cross-
section analysis. It is more useful in panel data, since it provides
more information and reduces multicollinearity as well as
controls for cross-country heterogeneity.

Moreover, the modelling strategy adopted by previous
authors, which relates to the nonlinear relationship between
tourism and EF, has one important limitation. The square
term of the tourism variable used to capture the threshold
impact of tourism and EF imposes an a priori restriction that
the effect of tourism on EF monotonically and symmetrically
increases and decreases with the level of tourism. However, it may
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also be considered that a certain level of tourism has to be attained
before tourism can have any impact on EF. Furthermore, negative
ranges of the relationship may differ in absolute impact compared
to positive ranges: this can be accommodated in a threshold
model but not a quadratic specification. Against this backdrop,
this study uses a regression model based on the concept of
threshold effects to shed light on how tourism affects EF. The
fitted model allowed the relationship between tourism and EF to
be linear piecewise, with the levels of tourism indicators acting as
a regime-switching trigger.

The remainder of this article is structured as follows: Section 2
addresses the empirical model, econometric approach, and data
source. Section 3 discusses the empirical findings, while the
summaries and conclusions are presented in Section 4.

2 METHODOLOGY

2.1 Data
In this study, we use a balanced annual data of 1,637 observations
for the 10 most visited countries (WTTC, 2005). The period of the
study spans from 1995 to 2021. All variables are collected from
the World Bank Development Indicators (World Bank, 2020)
database.

2.2 Econometric Model
To attain the objective of the study, we employed an approach of
dynamic panel threshold regression proposed by Kremer et al
(2013) to scrutinize the potential nonlinear association between
tourism and EF. Kremer et al (2013) extended the basic panel
threshold estimation of Hansen (1999) and the cross-sectional
instrumental variable (IV) threshold model of Caner and Hansen
(2004) in which the problem of endogeneity is fixed by using
estimators of generalized methods of moments (GMM) type. On
the basis of threshold regression, the model is presented as
follows:

yit � μit + β1ɀitI(qit ≤ γ) + β2ɀitI(qit > γ) + εit, (1)
where countries are denoted by subscripts i = 1,. . ., N over
indexes time T = 1,. . ., T. The specific fixed effect of the
country is denoted by μit and the error term by εit. I (.) is the
function of the indicator representing the command well-defined
by the variable of threshold qit and the level of threshold γ. The
m-dimensional independent variables’ vectors are denoted by ɀit
which encompasses y and other endogenous variables with their
lagged values. The independent variables’ vectors are split into
ɀ1it subset of exogenous variables, and εit is not correlated with
endogenous variables’ ɀ2it subset, and εit is correlated.

The model estimation primarily requires eliminating
individuals’ effects μit through transformation of fixed effects
in Eq. 1. So, the advanced method of orthogonal deviation
recommended by Arellano and Bover (1995) is applied, which
is given in the subsequent equation:

εpit �
��������
T − t

T − t + 1

√
[εit − 1

T − 1
(εi(t−1) + . . . + εiT)]. (2)

The benefit of Eq. 2 is that it evades the transformed error
terms’ serial correlation. The estimation procedure includes
defining and choosing the value of threshold γ with the
smallest sum of squared residuals. When δ is determined, the
slope coefficients can be assessed by GMM for the formerly
employed instruments and the earlier assessed threshold δ. We
framed the subsequent threshold model for analyzing the impact
of tourism on EF by employing the model of dynamic panel
threshold given as:

EFit � μit + β1touritI(tourit ≤ γ) + δ1I(tourit ≤ γ)
+ β2touritI(tourit > γ) + θɀit + εit, (3)

where tourit is both the regime-dependent regressors and
threshold in our empirical analysis. ɀit offers the partly
endogenous control variables’ vectors where slope coefficients
are supposed to be regime independent. The regime intercept δ1
difference is allowed by following Kremer et al (2013). Initial EF is
deliberated as the endogenous variable, ɀ2it = initial = EFit−1,
while ɀ1it covers the control variables, which we represented in
our study as GDP, energy consumption, infrastructure, and water
resources. By following Arellano and Bover (1995) and Kremer
et al (2013), the dependent variable lags (EFit−1,..., EFit−p) are
used as instruments. When choice of the instruments’ number (p)
occurs, it is likely that there appears biasedness in finite samples.
Although using all instrument variable (p = t) lags may intensify
the efficacy but may decrease the instruments count to 1 (p = 1),
that may lead to biased estimates of coefficients.

3 RESULT ESTIMATION AND DISCUSSION

The description of the sample is shown in Table 1. The results
show that for the sample countries, the maximum value and
minimum value of the EF are about 10.48 (gha) and 0.30 (gha),
respectively. GDP of all countries based on mean values are about
22917.86 (million USD), and the standard deviation is around
14843.60. Moreover, the sampled countries have infrastructure
investment with the mean value of 1.84E+10 and standard
deviation of 5.64E+10. Moreover, the mean value of energy
consumption and water resource of these countries is 9.59 and
11290.44, respectively, with the largest value and smallest value of
16.59 and 2.735, respectively, for energy and 96979.36 and 90.1,
respectively, for water resources. Finally, the mean value of
tourism is 29183900, which reveals the level of tourism
development over the years. Table 1 also suggests that with
the exception of energy consumption, the other variables are
positively skewed. This implies that all variables except energy
consumption have smaller tails than the normal distribution.
Furthermore, the Jarque–Bera statistics validate the variables’
divergence from the standard distribution. The result unveils the
presence of non-normality of the data.

3.1 Correlation Analysis
From the correlation results presented in Table 2, energy
consumption is inversely correlated with EF. The correlation
of GDP, INF, WATER, and TOUR with EF is positive. ENG,
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WATER, and TOUR are positively correlated with GDP, while
INF is negatively correlated. ENG and WATER are also
negatively linked with INF, but TOUR and INF are positively
linked. The correlation between WATER and ENG is negative,
while TOUR has positive correlation with ENG. A negative
correlation is seen between TOUR and WATER.

3.2 Cross-Sectional Dependence Test
The countries in a panel dataset are more likely to be exposed
to CD. So, in order to examine the variables’ CD, some
obligatory initial testing is required. One important step in
this regard is to verify CD, but the findings of old unit-root
tests are unsatisfactory because the CD properties in the data
series are not identified by these tests, and if the CD properties
induced by unidentified factors are ignored, they reduce the
competence of panel data and lead to biased results [see
Phillips and Sul (2003)]. To solve this problem and achieve
reliable coefficients, CD second-order tests are conducted. The
findings of the CD study refute the null hypothesis for the

whole variables and demonstrate the presence of CD in the
sampled countries at 1% (see Table 3).

The findings of the Westerlund (2007) panel co-integration
are summarized in Table 4. The technique is considered a
co-integration study of second generation and provides us

TABLE 1 | Descriptive statistics.

EF GDP INF ENG WATER TOUR

Mean 5.295491 22917.86 1.84E+10 9.593471 11290.44 29183900
Median 5.250000 21976.36 4.31E+09 10.51289 3,160.697 21600500
Maximum 10.48000 56803.47 5.29E+11 16.59999 96979.36 8,4452000
Minimum 0.300000 609.6567 1.23E+08 2.735886 90.15977 861900.0
Std. dev 1.935478 14843.60 5.64E+10 3.431091 22630.97 21298532
Skewness 0.614787 0.303891 6.315842 -0.344746 2.860462 0.841942
Kurtosis 3.714558 2.024181 47.89281 1.967713 9.970625 2.826314
Jarque–Bera 24.77498 16.18985 25917.84 18.74901 996.1526 35.10397
Probability 0.000004 0.000305 0.000000 0.000085 0.000000 0.000000

Source: Authors’ estimation

TABLE 2 | Results of correlation.

Variable EF GDP INF ENG WATER TOUR

EF 1.000000
GDP 0.618938 1.000000
INF 0.004540 -0.061376 1.000000
ENG 0.137887 0.381609 -0.306441 1.000000
WATER 0.508670 0.161685 -0.062363 -0.481088 1.000000
TOUR 0.078829 0.334949 0.343500 0.035952 -0.132832 1.000000

Source: Authors’ computation.

TABLE 3 | Cross-sectional dependence test results.

Variable CD result p-value

EF 5.253236 0.000***
GDP 38.54658 0.000***
INF 12.53949 0.000***
ENG 36.16692 0.000***
WATER 6.180852 0.000***
TOUR 21.25089 0.000***

Source: Authors’ computation.
Note: the significance levels are presented by *** at 1%.

TABLE 4 | Results of Westerlund co-integration.

Statistics Value p-value

Gt −19.804 0.001
Ga −19.423 0.000
Pt −30.087 0.000
Pa −17.140 0.006

The null hypothesis of Westerlund co-integration is “no cointegration.”

TABLE 5 | Dynamic panel threshold estimations.

Sample country

Λ 46.43%
95% confidence interval

Coefficient Prob

β1 −0.19883 0.02365 *
β2 0.8802 1.173e-0***
Initial −0.01674 0.002402**
GDP 0.06173 0.001631 **
INF 0.02628 0.033703 *
ENG 0.1219 5.803e-0***
WATER −0.0921 0.002734 **
δ1 8.685398 1.999e-1***

Statistical significance at 1, 5, and 10% levels is denoted by ppp, pp, and p, respectively.
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reliable critical values by minimizing the distortionary effects of
CD. The null hypothesis of the four tests, Gt, Ga, Pt, and Pa, is
rejected which implies that the correlation or co-integration of
variables are present in the long run.

3.3 Dynamic Panel Threshold Estimation
This method depicts nonlinear characteristics better than the
traditional quadratic method by exactly exhibiting the turning
point. The estimate of dynamic threshold models that identifies
the turning point is presented in Table 5. The top half part in
Table 5 exhibits the approximate tourism cutoff with 95 percent
confidence of interval. The intermediate part shows the regime-
dependent coefficients of tourism on ecological footprints. More
precisely, β1 (β2) reflects the marginal impact of tourism on
ecological footprints in the medium (high) tourism system. The
approximate tourism cutoff is 46.43 percent for the sample data
countries which falls in the confidence interval. Thus, the low
regime refers to the transition variable (tourism) values less than
the parameter of the threshold (46.43 percent), and the high
regime conforms to the transition variables’ value above the
parameter of the threshold.

Tourism is negatively correlated (β1 = −0.19883, p = 0.023)
with ecological footprints below the threshold. This implies that
when tourism is below 46.63%, it will not deteriorate the
environment but improve it. More specifically, an increase of
1% of tourism improves the ecological footprints in highly tourist
destinations by only 19%. However, above the threshold (β2 =
0.88220), tourism and ecological footprints are positively
correlated, and an increase of 1% of tourism adversely affects
the environment quality in high regime by 88%. It is apparent that
the sample countries’ tourism sector is a main contributor to
environment pollution. It indicates that the natural resources and
pressure by tourists add more pollution to the environment. The
more the tourists visit the scenic spots, the more degeneration of
the biodiversity of the region occurs. Additionally, it concludes
that the sample countries in the last few decades are among the
highly tourist destinations globally which required more energy
to keep pace with rising tourism demand and thus release toxic
contaminants into the atmosphere. The results correspond well
with the previous findings of De Vita et al. (2015) and Katircioglu
(2014) in Turkey, Dogan et al (2017) in OECD countries, and
Jebli and Youssef (2015) in Tunisia, which exposed the same
results and found that CO2 emissions are caused by rapid energy
consumption in the tourism sector. According to De Vita et al.
(2015), the tourist arrivals, energy consumption, and GDP are
positively associated with CO2. Anser et al (2020) in a group of
seven countries, Aziz et al. (2020a) in a panel of BRICS countries,
Fethi and Senyucel (2020) in 50 tourist destinations, and
Balsalobre-Lorente et al, (2020) also showed the same results
for OECD countries that tourism exacerbates the environment
quality.

In addition to tourism, other variables such as economic
growth, infrastructure investment, and energy also showed a
positive impact on the ecological footprints except water. The
positive coefficient of economic growth (β = 0.06173, p = 0.001)
with the environment intended to be justified by the assumption
that further economic activity involves more fossil fuel usage and

leads to deterioration of the atmosphere by emitting toxic
pollutants in the surroundings. This result is in line with
Udemba et al (2019) recent results, which also established the
positive correlation between GDP and CO2 in China. Many other
studies also exhibited the same results and resonated that
economic growth and ecological footprints are positively
associated (see York et al. (2003); Bagliani et al. (2008); Kitzes
et al. (2009); Aziz et al. (2020a)). Furthermore, the effects of these
studies indicate that diverse economic activity accelerates energy
consumption and degrades the quality of the atmosphere. In
order to achieve sustainable development, there is a need to keep
balance among the elements of development,
i.e., environmentally friendly resources have to be used [Aziz
et al. (2020b)].

Moving forward to the results of energy consumption, the
energy consumption has a positive impact on ecological
footprints (β = 0.1219, p = 0.000) that infers energy
consumption as one of the main contributors to the rapid
change in environmental situations of the highly tourist
destinations. A 1% increase in energy consumption would
affect the environmental footprint by 12%, and this empirical
result is not surprising as fossil fuels are used in heavily tourist-
driven countries to stimulate economic growth and satisfy the
growing demand of energy. Like many countries, highly tourist
destinations face many economic problems as well and are trying
to constantly boost tourism standards. The countries are inclined
to use more fossil fuels to expand tourism services and in turn
results in pollution by emitting CO2 emissions and other
poisonous gases, which unfavorably influences the ecological
footprints. The findings are consistent with the existing studies
such as Hanif et al. (2019), Ang (James, 2008), Apergis and Payne
(2009), Atici (2012), Acaravci and Backovic (2010), Shahbaz et al.
(2014), Shahbaz and Leitao (2013), Farhani and Shahbaz (2014),
Yavuz and Yilanci (2013), Kasman and Duman (2015), Dogan
(2015), Javid and Sharif (2016), and Zhang and Jing (2016).

The results in context of infrastructure in our study proved
that the increase in investment decreases the environment
quality. Though we realize that infrastructure investment
substantially supports the economic growth of the nations,
their unfavorable impact on the environment cannot be
ignored. The environmental pollution may curb economic
activities drastically in the future and make economic growth
obsolete. Yet to improve economic growth and sustainable
development by investing in infrastructure, countries must
execute rigorous environmental regulations and enforce the
usage of renewable energy in infrastructure investment
projects. Pereira and Pereira (2017) exposed that infrastructure
investment in different sectors influences the environment
differently. So, in our study, increase in infrastructure
investment by 1% increases the ecological footprints by about
0.026%.

Moreover, the results in context of water provide unsurprising
outcomes that water availability improves the ecological
footprints and is attributed to the ecosystem regeneration in
highly tourist destinations. As plants, animals, and people all
depend on invaluable natural resources, i.e., water, so it is
regarded as an important element of life. Almost every activity
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of human depends on water consumption. In our study, the
findings suggest that perhaps water is being used in the cleaning
and sanitation of waste, so in this case our results point that the
ecological footprints are on the mend. Moreover, water
availability depends on the temperature and rainfalls in the
regions; if temperature in a given region were to turn into not
warmer and drier, then the availability of water would not drop;
as a result, it will not put adverse impact on the environment.

4 CONCLUSION

In order to achieve sustainable growth, the tourism sector is
considered a supportive sector, which has a significant role to play
in the advancements of society. Nevertheless, our research
analyzed the effect of tourism on ecological footprints in 10
highly tourist destinations from 1995 to 2021, where tourism
plays an important role in stimulating economic growth but at the
detriment of the environment. However, a number of studies
have explored the tourism–environment literature, but as per our
knowledge, no existing study explored the threshold level for
investigating the effect of tourism on environment, especially in
context of highly tourist destinations. In this study, we have used
the dynamic threshold model to reach to the extent after which
further tourism can have unfavorable consequences for the
environment, which is a new addition in the existing body of
knowledge.

This finding indicates that inbound tourism coefficient below
the threshold value improves the environment by reducing
ecological footprints in highly tourist destinations but above
the threshold level, the increased tourist numbers augment the
energy consumption and result in the degeneration of the
biodiversity and ultimately deplete the cleanliness and beauty
of the regions and lead to pollution at a larger rate in the sample
countries. It also points that highly tourist destinations have
maximized their reliance on fossil fuels in order to meet the
requirement of their tourism-allied activities. In case of GDP,
GDP and ecological footprints have expected a positive
relationship, i.e., further increase of GDP would influence the
ecological footprints that infer the rapid economic growth, raise
energy requirement of tourist economies, and resultantly destroy
the sustainability of the environment. Similarly, the positive
association between energy consumption as well as
infrastructure also shows reliance on nonrenewable sources
and an upsurge in their consumption results in the
environmental deterioration. In case of water availability, the
results are favorable. The more the availability of water in the
sample countries, the more the favorable consequences for the
environment.

The analytical findings of the present study demonstrate that
there are certain policy guidelines for the key variable “tourism”
which indicates that it is important that tourism activity should
be developed with regard to economic growth, but protecting the
environment and preserving the green and sustainable climate
should also be given attention and consideration. To accomplish
this purpose, many strategies can be used. All sample countries’

economies ought to render efforts to establish well-planned and
organized strategies for tourist development that must be
implemented prudently and make sure that fundamental
policies and plans that are being executed lead to sustainable
development. In this regard, policies can be developed in an
inclusive manner with regard to the perspective of sustainable
development. These nations are required to focus on ecotourism;
in doing so, they should examine the patterns of energy
consumption of the tourism-driven industries around tourist
destinations. To promote ecotourism in selected tourist
destinations, policymakers need to work to preserve and
enhance the quality of the environment by controlling the
energy consumption patterns of these industries, which are
driven by tourism. In this regard, clean energy consumption
should be enforced by policymakers, to replace traditional fossil-
based energy solutions and to reduce ambient air pollution. In
addition, government agencies should promptly boost the
awareness regarding the benefits of green tourism amongst
visitors and propagate the positive image about ecofriendly
tourism. In addition to that, policymakers take this outcome
into account and increase the share of renewable sources. As
highly destination societies are raising the market for fossil fuels,
therefore, energy regulations must be implemented to reduce the
use of fossil fuels and promote a cleaner energy mix to control
pollution. The deployment of renewable energy technologies in
famous tourist destinations will favorably influence the
environment by improving the ecological footprints.

Moreover, instead of restricting the use of fossil fuels and
economic activities that reduce environmental quality, greater
efforts must be made in order to improve environmental
policies and the infrastructural context. In future, such
initiatives will act as a guide regarding how growth and
development in tourism should be organized in the highly
tourist destination particularly and generally around tourist
destinations in the world.

Future research should also explore the role and the combined
environmental and economic impact of ICTs in international
tourism. Future studies of this association can be carried out
theoretically by considering the moderating effects of global
instability and national political regimes, shadow economic
growth, and governance efficiency. Methodologically, the
dynamic threshold can be carried out for each country as this
methodological side in the field of tourism economies is
comparatively less investigated.
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Spatial Differences and Influencing
Factors of Energy Poverty: Evidence
From Provinces in China
Wenxing Jia and Shengnan Wu*

School of Urban and Regional Science, Institute for Yangtze River Delta and Yangtze River Economic Belt Development, Shanghai
University of Finance and Economics, Shanghai, China

The complex and severe problem of energy poverty seriously affects the health and quality
of life of residents and poses a significant challenge to the country’s macroeconomic
development. The purpose of this paper is to analyze the spatial distribution of energy
poverty and the characteristics of regional differences in 30 provinces in mainland China
from 2008 to 2019 by constructing an energy poverty evaluation index system and explore
the main reasons for the gap between energy poverty regions in China from the
perspective of “relational data.” The results show that the spatial distribution of energy
poverty in China is “high in the west and central area and low in the east,” and the spatial
pattern is relatively stable. From the perspective of the time dimension, the problem of
energy poverty in China has been alleviated during the sample period, and the overall
gap in energy poverty has shown a decreasing trend. The difference in energy
poverty between regions is the primary source of the overall gap, but its contribution is
gradually decreasing. The empirical results suggest that reducing the imbalance of
industrial structure, energy price, and energy investment among regions can effectively
narrow the inter-regional energy poverty gap. Moreover, there are differences in the
dominant factors that determine the difference in energy poverty within the eastern, central,
and western regions. In this regard, it is recommended to further improve the relevant
policies in developing new energy sources according to local conditions, reasonably
increasing energy construction investment, strengthening technological innovation,
establishing financial guarantee mechanisms, and guiding residents to consume modern,
clean energy.

Keywords: energy poverty, regional difference, influencing factors, relational data, solid fuel, energy consumption

1 INTRODUCTION

Energy poverty is widespread in all countries of the world and is a major challenge to the energy
system of the international community. Energy poverty seriously impacts the health and quality of
life of residents and poses a considerable challenge to the macroeconomic development of countries
(Che et al., 2021). According to the International Energy Agency International Energy Agency (IEA),
2017], it is estimated that despite rapid advances in globalization and information technology, more
than 2.1 billion people worldwide still rely on traditional biomass for cooking, 82% of which are
concentrated in Asia and Africa, and 900 million people still lack access to electricity. As the world’s
largest developing country, China has become a major energy producer and consumer, but there is
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still a significant gap between China’s energy development quality
and that of developed countries. In particular, China has a vast
territory and a large population, and energy poverty ranges widely
and varies in severity. The severe and complex energy poverty
phenomenon deserves our attention. Therefore, it is urgent to
objectively and truly analyze the current situation and regional
differences in energy poverty in China and explore the key factors
affecting regional differences in energy poverty, which is not only
conducive to seeking effective strategies to alleviate energy
poverty in China but also can provide a meaningful reference
for other developing countries in the world.

International research on energy poverty began in the
1980’s, when Lewis (1982) initially proposed the concept of
energy poverty from the perspective of energy affordability,
pointing out that insufficient energy use would affect people’s
living standards. Since then, Boardman (1991) proposed that
people who spend more than 10% of their income on energy
use could be considered energy poor. However, this criterion
ignores the difficulty of access to adequate energy in some
developing countries (Papada and Kaliampakos, 2018). In
fact, energy poverty is mainly reflected in: first, the low
level of energy use, with the current level of per capita
domestic energy use in developing countries being much
lower than that in developed countries; second, the poor
structure of energy use, which is reflected in the lack of
access to modern and clean energy represented by
electricity and the still more frequent use of solid fuels
such as coal, firewood, and straw; third, the weak capacity
to use electricity, which makes it difficult to pay for relatively
expensive clean energy (Bazilian et al., 2010). For this reason,
the scholars have subsequently focused more on modern
energy access when studying energy poverty in developing
countries (Tang and Liao, 2014; Sadath and Acharya, 2017)
and have gradually adopted multidimensional indicators to
quantify energy poverty (Ogwumike and Ozughalu, 2016;
Berry, 2018; Zhang et al., 2019). In addition, academic
studies on energy poverty have widely focused on the
impact of energy poverty on the health of residents and the
environment, the causes of energy poverty, energy poverty
policies, and energy poverty prediction (Duflo et al., 2008;
Adkins et al., 2010; Lim et al., 2012; Lacey et al., 2017; Mohr,
2018; Khanna et al., 2019; Primc and Slabe-Erker, 2020;
Leitão, 2021). In contrast, research on energy poverty in
China is relatively recent, and the literature is mostly
focused on the adverse effects of energy poverty, especially
the negative impact of solid fuel use on the health of the
population (Sinton et al., 2004; Chapman et al., 2005;
Baumgartner et al., 2011; Kim et al., 2016; Liu et al., 2018;
Yun et al., 2020). Moreover, some literature has analyzed the
energy poverty situation in China at the micro-level with the
help of questionnaires and other methods (Sun et al., 2014;
Zheng et al., 2014; Liu et al., 2020). For example, Tang and
Liao (2014) analyzed the cooking energy use of rural
households in China using Chinese census data; Yang and
Mukhopadhaya (2017) and Zhang et al. (2019) studied the
multidimensional energy poverty in China using the data of
China Family Panel Studies (CFPS). Wu et al. (2021) studied

the impact of energy poverty on rural labor wages using data
from the Chinese General Social Survey (CGSS) in 2015.

In general, there is a lack of research on the spatial
characteristics and influencing factors of energy poverty in
China from the macro level. Li et al. (2014) designed a
multidimensional energy poverty assessment index with
Chinese characteristics, but no relevant empirical analysis was
conducted due to data limitations. Zhao et al. (2018) and Li and Li
(2020) analyzed the regional differences and influencing factors
of energy poverty mainly for rural areas in China and concluded
that energy poverty in rural China has significant regional
differences. Furthermore, Lu et al. (2022) used the data
envelopment method to evaluate and cluster the performance
of energy poverty in 30 provinces for 11 years and explored the
spatial and temporal variation characteristics of energy poverty in
China but did not conduct empirical tests on its influencing
factors.

Consequently, we take 30 provinces in mainland China as the
research object and construct the evaluation index system of
energy poverty. Based on the analysis of the overall spatial
distribution characteristics of energy poverty in China, we
focus on the spatial differences and influencing factors of
energy poverty in China from 2008 to 2019 through the
Dagum Gini coefficient and the Quadratic Assignment
Procedure (QAP) method. This paper aims to provide a
scientific basis for the government to narrow the regional
energy poverty gap and formulate policies to alleviate energy
poverty. Compared with the existing literature, the innovation of
this paper is mainly reflected in two aspects: on the one hand, this
paper adopts multidimensional indicators to measure the energy
poverty in 30 provinces in China and then conducts a
comparative analysis of spatial differences; on the other hand,
the influencing factors of regional differences in energy poverty in
China is empirically analyzed based on the perspective of
relational data.

The rest of the paper is organized as follows. Section 2
constructs the evaluation system of energy poverty indicators
in China and introduces the data resources and researchmethods.
Section 3mainly analyzes the spatial characteristics and center of
gravity distribution of energy poverty in China. Section 4
discusses the spatial differences in energy poverty in China.
Section 5 empirically examines the main factors affecting the
regional disparity of energy poverty based on the relational data.
Section 6 concludes the paper and discusses the policy
implications.

2 INDICATOR CONSTRUCTION AND
METHODOLOGY
2.1 Energy Poverty Measures and Data
Sources
Energy poverty is a complex and constantly improving concept
with regional solid and contemporary characteristics. The
design and construction of the energy poverty comprehensive
index is the basis for analyzing the spatial characteristics
of energy poverty. The problem of energy poverty in China
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is unique, and there is no energy poverty assessment index
system that is widely recognized by academia and universally
applicable. Therefore, based on the EDI framework designed
by IEA and existing studies, we construct a comprehensive
evaluation index system of energy poverty in China from
two dimensions of energy supply and energy consumption
according to the socio-economic development characteristics
and the availability of data in China, which is shown in
Figure 1.

Energy supply capacity ensures the availability of energy for
residents. Compared with modern energy sources, traditional
biomass energy such as fuelwood and coal are not only
inefficient but also prone to environmental damage and
health impairment. Thus the extensive use of fuelwood and
coal is regarded as a typical sign of energy poverty. The
international community also generally considers energy
poverty to be the absence of access to modern energy
services such as electricity and clean fuels. Therefore, energy
supply is central to measuring energy poverty. It is worth
noting that since the full coverage of domestic electricity has
been basically achieved in China’s urban and rural areas,
“access to electricity,” which is commonly used in the
international assessments of energy poverty, is no longer a
key indicator for assessing energy poverty in China.
Specifically, the following four indicators are selected to
measure energy supply capacity.

2.1.1 Natural Gas Supply Per Capita in Cities
Natural gas plays a vital role in the energy transition as a clean
energy source that contributes to green and low-carbon
development, a directional energy source that promotes energy
restructuring, and an alternative energy source that improves
residents’ quality of life. As a residential energy resource that can
be used for household cooking and heating, natural gas not only
emits less CO2 than coal, oil, and other fossil energy but also has a

more stable and mature supply model compared with other
renewable energy sources (Abánades, 2018). At present, the
natural gas industry has entered into a medium-high speed
development stage in China. We use the ratio of natural gas
supply to the number of people supplied to measure natural gas
supply per capita in cities (m3/person), and all data is from the
China Energy Statistical Yearbook.

2.1.2 Gas Penetration Rate in Cities
The thermal efficiency of burning coal is only 15%–18%, but if
coal is converted into gas fuel, the thermal energy efficiency
can be increased by more than 30% according to the
conversion efficiency of gas production technology.
Therefore, gas is an important part of the energy supply,
which provides high-quality gas fuel for industry,
commerce, and residential life in cities. Improving the gas
penetration rate in cities is not only a need to save energy
consumption and improve energy efficiency but also an
important measure to protect the urban environment and
improve people’s living standards. The gas penetration rate
in cities is characterized by the ratio of the urban population
using gas to the total urban population, and the data is
obtained from the China Statistical Yearbook.

2.1.3 Biogas Production Per Capita in Rural Areas
Biogas is a combustible gas produced by microbial
fermentation of various organic substances under certain
conditions and is important modern biomass energy in rural
areas. As a renewable energy source, biogas is important for
supplementing domestic energy in rural areas, adjusting the
energy structure of rural households, and solving the problem
of energy scarcity in China. We use the indicator of rural
biogas production per capita (m3/person) to measure the
supply of modern biomass energy in the rural domestic
energy mix. The data of rural biogas production are

FIGURE 1 | Energy poverty evaluation index system.
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obtained from the China Agricultural Statistics, and the rural
population data are obtained from the China Statistical
Yearbook.

2.1.4 Area Covered by Solar Water Heaters Per Capita
in Rural Areas
Solar water heaters convert sunlight energy into heat energy to
meet residents’ living needs and are pollution-free renewable
energy. However, solar water heaters are affected by unfavorable
factors such as seasons and weather. With the continuous
improvement of photoelectric complementary technology and
control technology, as well as solar vacuum tube and pipe
insulation technology, the advantages of solar water heaters in
terms of safety and energy efficiency have come to the fore,
playing an important role in using renewable energy in rural
areas. Hence, we take the area covered by solar water heaters per
capita in rural areas as an important indicator to measure
renewable energy supply with the data from the China
Agricultural Statistics.

Household energy consumption is the second largest area of
energy consumption besides the industrial sector in China.
Energy consumption is the purpose of energy production and
supply, which satisfies people’s energy needs, such as power and
heat in their daily life, and is an important link in the energy
system. The way of energy consumption directly determines the
efficiency of energy use and also puts forward the requirements
for energy supply. To eliminate energy poverty and accelerate the
green and low-carbon transformation of energy, we not only need
to achieve energy conservation and control total energy
consumption but also actively promote the transformation of
energy consumption mode, focus on the modernization and low-
carbon energy use structure, and build a new energy consumption
system. Consequently, energy poverty is assessed in terms of both
energy consumption and energy consumption structure,
considering the following indicators:

2.1.5 Electricity and Natural Gas Consumption Per
Capita
The representative household energy sources include biomass
energy, coal, oil, and natural gas, and electricity, and
electrification is the key to alleviating energy poverty
(Kooijman-van Dijk, 2012). At this stage, although residential
coal consumption is decreasing year by year in China, there is still
a big gap compared with the developed countries in the world.
Therefore, the domestic electricity and natural gas consumption
per capita are selected to measure the living energy consumption
of residents measured by the ratio of domestic electricity
consumption and natural gas consumption of residential
departments to the total population of the province
respectively, including urban and rural areas. The data of
energy consumption of each province comes from the energy
balance sheet in the China Energy Statistical Yearbook.

2.1.6 The Proportion of Living Expenditure in Total
Consumption of Urban and Rural Residents
The proportion of household energy consumption to household
income is an important indicator of energy poverty. Energy

poverty is not only reflected in residents’ choice of non-clean
and non-modern energy but also in their high living energy costs.
Considering the availability of data, we use the proportion of
residents’ living expenses to total consumption to measure this
index, in which the living expense cover the expenditure of rent,
water, electricity, fuel, property management, etc. The data are
obtained from the China Statistical Yearbook.

2.1.7 The Proportion of Non-Solid Commodity Energy
in Commodity Energy
Solid commodity energy refers to the solid combustible material
that generates heat or power and mainly refers to coal and coal
products such as raw coal and briquette in living energy.
Compared with non-solid commodity energy, such as
electricity and natural gas, the direct combustion of solid
commercial energy releases a lot of pollutants. Therefore, the
proportion of solid energy in the energy consumption structure
should be balanced, and residents should be encouraged to
consume non-solid commodity energy, which is beneficial to
improving the living environment and atmospheric environment.
Solid commodity energy is calculated by coal and coal product
consumption and standard coal coefficient in the energy balance
sheet of each province in the China Energy Statistical Yearbook.
Commodity energy is calculated from the energy consumption
and standard coal coefficient in the provincial energy balance
sheet. The above data include both urban and rural areas.

2.1.8 The Proportion of Non-Fired Power Generation in
Electricity Generation
Thermal power generation mainly uses the heat energy generated
by combustible materials, which is converted into electricity by
the power generating devices. At present, thermal power
generation is still the primary source of electricity in China,
while other forms of energy generation such as hydro, wind, and
nuclear power are relatively small in scale. However, as the
environmental pollution problem becomes more prominent
and people’s living standards continue to improve, the need to
use clean energy to replace coal for power generation becomes
more urgent (Jiang et al., 2020). Since the breakdown of domestic
electricity consumption by different generation methods is not
available, we choose the proportion of non-thermal power
generation in the whole industry to characterize the sources of
domestic electricity consumption. Data on thermal power
generation and total power generation are obtained from the
China Energy Statistical Yearbook.

2.1.9 The Structure of Energy Consumption
The energy consumption structure is the amount of each type
of energy consumed by each sector of the national economy
and its share in the total energy consumption in a certain
period. Improving the energy consumption structure is an
inevitable requirement to improve energy use efficiency and
optimize the habitat after economic development reaches a
certain level (Zhang et al., 2021). We measure the energy
consumption structure by calculating the ratio of coal
consumption to total energy consumption. The coal
consumption ratio can be obtained after converting various
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energy consumption into standard coal and excluding the
interference of intermediate products. The coal consumption
is the sum of seven energy end-use consumption, and the total
energy consumption is the sum of twenty relevant energy end-
use consumption and all data are obtained from the China
Energy Statistical Yearbook.

2.2 Methods
To assess the degree of energy poverty in different regions, we
standardize the above indicators and then use the entropy value
method to determine the weights. On this basis, the energy
poverty index of different provinces per year can be calculated
using the weighted summation method.

yit � ∑
A

a�1
wiamiat (1)

Where yit is the energy poverty index of province i in year t, a is
the number of specific indicators of energy poverty, wia is the
weight of the indicator a of province i, and miat is the
standardized value of the indicator a of province i in year t.
The larger the value of yit, the larger the energy poverty index, and
the more serious the energy poverty problem is.

2.2.1 Dagum’s Gini Coefficient
Based on the calculation of the energy poverty index obtained for
each province, we further measure the regional differences in
energy poverty. The Dagum Gini coefficient and the
decomposition method by subgroups effectively solve the
problem of the source of regional disparities and the problem
of cross-over between subsamples.

The Gini coefficient is defined as shown in Eq. 2.

G �
∑
k

j�1
∑
k

h�1
∑
nj

i�1
∑
nh

r�1

∣∣∣∣∣yji − yhr

∣∣∣∣∣

2n2 �y
(2)

Where G is the overall Gini coefficient, which is the average of the
national energy poverty index, n is the number of provinces, k is
the number of regional divisions, yji (yhr) is the energy poverty
index for any province in region j(h), nj (nh) is the number of
provinces in region j(h), j and h are the number of regional
divisions, and i and r are the numbers of provinces in the region.

The Gini coefficient can be decomposed into three components:
the contribution of intra-regional variation Gw, the contribution of
inter-regional disparity Gnb, and the contribution of hypervariable
densityGt, which satisfy the relationshipG =Gw +Gnb +Gt. Eqs. 3, 4
represent the Gini coefficiSent Gjj and the contribution of intra-
regional variationGw for region j, respectively.Eqs. 5, 6 represent the
inter-regional Gini coefficient Gjh and the contribution of inter-
regional net hypervariable disparity Gnb for regions j and h,
respectively. Moreover, Eq. 7 represents the contribution of
hypervariance density Gt.

Gjj �
1

2 �Yj
∑
nj

i�1
∑
nj

i�1

∣∣∣∣∣yji − yhr

∣∣∣∣∣

n2j
(3)

Gw � ∑
k

j�1
Gjjpjsj (4)

Gjh �
∑
nj

i�1
∑
nh

r�1

∣∣∣∣∣yji − yrh

∣∣∣∣∣

njnh(�Yj + �Yh)
(5)

Gnb � ∑
k

j�2
∑
j−1

h�1
Gjh(pjsh + phsj)Djh (6)

Gt � ∑
k

j�2
∑
j−1

h�1
Gjh(pjsh + phsj)(1 −Djh) (7)

Where pj � nj �Y, sj � njYj/n�Y, j � 1, 2,/, k; Djh is the relative
impact of economic development between j and h provinces,
and its defining equation is given in Eq. 7; djh is the nighttime
lighting difference between provinces, and its defining equation
is given in Eq. 8, which can be interpreted as the mathematical
expectation of the sum of all sample values of yjh − yji > 0 in
regions j and h; pjh is defined as the hypervariable first-order
moment, which represents the mathematical expectation of the
sum of all sample values of yhr − yji > 0 in j and h provinces, and
Fj (Fh) is the cumulative density distribution function of j (h)
provinces.

Djh � djh − pjh

djh + pjh
(8)

djh � ∫
∞

0
dFj(y) ∫

y

0
(y − x)dFh(x) (9)

pjh � ∫
∞

0
dFh(y) ∫

y

0
(y − x)dFj(x) (10)

2.2.2 Quadratic Assignment Procedure
Essentially, the energy poverty gap between regions can be
defined as a gap between two regions. Therefore, in order to
specifically measure the energy poverty gap between different
regions, we assume that there are n regions, and the energy
poverty level of each region is expressed by yi (i = 1, 2, ..., n),
where i denotes the i region. The energy poverty gap between
different regions can be expressed in the form shown in
Table 1.

There is also a difference between regions for a factor that
affects the energy poverty gap. Similarly, in this paper, a factor
affecting the energy poverty gap is denoted as xi (i = 1, 2, ..., n),
where i denotes the i region so that the regional gap of a factor
between two regions can be expressed in the following form, as
shown in Table 2.

TABLE 1 | The data form of regional economic development gap.

Region 1 Region 2 ... Region n

Region 1 y1 − y1 y1 − y2 ... y1 − yn
Region 2 y2 − y1 y2 − y2 ... y2 − yn
... ... ... O ...
Region n yn − y1 yn − y2 ... yn − yn
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For this purpose, the following relational data econometric
model is set:

Y � β0 + β1X + β2Z + U (11)
In Eq. 11, β0, β1, and β2 are the parameters to be estimated; X

and Y are the explanatory and explained variables, respectively; Z
is the control variable, and U is the residual term. Different from
the attribute data model, in the relational data model, all variables
are n-order square matrices, and the specific matrix form is
shown in Eq. 12. The observations yi,j, xi,j, and zi,j in the
matrix represent the differences between two regions for the
explained variables, explanatory variables, and control variables,
respectively. The specific values can be obtained by calculating yi
− yj, xi − xj, and zi − zj. Since the observed values are the
subtraction of indicators between two regions, the main
diagonal elements yi,j, xi,j, and zi,j are all 0 when i = j.

Y �
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 y1,2 L y1,n−1 y1,n

y2,1 0 L y2,n−1 y2,n

M M O M M
yn−1,1 yn−1,2 L 0 yn−1,n
yn,1 yn,2 L yn,n−1 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

X �
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 x1,2 L x1,n−1 x1,n

x2,1 0 L x2,n−1 x2,n

M M O M M
xn−1,1 xn−1,2 L 0 xn−1,n
xn,1 xn,2 L xn,n−1 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

Z �
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 z1,2 L z1,n−1 z1,n
z2,1 0 L z2,n−1 z2,n
M M O M M

zn−1,1 zn−1,2 L 0 zn−1,n
zn,1 zn,2 L zn,n−1 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(12)

For the relational data model, the correlation coefficients
between the row and column elements in the residual matrix U
are non-zero, meaning that the row and column elements are
not independent, leading to the autocorrelation problems in
the econometric model. In addition to the autocorrelation
problem, there is often serious multicollinearity between
variables in the form of relational data. If traditional
statistical tests are used, the variance and standard
deviation of the parameter estimates will increase, and the
significance test of the variables will lose its meaning (Tsai,
2002; Stanton and Mann, 2014; Zagenczyk et al., 2015). To
address the autocorrelation as well as multicollinearity
problems of the relational data model, the quadratic
assignment procedure (QAP), which is a nonparametric test
based on random permutation, is developed (Barnett, 2011;
Scott, 2017).

QAP is performed by converting the relationship matrix into a
“long” vector, calculating the correlation coefficients (regression
coefficients), and performing a random permutation to
determine the significance of the parameter estimates. This
step is repeated several times, and the regression coefficients
and the goodness-of-fit R2 are saved for each random
permutation to obtain the set of regression coefficients Γ [Y, π
(ε̂XZ)], which allows estimating the standard error of the statistic.
Assuming that after mtotal random permutations, the number of
regression coefficients generated by the permutation is not less
than or greater than the regression coefficient of the long vector in
the first step is denoted bymlarge andmsmall, respectively. Then we
can obtain two ratios: one is the proportion of regression
coefficients generated by the random permutation is greater
than or equal to the regression coefficient of the long vector in
the first step, denoted by plarge, plarge = mlarge/mtotal; the other is
the proportion of regression coefficients generated by the random
permutation is less than or equal to the regression coefficient of
the long vector in the first step, denoted by psmall, psmall =msmall/
mtotal. Since there is an overlap between plarge and psmall, the sum
of the two is not necessarily equal to one. In the statistical test, the
above two proportions can be directly regarded as the minimum
significance level for rejecting the null hypothesis, namely the
p-value of the statistical test (Nagpaul, 2003; Borgatti et al., 2014).
Where, the two-tailed test is used for the regression coefficients,
so if the regression coefficient is positive, plarge is taken as the
p-value of the statistical test. Conversely, if the regression
coefficient is negative, psmall is taken as the p-value of the
statistical test. In addition to calculating p-values for
regression coefficients, the random permutations can also
calculate p-values for R2. Unlike the two-tailed test for
regression coefficients, R2 uses a one-tailed test, so the p-value
of R2 is expressed as the ratio of the number of R2 generated by
random permutations greater than or equal to the number of R2

of the long vector regression in the first step to the total number of
random permutations.

3 SPATIAL DISTRIBUTION OF ENERGY
POVERTY IN CHINA

3.1 Spatial Distribution Characteristics
Using the above comprehensive evaluation index system of
energy poverty, we assessed the energy poverty status of 30
provinces, cities, and autonomous regions (Tibet, Hong Kong,
Macao, and Taiwan are not covered) in China from 2008 to 2019.
Figure 2 shows the average values of the energy poverty index for
each province from 2008 to 2019. In terms of ranking, Zhejiang,
Hainan, Guangdong, Shanghai, and Jiangsu, and other eastern
coastal regions have the lowest energy poverty index, ranging
from 0.24 to 0.26, with relatively less energy poverty
phenomenon. Guizhou, Yunnan, Gansu, and Henan provinces
have the highest energy poverty index, above 0.52, which means
the energy poverty problem is most serious in these regions. The
maximum value of the energy poverty index value in Guizhou
province reaches 0.64, while the minimum value of the energy
poverty index in Zhejiang province is only 0.24, which means that

TABLE 2 | The data form of regional gap for a factor.

Region 1 Region 2 ... Region n

Region 1 x1 − x1 x1 − x2 ... x1 − xn
Region 2 x2 − x1 x2 − x2 ... x2 − xn
... ... ... O ...
Region n xn − x1 xn − x2 ... xn − xn
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there is a large gap between the maximum and minimum value of
the indicator. Furthermore, the average value of the overall energy
poverty index in China is 0.38, and the energy poverty index of 17
provinces is concentrated in the range of [0.3, 0.5], indicating that
the distribution of the middle range value is relatively
concentrated. By region, the average energy poverty index in
the eastern region is only 0.29, which is the lowest level, while the
energy poverty index in the central, western, and northeastern
regions is similar, all of which are around 0.4. Specifically, among
the top 10 provinces with the highest energy poverty index, only
one province is located in the eastern region, one in the
northeastern region, three in the central region, and five in the
western region.

To reflect the spatial distribution characteristics of energy
poverty in China more intuitively, we used the natural breakpoint
classification method of ArcGIS software to classify the 30
provinces into energy poverty high value area, medium high
value area, medium equivalent value area, medium low value area
and low value area. The results are shown in Figure 3. It can be
found that there is a significant difference in the spatial
distribution of energy poverty among provinces, which is

generally characterized as “high in the western and central
regions and low in the eastern regions.” Specifically, in 2008,
high value areas of energy poverty formed contiguous areas
represented by Gansu, Inner Mongolia, Henan, and Shanxi,
while the low value areas were concentrated in Shanghai,
Zhejiang, Jiangsu, Guangdong, and eastern coastal areas of
Fujian, as well as Beijing and Tianjin. By 2019, the spatial
distribution of energy poverty in China has changed
significantly, and the problem of energy poverty has been
alleviated overall. The number of high value areas of energy
poverty has been significantly reduced, and the spatial contiguous
distribution characteristics have been broken, with only Yunnan
being classified as a high value area of energy poverty.

From the perspective of time evolution, from 2008 to 2019, the
degree of energy poverty in eastern China is dominated by low,
medium-low, and medium values, and the energy poverty gap
between internal provinces shows a decreasing trend. The central
region changed from being dominated by high value and
medium-high value provinces to being dominated by medium-
high value and medium value provinces. In the western region,
the predominance of high value and medium-high value

FIGURE 2 | Average value of energy poverty index by province from 2008 to 2019.

FIGURE 3 | Spatial distribution of the degree of energy poverty in China in 2008 and 2019.

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 9213747

Jia and Wu Energy Poverty and Green Development

497469

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


provinces changes to a pattern where high value, medium-high
value, medium value, and low value provinces coexist. In
addition, it is worth noting that the northeast region has
changed from being dominated by medium value provinces to
being dominated by medium-high value provinces, and the
problem of energy poverty has become increasingly serious.
The reason is that as the old industrial base of China, solid
commodity energy is relatively abundant in the northeast region.
The rural energy consumption in these areas is still mainly coal
and firewood, with a lower degree of energy cleanliness and thus a
more serious degree of energy poverty. In contrast, as the eastern
region is an economically developed region, and the West-East
Gas Transmission Project has been completed, which has greatly
enhanced the security of the modern energy supply, the degree of
energy cleanliness is higher, so the degree of energy poverty is
lighter. Moreover, because the central and western regions,
especially Guangxi, Inner Mongolia, and Sichuan, have
vigorously promoted the development of hydropower, wind
power, and photovoltaic in recent years, the level of renewable
energy development and utilization efficiency has been improved,
and the problem of energy poverty has been significantly
improved.

It is worth emphasizing that the level of energy poverty and
economic development in each province do not actually remain
completely consistent with the above analysis. Thus, we cannot
rely solely on economic development to evaluate the level of
energy poverty. Some of the regions in China where energy
poverty is more significant are not the most economically
backward regions, while some of the economically backward
regions do not have serious energy poverty problems. For
example, Henan is always in the middle and lower reaches of
the energy poverty index in ascending order, with prominent
energy poverty problems, while its economic development level is
at the top of the country. On the contrary, Qinghai is always at the

top of the ascending ranking of the energy poverty index,
maintaining its ranking around the tenth in the country, and
is one of the provinces with fewer energy poverty problems, while
its GDP in 2021 is only higher than that of Tibet, which is one of
the poorest provinces in the economy.

3.2 Distribution of the Center of Gravity of
Energy Poverty
The standard deviation ellipse is used to explore the spatial
distribution characteristics and evolutionary trend of the
energy poverty center of gravity in China in this part.
According to Figure 4, we can find that the standard
deviation ellipse shows a spatial distribution pattern of
“northeast-southwest” in general, and the ellipse area accounts
for about 1/3 of the national territory. Compared with the eastern
region, energy poverty in central and western provinces such as
Guizhou and Gansu is more serious. Since the initial year 2008,
the ellipse area decreased and then slightly increased in
subsequent years, and the spatial pattern of energy poverty in
China is relatively stable. During the sample examination period,
the center of gravity of the ellipse is mainly distributed in Luoyang
City, Henan Province. However, the center of gravity of the ellipse
follows a northeast-southeast-northeast-southeast trajectory,
moving 84 km to the northeast overall, from Luochuan
County, Luoyang City (111.31°E, 33.84°N) to Song County,
Luoyang City (112.16°E, 33.97°N).

According to the standard deviation ellipse related parameters
shown in Table 3, from the change of the short semi-axis length, it
shortens from 913.91 to 887.64 km from 2008 to 2014 and extends
from 887.64 to 911.32 km from 2014 to 2019, showing a relatively
stable trend overall, indicating that the distribution of energy poverty
in China is relatively stable in the north-south direction. From the
change of the length of the long semi-axis, it is extended from
1,275.37 km in 2008 to 1,318.71 km in 2019 during the examination
period, showing a lengthening trend overall, indicating that energy
poverty in China shows a spreading trend in the east-west direction,
and energy poverty is more severe in the western and northeastern
regions. From the angle of rotation, the rotation angle decreased
from 69.06° to 68.28° from 2008 to 2014, and the rotation angle
increased again to 70.30°from 2014 to 2019. The magnitude of the
change in the rotation angle is always within 2°, indicating that the
offsetting trend of the spatial distribution pattern of energy poverty
in China is not apparent, and the overall trend is still northeast-
southwest.

4 SPATIAL DIFFERENCES IN ENERGY
POVERTY

4.1 Overall Differences
TheGini coefficient of energy poverty in China by province is shown
in Figure 5. During the sample examination period, the overall gap
of energy poverty in China shows a decreasing trend, with the Gini
coefficient decreasing from 0.193 in 2008 to 0.111 in 2019, with an
annual average value of 0.161 and an annual average decrease of
0.007. This indicates that the overall gap of energy poverty in China

FIGURE 4 | Standard deviation ellipse of energy poverty in China (2008,
2014, 2019).
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is narrowing, and energy poverty in the central and western regions
has been alleviated. From the perspective of evolution, the overall gap
of energy poverty in China has roughly experienced three stages. In
the first stage, from 2008 to 2010, the overall Gini coefficient showed
a slow decline trend from 0.193 to 0.189, a decrease of 1.93%. In the
second stage, from 2010 to 2012, the overall Gini coefficient showed
a slight upward trend, reaching the maximum value of 0.21 during
the sample study period. Finally, after 2012, the overall Gini
coefficient declined, gradually dropping to 0.111, with an overall
decrease of 47.04% and an average annual decrease of 0.014. This

finding indicates that the energy development in China has entered a
transition period in line with the trend due to increasingly severe
environmental risk challenges and energy resource constraints. By
sticking to the path of high-quality development, the capacity to
develop energy resources in rural and poor areas continues to
improve, and the construction of major power and livelihood
projects continues to be carried out, thus making up for weak
links in energy infrastructure.

4.2 Intra-Regional Differences
The intra-regional disparity of energy poverty in the four major
regions of China is shown in Figure 6. During the sample
examination period, the intra-regional Gini coefficient is the
highest in the western region and the second highest in the
eastern region, related to more provinces in the eastern and
western regions and greater differences in internal energy
development. From 2008 to 2013, the intra-regional Gini
coefficient in the central region is higher than that in the
northeastern region. However, after 2013, the intra-regional
Gini coefficient in the central region further decreased,
gradually lower than the northeast region, and became the
lowest among the four regions. Specifically, from the
perspective of the evolution of the regional Gini coefficient in
the four regions, the Gini coefficient in the western region shows
three stages of “slow rise-rapid decline-gradual stabilization,”
with the Gini coefficient decreasing from 0.151 to 0.138, a
decline of 8.71%. From 2009 to 2012, the Gini coefficient
increased from 0.145 to 0.173, with an average annual
decrease of 0.009 and an average annual decrease rate of
6.14%. During the sample investigation period, the Gini
coefficient reached its maximum value in 2012. From 2012 to
2014, the Gini coefficient declined rapidly to 0.14, with an average
annual decline of 0.016. After 2014, the Gini coefficient declined
slowly, with an average annual decline of 0.001 and an average
annual decline rate of only 0.38%. Moreover, the regional Gini
coefficient in the eastern region shows a trend of “first increasing
and then decreasing,” with the gini coefficient decreasing from
0.137 to 0.088, a decrease of 35.86%. From 2009 to 2013, the Gini
coefficient rose from 0.119 to 0.142, with an average annual
increase of 0.005 and an average annual increase of 4.54%. After
2013, the Gini coefficient gradually declined to 0.088, with an
average annual decline of 0.009 and an average annual decline
rate of 7.39%. The Gini coefficient in the central region shows a
“rapid decline,” with the Gini coefficient falling from 0.113 to
0.051, a decline of 55.22%. Among them, the Gini coefficient

TABLE 3 | Standard deviation elliptic correlation parameters of energy poverty in China.

Centre of gravity Parameter

Longitude (°) Latitude (°) Province XStdDist (km) YStdDis (km) Rotation (°) Shape_Area change

2008 111.3075 33.8431 HeNan 913.9097 1,275.3686 69.0566 -
2011 111.3982 34.0536 HeNan 891.5931 1,294.1519 67.4899 0.9899
2014 111.9586 33.9833 HeNan 887.6407 1,305.2320 68.2772 1.0041
2017 111.9883 33.9878 HeNan 901.7216 1,317.1663 70.6192 1.0252
2019 112.1573 33.9748 HeNan 911.3211 1,318.7085 70.3002 1.0118

Note: area change is relative to 2005.

FIGURE 5 | Gini coefficient of energy poverty by province.

FIGURE 6 | Intra-regional differences in energy poverty in the four
regions.

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 9213749

Jia and Wu Energy Poverty and Green Development

499471

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


reached the highest value of 0.104 in 2012 and reached the highest
annual decline rate of 27.65% from 2012 to 2014. The Gini
coefficient in the northeast region shows a more dynamic
trend and is the only region among the four regions where the
Gini coefficient has increased, showing a trend of “up-down-up
again-slow down,” with the Gini coefficient rising from 0.034 to
0.047, an increase of 38.84%. The Gini coefficient reached the
highest value of 0.072 in 2012. Among the three regions, the Gini
coefficient decreased in the order of central, eastern, and western
regions, indicating that the inter-provincial energy poverty
difference in the central region has the highest reduction rate.

4.3 Inter-Regional Differences
This section examines the inter-regional disparities in energy poverty
in China based on the extended Gini coefficient, and the results are
shown in Figure 7. We divided the four regions into six pairs for
comparative analysis. The differences among different regions are
heterogeneous, among which the level of difference in the degree of
energy poverty between the east and the west is the highest, with a
mean Gini coefficient between regions of 0.228. In contrast, the
difference in energy poverty between the central and northeastern
regions is the lowest, with an average inter-regional Gini coefficient
of 0.084. In terms of temporal evolution, the Gini coefficients of four
regions show a decreasing trend during the sample period, but there
are differences in the specific evolutionary patterns.

The Gini coefficients between the east and west and the east
and northeast regions show a trend of “rising-rapidly declining-
steadily declining,” with the Gini coefficient between the east and
west reaching a peak of 0.322 in 2012 and declining at a rate of
8.63% after 2012, and the Gini coefficient between the east and
northeast regions reaching a peak of 0.269 in 2013 and declining
at a rate of 11.79% after 2013. The Gini coefficients between the
eastern and central and central and northeastern regions show a
decreasing trend yearly. Among them, the greatest decreases are
observed from 2013 to 2014, with 36.81% and 27.84%,
respectively, indicating the highest variation in energy poverty

between regions. Furthermore, the Gini coefficients between the
central and western regions and between the western and
northeastern regions show a trend of “slowly increasing and
slowly decreasing.” Before 2012, the Gini coefficients increased
at an average annual rate of 2.81% and 4.41%, respectively, and
reached the highest values of 14.58 and 17.44 in 2012. After 2012,
the Gini coefficient decreased at an average annual rate of 4.98%
and 4.99%, respectively. In 2019, the Gini coefficient was the
lowest at 0.105 and 0.111, respectively. Among the six regional
pairs, the Gini coefficient between the east and the center has the
most remarkable average annual change, decreasing by 0.017 at
the rate of 8.31%, indicating the difference between the east and
the center energy poverty shows a more rapid trend of narrowing.

4.4 Source of Variation Decomposition
To investigate the sources of overall differences in energy poverty
in China, the total Dagum Gini coefficient is decomposed into
intra-regional Gini coefficient, inter-regional Gini coefficient, and
super-variable density, and its contribution rate to the overall
coefficient is calculated. The results are shown in Table 4. During
the examination period, the annual average contribution rates of
intra-regional Gini coefficient, inter-regional Gini coefficient, and
super-variable density are 22.98%, 53.51%, and 23.51%,
respectively. In the order of contribution rate, the sources of
spatial differences in energy poverty in China are inter-regional
disparity, super-variable density, and intra-regional disparity,
respectively. Therefore, the inter-regional gap is the main
source of the difference in energy poverty in China.

From the time evolution trend, the intra-regional Gini coefficient
shows a decreasing trend year by year, from 0.004 in 2008 to 0.035 in
2019, while the contribution rate increases from 20.68% to 27.52%.
The inter-regional Gini coefficient and contribution rate both show a
decreasing trend, with the Gini coefficient decreasing from 0.125 to
0.041 and the contribution rate decreasing from 64.963% to
37.051%. Moreover, the inter-regional Gini coefficient decreases
more rapidly compared to the intra-regional Gini coefficient,
with an average annual rate of change of 8.39%. In addition,
both the super-variable density Gini coefficient and the
contribution rate show an increasing trend, with the Gini
coefficient increasing from 0.027 to 0.039 and the contribution
rate increasing from 14.35% to 35.43%. The above analysis shows
that although inter-regional disparities are themain source of energy
poverty disparities in China, their contribution rate gradually
decreases. With the introduction of measures to alleviate energy
poverty, the inter-provincial and inter-regional differences in energy
poverty are gradually reduced.

5 INFLUENCING FACTORS OF ENERGY
POVERTY

5.1 Analysis of Influencing Factors
The causes of energy poverty are intricate and complex, which are
not only economic problems but also social problems, and even
historical and cultural problems.

Firstly, one of the most important factors affecting energy
poverty is economic factors. With the increasing level of regional

FIGURE 7 | Inter-regional differences in energy poverty in the four
regions.
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economic development, residents’ ability to pay for clean and
green energy has increased. Domestic energy use has begun to
show a trend toward cleanliness, efficiency, and modernization,
thus helping to improve the energy poverty situation. According
to the energy ladder theory, rising income increases household
modern energy consumption (Hosier and Dowd, 1987; Leach,
1992; Davis, 1998). In general, high-income households are more
likely to make the energy transition than low-income households,
and thus, increasing income is one of the most critical factors in
significantly reducing energy poverty (Zhang and Hassen, 2017;
Muller and Yan, 2018; Lin and Zhao, 2021). However, since data
on per capita disposable income of urban and rural residents in
China are more severely missing in some years, we use the
indicator of urbanization rate measured by the proportion of
the urban population in total population as a proxy. The
significant impact of the urbanization rate on the increase in
income levels, especially for rural residents, and the reduction of
the urban-rural income gap has been well documented.
Moreover, economic factors are reflected in the price of energy
in addition to income levels (Wang et al., 2017). Raising the
energy price is not conducive to improving energy poverty
because the increase in the price of energy increases the cost
of energy use and suppresses the demand for some normal energy
use. In addition, residential sector energy consumption may be
affected by energy prices because different energy species can
serve both residential cooking and heating needs and are strongly
substitutable for each other. We use the residential consumer
price index for utilities and fuels to characterize residential energy
prices for domestic use in each province.

Secondly, the development and utilization of energy, the
promotion, and application of energy-saving technologies, the
normal operation of energy management and promotion
agencies and other aspects of energy development are
inseparable from the financial investment. The construction of
energy infrastructure, even more, determines energy
transmission and utilization. Data released by the National
Energy Administration of China show that in the past eight
years of 2020, China has invested more than 2.7 trillion yuan in
major energy projects in poor areas, which has played an
important role in effectively increasing local energy supply and
promoting economic development (Wu et al., 2021). Therefore,

we characterize the level of energy investment in terms of fixed
asset investment in the energy industry of the state-owned
economy and examine its impact on energy poverty.

At last, alleviating energy poverty and improving energy use
efficiency also depend on two factors. On the one hand,
technological progress can improve energy use efficiency and
thus reduce energy consumption intensity. On the other hand,
industrial restructuring can also play a role in the flow of energy
from low-productivity industries to high-productivity ones, such
as agriculture to industry and industry to services. To this end, we
use the number of patent applications granted in each province as
a proxy variable for the level of technology andmeasure its impact
on energy poverty. The adjustment of industrial structure is
measured by the proportion of industrial value added to GDP
and the proportion of service value added to GDP. Specifically,
the descriptive statistics of each influencing factor are shown in
Table 5.

5.2 Regression Results
The following paper will reveal the main factors affecting the
energy poverty gap in China through QAP regression analysis at
three levels: full sample, period, and year by year, and then find
the determining forces affecting energy poverty.

5.2.1 Full Sample Examination
Table 6 reports the QAP regression results for the entire sample
period. It can be observed that, unlike the traditional OLS
regression, the QAP regression results report two types of
regression coefficients: the un-standardized regression
coefficients and the standardized regression coefficients. The
standardized regression coefficients are estimated after
standardizing all matrices, while the un-standardized
regression coefficients are estimated directly on the original
matrix (Borgatti et al., 2014). The standardized regression
coefficients have two distinct advantages. On the one hand,
the standardized regression coefficients are independent of the
observed magnitude, whereas the unstandardized regression
coefficients are closely related to the observed magnitude. On
the other hand, the standardized regression coefficients can
provide more useful information. Although the values of the
standardized and unstandardized regression coefficients are

TABLE 4 | Source decomposition of regional differences in energy poverty.

Year Overall
differences

Intra-regional
differences

Contribution
rate (%)

Inter-regional
differences

Contribution
rate (%)

Transvariation
intensity

Contribution
rate (%)

2008 0.1932 0.0400 20.6884 0.1255 64.9626 0.0277 14.3490
2009 0.1926 0.0374 19.3960 0.1294 67.1718 0.0259 13.4322
2010 0.1894 0.0372 19.6151 0.1271 67.0822 0.0252 13.3027
2011 0.1955 0.0391 19.9870 0.1243 63.5812 0.0321 16.4318
2012 0.2096 0.0433 20.6656 0.1330 63.4597 0.0333 15.8747
2013 0.1971 0.0411 20.8615 0.1166 59.1489 0.0394 19.9897
2014 0.1379 0.0338 24.4894 0.0637 46.1672 0.0405 29.3434
2015 0.1341 0.0329 24.5690 0.0654 48.8071 0.0357 26.6240
2016 0.1293 0.0328 25.3930 0.0586 45.3239 0.0379 29.2831
2017 0.1268 0.0331 26.0802 0.0530 41.8306 0.0407 32.0892
2018 0.1167 0.0309 26.4448 0.0438 37.5561 0.0420 35.9991
2019 0.1110 0.0305 27.5187 0.0411 37.0508 0.0393 35.4305
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different, the signs are the same, meaning that the standardization
has not changed the direction of the variable effects. In the
regression results of the same model, it is meaningless to
compare the unstandardized regression coefficients of different
variables because of the constraint of the magnitude of the
observations. However, since standardization eliminates the
effect of the observed magnitude, the standardized regression
coefficients of different variables can not only be directly
compared, but also the size of standardized regression
coefficients can be compared (Christakis and Fowler, 2009),
which can help us analyze the differences in the strength of
the effects of different variables on the explanatory variables.

According to the regression results in Table 6, from the model
fit, the adjusted R2 reaches 0.691, which means that the above six
variables can explain 69.1% of the inter-regional disparity in
energy poverty in China. All the standardized regression
coefficients of the six variables passed the significance test
from the standardized regression coefficients.

By comparing the absolute values of the standardized
regression coefficients of all influencing factors, it can be
found that the influence intensity of the six factors on the
regional disparity of energy poverty in China from high to low
is ser (0.9989), urb (−0.9870), ind (0.5164), pat (−0.3257), pri
(0.2197), and inv (0.1826). This indicates that reducing the
imbalance of industrial structure among regions can effectively
reduce the regional energy poverty gap. Industrial structure
adjustment is important for residents to improve the energy
use structure of household life and induce them to use
relatively modern and clean electricity instead of inefficient
and highly polluting solid energy. The impact of urbanization

rate and technology development on the energy poverty gap
between regions is significantly negative, probably because energy
poverty areas in China are not economically backward regions,
and not all economically poor regions face the problem of energy
poverty, which is consistent with the findings of the previous
analysis. Furthermore, the intensity of the impact of energy prices
on the inter-regional disparity of energy poverty ranked second
from the bottom, slightly higher than the intensity of energy
investment. This result suggests that the energy consumption of
Chinese residents is still in the current unmet demand; reducing
the inter-regional energy price gap is beneficial to encourage
residents to use modern energy and reduce the energy poverty
gap. Similarly, increasing the level of energy investment can
significantly reduce energy poverty, which indicates that
increasing government investment in the energy industry and
gradually improving energy infrastructure and energy
management institutions are important for the development of
the energy industry.

5.2.2 Robustness Tests
To illustrate the robustness of the above regression results, we
conduct further tests, and the regression results are shown in
Table 7. Given the focus of the QAP regression analysis is on
standardized regression coefficients, unstandardized regression
coefficients will not be reported in this section and thereafter. The
valid diagonals are selected in the model (1) during regression
analysis. Different from basic regression, the regression results
also included the value of the diagonal of the matrix for
displacement. Model (2) and model (3) change the number of
permutations, and the more the number of model permutations,

TABLE 5 | Main influencing factors of regional differences in energy poverty.

Variable Mean Std. dev Definition

urb 56.389 13.187 Urbanization rate (%)
pri 101.892 3.184 Consumer price index for water, electricity and fuel (previous year = 100)
inv 876.446 604.325 Fixed asset investment in energy industry (100 million yuan)
pat 43,371.064 68,928.765 Number of domestic patent applications granted (items)
ind 0.447 0.087 The ratio of industrial added-value to GDP (%)
ser 0.451 0.098 The ratio of value-added of the service sector to GDP (%)

TABLE 6 | Full sample examination.

Variable Un-stdized
coefficient

Stdized coefficient Significance plarge psmall

Intercept 0.0000 0.0000
urb −0.0083 −0.9870 0.000 1.000 0.000
pri 0.0323 0.2197 0.058 0.058 0.943
inv 0.0001 0.1826 0.077 0.077 0.923
pat −0.0001 −0.3257 0.020 0.981 0.020
ind 0.7472 0.5164 0.056 0.056 0.944
ser 1.2819 0.9989 0.006 0.006 0.995
Ad j − R2 0.691 (0.0000)
N 870

Note: All variables are 30 * 30matrix, and themain diagonal element is 0, so the number of sample observations is 30 * (30 – 1) = 870. plarge denotes the proportion of regression coefficients
generated by random permutations greater than or equal to the long vector regression coefficients; psmall denotes the proportion of regression coefficients generated by random
permutations less than or equal to the long vector regression coefficients. The value in parentheses below Adj − R2, is p-value.
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the more stable the simulation results. In the basic regression, we
set the number of permutations to 2000, while model (2) and
model (3) are replaced with 5,000 and 10,000 permutations,
respectively. From the regression results, we can find that the
basic results of this paper remain robust after making the above
series of changes.

5.2.3 Regional Heterogeneity Analysis
According to the above complete sample regression, we further
consider regional heterogeneity and divide the sample into eastern,
central, and western regions for sub-sample regression. Among
them, the regression analysis is not conducted because the
northeast region contains only three provinces, and the sample
size is too small. The specific results are shown in Table 8, and
models (1), (2), and (3) correspond to the eastern, central, and
western regions, respectively. At the regional level, the energy price
and energy investment are the key factors affecting the regional gap
in energy poverty in eastern China. In contrast, the effects of
scientific and technological development and the share of the
service industry are no longer significant. Urbanization is the
critical factor affecting the regional gap in energy poverty in the
central region. The effects of energy price, energy investment, and
science and technology development are not significant. The
influence of energy price and energy investment on energy
poverty regional disparity in the western region is greater, while

all other variables are insignificant. Although the western region
has the advantage of unique resources, clean energy development is
still limited due to the geographical environment and topography,
and the cost of energy infrastructure construction is higher than
that of the eastern coastal region. Therefore, the level of energy
investment determines the construction of energy infrastructure in
the western region. In addition, most of the energy developed in the
western region is imported to the eastern coastal region, resulting
in a limited and expensive energy supply in the west, but the level of
energy prices directly affects the ability of residents to consume
commodity energy.

5.2.4 Time Dynamic Analysis
In the same model, comparing the standardized regression
coefficients in different periods helps to dynamically examine
the changes in the influencing factors of the inter-regional gap in
energy poverty in China. Therefore, based on the above regional
heterogeneity, we further consider temporal heterogeneity and
conduct QAP regression analysis by dividing the sample period
into three periods: 2008–2011, 2012–2015, and 2016–2019.
Table 9 reports the QAP regression results by period. It can
be observed that with the continuous improvement of regional
economic development, the living and development needs of
residents are gradually met, and energy has gradually become
middle and low-end consumer goods in the whole residential

TABLE 7 | Robustness tests.

Variable Model (1) Model (2) Model (3)

Stdized
coefficient

plarge psmall Stdized
coefficient

plarge psmall Stdized
coefficient

plarge psmall

Intercept 0.0000 0.0000 0.0000
urb −0.9870 (0.001) 1.000 0.001 −0.9870 (0.000) 1.000 0.000 −0.9870 (0.000) 1.000 0.000
pri 0.2197 (0.054) 0.054 0.946 0.2197 (0.060) 0.060 0.940 0.2197 (0.062) 0.062 0.938
inv 0.1826 (0.078) 0.078 0.923 0.1826 (0.085) 0.085 0.915 0.1826 (0.082) 0.082 0.918
pat −0.3257 (0.019) 0.982 0.019 −0.3257 (0.020) 0.980 0.020 −0.3257 (0.021) 0.979 0.021
ind 0.5164 (0.049) 0.049 0.952 0.5164 (0.052) 0.052 0.948 0.5164 (0.051) 0.051 0.950
ser 0.9989 (0.006) 0.006 0.994 0.9989 (0.009) 0.009 0.991 0.9989 (0.007) 0.007 0.993
Adj − R2 0.691 (0.000) 0.691 (0.000) 0.691 (0.000)
N 870 870 870

Note: the values in parentheses are p-values.

TABLE 8 | Regression results of regional heterogeneity.

Variable Model (1) Model (2) Model (3)

Stdized
coefficient

plarge psmall Stdized
coefficient

plarge psmall Stdized
coefficient

plarge psmall

Intercept 0.0001 0.0001 0.0001
urb −0.2929 (0.017) 0.983 0.017 −0.5038 (0.044) 0.957 0.044 0.0159 (0.330) 0.330 0.671
pri 0.8846 (0.003) 0.003 0.998 0.3662 (0.170) 0.170 0.832 0.6094 (0.022) 0.022 0.978
inv 0.5159 (0.028) 0.028 0.973 0.4302 (0.177) 0.177 0.825 0.5238 (0.026) 0.026 0.975
pat 0.1563 (0.185) 0.185 0.815 −0.2659 (0.175) 0.828 0.175 −0.2063 (0.151) 0.850 0.151
ind −0.2867 (0.000) 1.000 0.000 −0.0049 (0.003) 1.000 0.003 −0.5587 (1.000) 0.000 1.000
ser 0.2738 (1.000) 1.000 0.000 0.0034 (0.001) 0.001 1.000 0.3744 (0.131) 0.131 0.870
Adj − R2 0.935 (0.000) 0.959 (0.004) 0.800 (0.000)
N 90 30 110

Note: the values in parentheses are p-values.
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consumption system. Consequently, the impact of energy prices
and energy investment on the regional gap in energy poverty
becomes insignificant. Besides, the level of urbanization,
technological development, and industrial structure still play
an important role in the regional disparity of energy poverty.
Therefore, with the continuous optimization of the energy
consumption structure of residents in China, improving
technological innovation, promoting the revolution of energy
production and consumption, and developing renewable energy
with high quality are the necessary ways to solve the problem of
energy poverty nowadays.

6 CONCLUSION AND POLICY
IMPLICATIONS

Energy poverty manifests in unbalanced energy development,
inequitable distribution of resources, and unsustainable energy
use structure in the residential sector. The existence of energy
poverty will hinder the continuous improvement of people’s
livelihood and is not conducive to the sustainable development
of the country. The current energy poverty situation assessment is a
prerequisite for the scientific formulation of energy poverty
mitigation policies and scientific support for determining the
targets of relevant policy implementation. Therefore, we take 30
provinces in China as the research objects, construct the evaluation
index system of energy poverty, analyze the spatial distribution
characteristics of energy poverty in China from 2008 to 2019 as well
as the inter-regional variability and further explore themain reasons
affecting the inter-regional disparity of energy poverty through
empirical analysis. The study finds that the spatial distribution of
energy poverty in each province of China shows significant
differences, with the overall characteristics of “high in the west
and central part and low in the east.” The spatial pattern is relatively
stable, and the center of gravity of the standard deviation ellipse is
mainly distributed in Luoyang City, Henan Province. Regarding the
time dimension, between 2008 and 2019, the problem of energy
poverty in China has been alleviated, and the overall gap in energy
poverty between regions has shown a decreasing trend.
Furthermore, the difference in energy poverty between regions is
the main source of the gap, but the contribution is decreasing.

Except for the northeast, where intra-regional disparities have
become more prominent, both intra-regional and inter-regional
disparities in other regions show a decreasing trend, but exhibit
divergent trends. The results of the empirical analysis show that the
regional differences in energy poverty are the result of a
combination of factors, among which reducing the imbalance in
industrial structure, energy prices, and energy investment between
regions can effectively reduce the energy poverty gap, which is
important for solving the problem of energy poverty and improving
energy use efficiency as a whole. In addition, the impact of the
urbanization rate and technology development on the inter-regional
gap of energy poverty is significantly negative, which may be
because the degree of energy poverty and the level of economic
development of provinces and cities in China are not completely
consistent. The level of energy poverty cannot be evaluated solely by
the level of economic development, which is also consistent with the
conclusion obtained from the previous spatial distribution analysis.
Furthermore, the results of regional heterogeneity analysis show
that there are also differences in the dominant factors determining
the differences in energy poverty within the eastern and western
regions.

The results of the time dynamics test show that with the
development of the regional economy, the living needs of
residents are gradually met, and energy gradually becomes a low-
end consumer good in the consumption system, so the impact of
energy prices and energy investment on regional disparities in
energy poverty becomes insignificant. However, the level of
urbanization, technological development, and industrial structure
still play an essential role in regional energy poverty disparity. It
indicates that the continuous optimization of the energy
consumption structure of residents in China, improving scientific
and technological innovation, promoting the energy production and
consumption revolution, and developing renewable energy are the
necessary ways to solve the energy poverty problem nowadays.

The above findings have some policy implications. To be sure,
the significant reduction and complete elimination of energy
poverty still need the attention of the government and the
introduction and implementation of specific policies.

First, according to the findings of the article, there is significant
spatial variability in the extent of energy poverty across provinces,
and there are differences in the dominant causes of energy

TABLE 9 | Regression results by period.

Variable Model (1) Model (2) Model (3)

Stdized
coefficient

plarge psmall Stdized
coefficient

plarge psmall Stdized
coefficient

plarge psmall

Intercept 0.0001 0.0001 0.0001
urb −0.7893 (0.000) 1.000 0.000 −1.1367 (0.000) 1.000 0.000 −0.7937 (0.007) 0.994 0.007
pri 0.2919 (0.018) 0.018 0.982 0.0329 (0.425) 0.425 0.575 −0.1363 (0.191) 0.809 0.191
inv 0.3164 (0.004) 0.004 0.996 0.0322 (0.422) 0.422 0.578 0.0865 (0.321) 0.3211 0.679
pat −0.2221 (0.032) 0.968 0.032 −0.4248 (0.005) 0.996 0.005 −0.3098 (0.059) 0.942 0.059
ind 0.1826 (0.203) 0.203 0.797 0.8549 (0.010) 0.010 0.990 0.5663 (0.076) 0.076 0.076
ser 0.5866 (0.021) 0.021 0.979 1.3118 (0.002) 0.002 0.998 0.9000 (0.032) 0.032 0.968
Adj−R2 0.789 (0.000) 0.621 (0.000) 0.345 (0.001)
N 870 870 870

Note: the values in parentheses are p-values.
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poverty between regions. Therefore, when formulating energy
poverty mitigation policies, regional differences should be fully
considered to grasp the leading causes and main contradictions of
energy poverty in each province and city. For example, the
western region can vigorously promote the use of photovoltaic
and wind power equipment. In contrast, the central region should
highlight the rational transformation of straw resources, promote
the diversified use of rural biomass energy, and accelerate the
construction of a renewable energy-based rural clean energy use
system.

Second, we should pay attention to the inconsistency between
energy poverty and economic poverty, as this paper emphasizes.
When choosing the target of energy poverty alleviation policy and
deciding the proportion of inputs, it should be distinguished from
other related policies that promote economic and social
development. The implementation of energy poverty
alleviation policies and investment targets should not focus on
economically poor areas, but should fully consider the current
situation of energy poverty in each province, which also reflects
the significance of energy poverty assessment.

Third, we should vigorously promote the technical
cooperation between enterprises, universities, research
departments, and government departments to strengthen the
research of new technologies and products of low-carbon and
energy-saving. In particular, developed regions should encourage
enterprises to develop core technologies, low-energy high-end
industries and form an optimized sustainable
development model.

Fourth, a financial guarantee mechanism should be established
to give certain tax incentives to clean energy industries and
products. Especially in less developed areas, appropriate policy
support can be provided to promote the cultivation and
development of clean energy industries. Specifically, the
government can organize the construction of rural clean
energy demonstration projects and conditionally develop clean
energy-related industries, which can not only facilitate the
transformation of energy use structure but also provide more
local employment opportunities in the clean energy industry.

Finally, rural residents should be reasonably guided to consume
modern living energy and encouraged to develop low-carbon and
green consumption habits. At present, rural areas in China have
basically achieved full coverage of electricity, but some residents
still consume relatively little electricity due to factors such as
income and living habits. It is an important means to alleviate
energy poverty in China by guiding the rural residents to use
electricity to meet their living needs and promoting clean energy
alternatives at the household level, thus reducing traditional solid
energy consumption. In the future, this paper can expand the
direction. First, expand the data from the provincial level to the
city level, and examine the energy poverty problem at the urban
level in China. Second, after examining the regional disparity of
energy poverty, we further analyze the distribution dynamics and
convergence of energy poverty.
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In the context of today’s sustainable development, green finance and industrial structure
optimization and upgrading are important components of sustainable development and
are new trends in today’s society. Based on the relevant data from 31 provinces in China
from 2011 to 2020, this study considers the role of green finance in optimizing and
upgrading industrial structure from the technological progress perspective. The entropy
weight method and the principal component downscaling method are used to measure
the level of green finance development and industrial structure optimization and upgrading
indexes of each province; the existence of the intermediary effect is verified using stepwise
regression and the Sobel test. Through model construction comparison, the two-step
system GMM is optimal, and the corresponding final two-step system GMM model is
constructed to verify the promotion effect of green finance on the optimization and
upgrading of industrial structure. The model introduces the control variables of
openness to the outside world, government support, human resources, environmental
regulation, and urbanization rate. Except for the insignificant effect of the urbanization rate
control variable, the rest of the control variables have a significant promotion effect on the
optimization of industrial structure because the corresponding urbanization rate in China at
this stage does not bring about the optimization and upgrading of industrial structure. After
the robustness test of the model, a sub-regional regression using the constructed model
reveals that the effect of green finance on the optimization and upgrading of industrial
structure is most significant in the central region, whereas the central and western regions
are weaker compared to the east.

Keywords: industrial structure, mediating effect, system GMM model, sustainable production, green finance

1 INTRODUCTION

The great progress of the new era requires advocating sustainable development, combining green
financial development with sustainable development, promoting sustainable development through
the provision of financial intermediation, and allocating more financial resources to green industries
will not only help curb pollution-related investments but also help modernize the industrial structure
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through the green financial system (Shahzad et al., 2021a).
Accelerating the green transformation of industrial structure
has become a top priority for the sustainable development of
today’s society and is a foundation that cannot be ignored.
Moreover, with the deepening of the sustainable development
concept of “green water and green mountains are golden
mountains,” the introduction of green energy projects and the
upgrading of the industrial structure have become more
important, and green finance has greatly promoted the
optimization and upgrading of industrial structure, which is
extremely effective in helping the strategic goal of sustainable
development (Shahzad et al., 2021b; Zhao et al., 2022a; Samour
et al., 2022).

The Fifth Plenary Session of the 19th Central Committee
clearly stated that accelerating sustainable development requires
strengthening green development, developing green financial
services, supporting green development, promoting clean
production, developing green industries, and realizing the
transformation of key sectors. The report of the 19th National
Congress also pointed out the need to promote sustainable
development strategies, improve the corresponding green
industries and green finance, create a financial system as a
support tower for green transformation, promote the concept
of green development, and deeply grasp the concept of
sustainable development.

Adhering to the concept of sustainable development and
bombing and promoting the green transformation of industry,
green production, and green living is an inevitable way to
promote sustainable development by balancing economic
development and environmental linkages (Abumunshar et al.,
2020; Zhao et al., 2022b; Qashou et al., 2022). Meanwhile, the
optimization and upgrading of the industrial structure have
evolved to transform the traditional industrial structure into a
system of ecologically determined industries, making an
important contribution to the realization of sustainable
development.

Not only does China attach great importance to today’s green
development, but the whole society is actively implementing the
concept of green development and making efforts to build
sustainable development goals. Some countries have
formulated strategies related to green growth (Zhao et al.,
2022c); some others have adopted energy strategies, which is
an ecological challenge faced by all mankind (Habeşoğlu et al.,
2022). Sustainable development involves various aspects, such as
nature, environment, economy, and finance. All countries are
trying to practice green development and sustainable
development goals, make corresponding efforts to realize
sustainable development, and make active efforts to develop
green industries, green finance, and so on. Practicing
sustainable development is a matter of urgency.

Therefore, it is of great significance to analyze how to promote
the relationship between green finance and the optimization and
upgrading of industrial structure in view of the newer realities to
accelerate economic development and national transformation
and promote sustainable development.

Regarding green finance studies, Salazar (1998) combined
financial issues with environmental issues, comprehensively

considered the relationship between the two, and believed that
the financial world and the environment needed to build a bridge
to make them relevant. Scholtens et al. (2006) studied the
transmission mechanism between corporate social
responsibility and economic development and sustainable
development by considering credit channels. Perez (2007)
analyzed green finance from project financing, green
investment, and environmental reports. Shahbaz et al. (2013)
used the ng-Perron stationarity test and Granger causality
analysis to analyze whether financial development in Malaysia
reduces corresponding carbon dioxide emissions and the
corresponding cointegration relationship among finance,
energy, and economy. However, Soundarrajan et al. (2016)
corroborated the viability of the corresponding green finance
in the Indian industry, while introducing the corresponding
environmental factors and discussing the environmental issues
related to the study. Hanhua et al. (2017) used the panel smooth
transformation model to analyze the impact of financial
development on carbon emission reduction. Hadj et al. (2017)
conducted a corresponding study on sustainable green finance
development based on the influence of market transparency,
return, and other factors. Clark et al. (2018) discussed the
inhibiting effects between capital investment and sustainable
development from the low-carbon economic transformation
perspective and improved effective opinions for corresponding
fiscal and policy. Zhu (2020) linked green finance to the ocean
and marine ecosystem and introduced a coupling degree model
for comprehensive evaluation and analysis. Zhang et al. (2021a)
used the data related to green finance of listed companies to make
a relevant evaluation of green finance using the DEA model
combined with energy efficiency and the corresponding debt and
equity indices. Mngumi et al. (2022) conducted a study related to
green finance and issues related to carbon dioxide emissions
using data related to green finance for the period 2005–2019,
introducing panel quantile regression in econometrics for an in-
depth analytical study. In contrast, Gilchrist et al. (2021) focused
on green finance and green lending, providing in-depth analysis
and discussion of green finance theory. Zheng et al. (2021) used
structural equations to conduct corresponding studies on green
finance and the social and economic environment. Wang et al.
(2021a) used provincial panels to analyze and test policies and
green finance reform using a differential model. Huang (2022)
studied the relationship between green credit and environmental
regulation in 30 regions of China based on the SBM model and
the Malmquist–Luenberger productivity index model. Zhang H.
et al. (2022) considered the corresponding coupling between
green finance and the environment from the perspective of
space and analyzed the corresponding space-time and driving
factors.

Concerning the relationship between green finance and
industrial structure, Mingsheng & Yulu (2011) considered the
interaction between economy and industrial structure from the
relevant economic theories perspective and energy conservation
and emission reduction for iron and steel enterprises. Wang et al.
(2018) chose Guizhou province in China to analyze the
relationship between green finance and tertiary industry at the
provincial level using the grey correlation method and put
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forward corresponding suggestions. Hu et al. (2020) explored the
relationship and influenced mechanism between green credit and
industrial structure and considered corresponding regional
differences using the fixed-effect model. Jiang et al. (2020)
used panel data from 2008 to 2016 for the effects of outward
investment, industrial structure, and technology spillovers using
threshold regressions. Wang et al. (2020) conducted an analytical
study related to the relationship between industrial structure and
foreign trade imports and exports from a spatial perspective. Xu
et al. (2020) analyzed sustainable development from the
perspectives of industrial structure, financial development, and
natural resources using robust generalized least squares and
spatial measurement methods. Wang et al. (2020) studied and
analyzed the three major economic zones and applied the
corresponding mediating effect and image analysis to consider
the relevant effects of dual environmental regulation on industrial
structure in 30 provinces. Shao et al. (2021), on the contrary,
considered the relationship between green credit and industrial
structure from the perspective of green credit and investigated the
corresponding coupling degree and impact coefficient. By
establishing the corresponding VAR model and the DEA
model, Gu et al. (2021) studied the relationship between green
finance and industrial structure under a series of relevant
conditions, such as environment and government regulation,
and made relevant suggestions for the management of
governments and enterprises. Zhang et al. (2021b) used GMM
and DEA to explore the relationship and influence between R&D
expenditure and energy in member countries of the Belt and Road
initiative. Wang et al. (2021) used grey correlation to study the
mechanism of green finance’s influence on industrial structure
and introduced corresponding control variables to analyze the
difference in influence among eastern, central, and western
China. Cheng et al. (2021) considered data from 2005 to 2016
from the industrial sector, conducted a comprehensive analysis of
industrial structure upgrading from three dimensions, and
explored the dynamic panel’s corresponding impact. Shahzad
et al. (2021a) and Zhang et al. (2022) considered the green credit
policies’ impact on economic development and the study’s impact
on the corresponding industrial level in China, focusing on
industry analysis. Zhu (2022) conducted a comprehensive
analysis and studied upgrading the industrial structure
promoted using technological progress under green credit,
introduced the intermediary effect, analyzed the total utility
and comprehensive effect, and expanded the research on green
credit. Gao et al. (2022) constructed a spatial panel Durbin model
using Chinese provincial data and introduced the Thiel index and
entropy method to synthesize the impact of corresponding green
finance on industrial rationality and its spillover effects. Sun et al.
(2022) studied the relationship between green finance and energy
consumption structure, introducing corresponding control
variables and conducting corresponding regional regressions
with some research significance.

Academic research has found that a large measure of green
financial development level, industrial structure, and green
finance related to impact on upgrading the industrial structure
has obtained comparatively good results, which provide a
corresponding theoretical basis. However, the measurement of

industrial structure is mostly measured by the proportion of the
tertiary industry, and the regression model constructed is
relatively simple, without considering the corresponding
intermediary effect. This study is based on the concept of
sustainable development. It considers a comprehensive
measurement of industrial structure optimization and
upgrading, conducts an in-depth study on the existence of the
intermediary effect of technological progress, considers
endogeneity and model robustness, and conducts
corresponding sub-regional regression. It is theoretically and
practically significant to study green finance and industrial
structure optimization and upgrading and sustainable
development.

2 THEORETICAL MECHANISM

2.1 Mechanism of Green Finance on the
Industrial Structure Optimization and
Upgrading
Green finance is now an indispensable element of China’s
economic transformation, and supply-side reform plays an
increasingly important role. The development of green and
efficient industrial structures is starting, and the new growth
of the industrial structure is imminent. Green finance mainly has
the following mechanisms for industrial structure optimization
and upgrading.

First, promote capital formation: financing issues are the
central theme of the industrial structure modernization. The
financial market can collect surplus market capital through
savings to invest in certain sectors or institutions, creating
capital for the industry development (Shahzad, 2020). Green
finance finances green industries through financial instruments
such as green loans, green bonds, and green funds and influences
the allocation of resources among enterprises at the micro-level to
promote corporate restructuring: by financing and reducing
financing costs for “green” enterprises, enterprises can
contribute to “green value-added” by expanding market size,
making the market more competitive, and accelerating industrial
expansion and development.

Second, capital management mechanism: the role of green
finance in resource allocation is to revalue the industrial structure
and the capital, thereby influencing resource allocation within
sectors. Protect yourself from environmental risks by capitalizing
and optimizing investment structures that complement imperfect
markets and change investment structures by correctly allocating
investment shares within or between sectors (Chen et al., 2022;
Zhao et al., 2022d).

Third, risk-sharing mechanism: environmental protection,
energy conservation, and new energy are part of the emerging
industries, which tend to be larger in scale and riskier. If
enterprises take on more risks by themselves, their motivation
to operate “green enterprises” will be suppressed. The financial
market is a function of risk redistribution (Wang et al., 2022; Xu
et al., 2022). They can change the direction of risk aversion
investment by investing capital into the green industry and
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initiating adjustment. They can identify and evaluate their
business and investment risks, thus contributing to industrial
structure modernization.

Fourth, information transmission mechanism: from the green
financial system as the new green, green loans, equity, or financial
ties can remind the market and give a signal, causing the
enterprise to invest in the green industry, and, given the
uncertainty of reducing the use of private capital, reduce
investors’ risk on the new environmental protection projects.

As shown in Figure 1, in conclusion, based on the above
theories, this study puts forward the first hypothesis: green
finance can promote the optimization and upgrading of the
industrial structure.

Action mechanism of green finance on industrial structure
optimization and upgrading from the technological progress
intermediary perspective.

Technological progress can transform the industry into a more
environmentally friendly form of development through
improvements that positively impact the environment and
have a positive role in promoting the optimization and
upgrading of industrial structures.

First, technological progress can create more value with fewer
resources. Technological progress saves resources, reduces costs,
and reduces the marginal production quota of resources, which
increases resource use in the secondary and tertiary industries.
When technologies change from non-green to green, they reduce
energy consumption in secondary and tertiary industries,
reducing costs and increasing resource use.

Second, green finance can promote technological progress
through a risk dispersion mechanism to better realize the
optimization and upgrading of industrial structures. Green
finance can finance technological innovation and increase
financing for technological progress while reducing risks and
pooling capital, technology, and talent through a series of green
finance financing, reducing investment risks, supporting
technological progress, and promoting technological progress
(Song et al., 2022). The ability to identify, evaluate, and
manage green finance can promote the development of green
technology and greatly promote the optimization and upgrading
of the corresponding industrial structure.

Third, a green financial economy promotes technological
progress through incentives and regulatory incentives to better
realize the green upgrading of industrial structures. On the one

hand, the green financial market has functions such as “pricing” and
“information exchange,” which can identify corresponding
technological innovations, provide green financial services for
enterprises, and promote innovation. On the other hand, the
mature green financial market can bring its advantages, provide
timely information, effectively supervise invested technology projects,
and urge the upgrading and optimization of industrial structure.

Therefore, this study puts forward the second hypothesis: green
finance can achieve the optimization and upgrading of the industrial
structure by promoting technological progress; that is, there is a
corresponding intermediary effect of technological progress.

3 CORE RESEARCH VARIABLE MEASURE

3.1 Measurement of National Green Finance
Development
3.1.1 Method Principle: The Entropy Weight Method
Step 1: the entropy weight method is adopted to assign weight to
indicators, considering all indicators comprehensively, which is
more objective. The calculation steps of the entropy weight
method are as follows: assuming that there are n objects to be
evaluated, the forward transformation matrix formed by M
evaluation indicators is as follows:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x11 x12 / x1m

x21 x22 / x2m

..

. ..
.

1 ..
.

xn1 xn2 / xnm

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

Let the normalized matrix be denoted as Z, where Xij represents
the elements of row I and column J in X:

Carry out corresponding standardization for positive and
negative indicators.

Step 2: Normalize the matrix.Use Pij � Xij

∑
n

i�1
Xij

to normalize the
forward index.Information entropy ej is

ej � − 1
ln n

∑
n

i�1
pij ln(pij).

The information utility value is dj

dj � 1 − ej.

FIGURE 1 | Mechanism of green finance.
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Entropy weight Wj is

Wj � dj

∑
n

i�1
dj

.

After the comprehensive weight is obtained, each province’s
annual green finance development level can be obtained by
adding the collected data.

3.1.2 Index Selection Principle and Source
This study regards the scientific method, particularity,
operability, and data availability, as its basic principles. It fully
considers the existing studies. The corresponding selection
includes green credit, green stock, green credit, and
government support as four angles from which to measure the
green financial development level of the country’s provinces.

Among them, green credit is a crucial part of financial policy.
This study considers the availability of data, draws lessons from Li
Xiaoxi and summer report used in energy-intensive industries
that accounts for interest expense as a negative index, index
selection for six energy-intensive industrial and six big energy-
consuming industrial interest payments or industrial total, and
comprehensively evaluates the credit index for green investment.

Green investment considers environmental factors and
analyzes the investment in projects based on the goals of
green development and sustainable development accordingly.
This study selects the positive green investment indicator of
the proportion of investment in environmental pollution
control to GDP to measure the relative degree of green
finance to able to reflect the financing ability of green projects.

Green insurance: green insurance needs to consider the
corresponding policy of insurance and the environment. As
China’s environmental pollution risks start late, the ginseng
protection scope is limited. Agriculture is strongly influenced
by the environment, agricultural insurance is closely related to
green insurance, and agricultural insurance depth can reflect the
size of the corresponding green insurance accordingly. Therefore,
this study selects the relative ratio of agricultural insurance
income to agricultural gross output value as a positive
indicator to process and analyze the data.

Meanwhile, a positive indicator of government support,
namely, the proportion of environmental protection
expenditure, is added to make a comprehensive evaluation of
the development level of green finance.

The selected indicators are from statistical yearbooks of
various provinces in China and the Wind financial database.
Indicators are selected, as shown in Table 1.

3.1.3 Measurement Results
According to the first-level indicators of the above four aspects
and relevant data collected, the entropy weight method is used to
measure the development level of green finance. The green
finance development level values of all provinces in China
from 2011 to 2020 are obtained using the entropy weight
method, as shown in Table 2.

Some provinces in the central, western, and eastern parts of the
country are selected to make the corresponding trend graphs of
green financial development levels over time, as shown in Figure 2.

It can be seen that the selected provinces concerned all show a
good development trend in the development level of green
finance from 2010 to 2020. It indicates that the level of green
finance development in the provinces of central, eastern, and
western China all show a good upward trend, with differences in
the upward trend in different regions.

The measurement results of green finance development level
relative to the development level of 31 Provinces in China by the
entropy weight method can be seen above. From the
measurement of the financial development level of 31
provinces in China from 2011 to 2020, we can see the
horizontal time span of each province. Mostly, from the start
of the green financial development value at a low level to the
situation in the development levels of 2020, all presented a good
green financial development situation, all the provinces
reasonably were on the path of green financial development,
though development speed, and the rising rate is very different,
but overall in the good green financial development direction.

The development level of green finance in all provinces in
China increases yearly, showing a steady upward trend, indicating
that all provinces in China attach importance to the development
of green finance and strive to practice the green development
view. Chinese provinces attach increasing importance to the
development level of green finance, and most of them show a
trend of slow growth in the first 5 years and rapid development in
the last 5 years.

From the 10-year average level of green finance development,
Beijing, Guangdong, Tianjin, Shanghai, Zhejiang, and Jiangsu
rank higher in the level of green finance development, and their
economic development level is also high in China. It shows that

TABLE 1 | Green finance development level measurement table.

Level indicators Characterization
of indicators

Indicators show Index
attribute

Green credit Proportion of interest expenditure of high energy
consumption industry

The interest expenditure of six high energy consuming industrial industries/
total industrial interest expenditure

−

Green investment Investment in environmental pollution control as a
proportion of GDP

Investment in environmental pollution control/GDP +

Green insurance Depth of agricultural insurance Agricultural insurance income/total agricultural output value +
The government’s
support

Proportion of government spending on
environmental protection

Fiscal expenditure for environmental protection/general budgetary
expenditure

−
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the relative development of green finance cannot be separated
from the rapid development of the economy, which other
provinces should learn from.

3.2 Measurement of Industrial Structure
Optimization and Upgrading
3.2.1 Method Theory: The Principal Component
Dimension Reduction Method
Indicators have units and directional points. We divide the
indicators into positive and negative indicators according to

their directivity and deal with them to eliminate the
dimensional differences of the indicators.

For positive indicators,

xij �
xij −min {xj}

max {xj} −min {xj}
.

For negative indicators,

xij
′ � max {xj} − xij

max {xj} −min {xj}
.

TABLE 2 | Measure of green finance development level.

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Beijing 0.441 0.479 0.516 0.551 0.627 0.692 0.759 0.748 0.793 0.839
Tianjin 0.217 0.233 0.249 0.265 0.280 0.289 0.291 0.331 0.353 0.376
Hebei 0.095 0.103 0.111 0.120 0.126 0.130 0.138 0.150 0.161 0.172
Shanxi 0.109 0.117 0.126 0.124 0.126 0.129 0.143 0.141 0.145 0.149
Inner Mongolia 0.094 0.104 0.114 0.118 0.115 0.121 0.121 0.134 0.140 0.146
Liaoning 0.139 0.151 0.163 0.166 0.167 0.160 0.166 0.188 0.197 0.207
Ji Lin 0.099 0.107 0.115 0.121 0.127 0.143 0.144 0.142 0.147 0.152
Heilongjiang 0.105 0.110 0.115 0.116 0.124 0.129 0.134 0.138 0.142 0.147
Shanghai 0.223 0.234 0.246 0.267 0.285 0.314 0.334 0.354 0.377 0.403
Jiangsu 0.225 0.242 0.259 0.253 0.280 0.281 0.289 0.319 0.336 0.353
Zhejiang 0.206 0.231 0.256 0.258 0.284 0.294 0.301 0.322 0.339 0.356
Anhui 0.106 0.119 0.133 0.136 0.144 0.156 0.159 0.165 0.173 0.181
Fujian 0.143 0.154 0.166 0.176 0.194 0.210 0.214 0.214 0.224 0.234
Jiangxi 0.097 0.104 0.110 0.116 0.123 0.132 0.143 0.152 0.162 0.173
Shandong 0.168 0.184 0.201 0.210 0.220 0.229 0.240 0.267 0.285 0.305
Henan 0.105 0.114 0.123 0.135 0.142 0.156 0.166 0.174 0.186 0.199
Hubei 0.109 0.127 0.144 0.157 0.172 0.190 0.198 0.190 0.198 0.207
Hunan 0.106 0.118 0.131 0.141 0.151 0.163 0.176 0.188 0.202 0.219
Guangdong 0.251 0.270 0.289 0.300 0.336 0.359 0.395 0.384 0.402 0.421
Guangxi 0.132 0.144 0.156 0.172 0.178 0.181 0.187 0.203 0.213 0.224
Hainan 0.153 0.157 0.162 0.163 0.165 0.180 0.181 0.192 0.200 0.208
Chongqing 0.132 0.145 0.157 0.166 0.178 0.204 0.205 0.202 0.211 0.220
Sichuan 0.128 0.139 0.150 0.159 0.169 0.182 0.193 0.202 0.215 0.228
Guizhou 0.094 0.104 0.115 0.118 0.121 0.132 0.149 0.141 0.147 0.152
Yunnan 0.091 0.100 0.109 0.116 0.124 0.127 0.142 0.135 0.140 0.145
Tibet 0.055 0.077 0.078 0.08 0.811 0.0875 0.089 0.093 0.099 0.111
Shaanxi 0.135 0.153 0.170 0.175 0.185 0.199 0.199 0.208 0.218 0.227
Gansu 0.093 0.104 0.115 0.122 0.124 0.143 0.155 0.146 0.152 0.158
Qinghai 0.102 0.108 0.114 0.127 0.127 0.136 0.138 0.144 0.151 0.158
Ningxia 0.062 0.074 0.085 0.099 0.080 0.103 0.088 0.099 0.103 0.107
Xinjiang 0.067 0.071 0.075 0.081 0.083 0.088 0.089 0.093 0.097 0.101

FIGURE 2 | Level of green financial development in selected Chinese provinces 2010–2020.
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min {xj} is the minimum value in item J index data in each
province (j = 1,2,3,/); max {xj} is the maximum value in the J
index data in each province; xij is the initial data of item J index in
the province I (i = 1,2,3,/); and xij

′ is initial data of index J in the
province I.

The pre-processed data were used to construct data matrix
samples, and SPSS software was used to conduct principal
component analysis on normalized samples to determine the
weight of each index. According to the cumulative contribution
rate of 80%, principal components were selected to obtain the
component matrix. Finally, the weight of each index is calculated
according to the coefficient matrix, and the specific calculation
formula is as follows:

Wij �
∣∣∣∣∣∣∣∣∣
∑
n

k�1
f
k
aij

∣∣∣∣∣∣∣∣∣
.

n is the number of principal components; fk is the contribution
rate of the KTH principal component to the total variance; aij is
the coefficient in the KTH principal component; and Wij is the
weight to xij when the target layer is not normalized.

To sum up, the normalized weight of the target layer is

Wj � Wij

∑
31

i−1
Wij

.

Wj is the weight of item j after normalization.

3.2.2 Index Selection
The optimization and upgrading of industrial structure refer to
the reallocation of production factors among various sectors of
the economy and different industries, as well as the change in the
proportion of output value of various sectors of the economy and
different industries. In this study, we synthesize the current
existing literature and select the index of industrial structure
rationalization, the index of industrial structure heightening, and
also add two aspects, namely, the proportion of third output value
in each province and the market of technological achievements,
to measure the indexes in four aspects in total. Industrial
structure rationalization index

The industrial structure rationalization shows the aggregation
quality and corresponding coordination degree and development
degree of each province’s industry, which measures the
corresponding coupling degree of factor input and output,
indicating the industrial coordination between each province.
To measure the industrial structure rationalization, most scholars
mainly take the coupling degree of factor input structure and
output structure and generally take the reciprocal of Theil index
as the index to measure the industrial structure rationalization as
shown in the following formula:

ia � 1

∑
n

i�1
(Yi/Y)|(Yi/Li)/(Y/L) − 1|

.

ia is the industrial structure rationalization index, Y is the output
value, L is the number of employment, Yi/Y represents the three

output structures, and Y/L represents productivity. The larger the
ia is, the more reasonable the industrial structure is. The smaller
the ia, the more irrational the industrial structure.

In contrast, this study integrates the approach of Gan Chunhui
in terms of the coupling degree between industries and integrates
the factor input and output structure coupling degree. The above
equation treats all industries equally and ignores the importance
of each industry in the economy. Because the state of economic
disequilibrium is the norm, more so in developing countries, that
is, the above value may be zero, the study of absolute value will
have the corresponding inconvenience. In this study, we then
modify and redefine accordingly; the formula for the
rationalization of industrial structure is as follows:

TL � ∑
n

i�1
(
Yi

Y
) ln(

Yi

Li
/
Y

L
).

For the above equation, TL = 0 exists even in the equilibrium,
and the index considers the importance of different industries
and avoids calculating absolute values. Meanwhile, according to
the theoretical basis and economic connotation of structural
deviation, we can better calculate the measurement of
industrial structure rationalization.

2) Advanced Industrial Structure
With the development of science and technology and the

deepening of the division of labor, the industrial structure
continues to develop to the degree of deep processing and
high added value to achieve the purpose of more effective use
of resources. In this study, the industrial structure is measured by
the proportion of each industry to reflect the evolution of the
industrial structure:

ib � Y3

Y2
,

where Y3 represents the output value of the tertiary industry
and Y2 represents the output value of the secondary industry. The
larger the value, the higher the degree of the industrial structure.

In this study, the ratio of the tertiary industry to the secondary
industry in this formula can reflect the servitization tendency of
the economic structure, which is a good measure. With a higher
value, the economy moves toward the servitization angle, and the
industrial structure shows a trend of advanced development.

3) The Proportion of Tertiary Industry and Technological
Market Indicators

At the same time, the relative proportion of the tertiary
industry and the marketization of the technology market, that
is, the turnover index of the technology market, are added, and
the structural index of industrial structure optimization and
upgrading is considered more comprehensively from the
economy and technology aspects.

In evaluating the relative degree of industrial structure
optimization and upgrading, the index data selected are from
the statistical yearbooks of Chinese provinces and statistical
yearbooks of China. The data collected include the GDP of
each province, the number of employed persons, the
corresponding turnover of the technology market, the number
of employed persons in each industry, the added value of each
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industry, the total number of employed persons, and the
corresponding proportion of each industry.

3.2.3 Dimensionality Reduction Measure Results
In order to obtain the most effective evaluation of the
comprehensive industrial structure optimization and upgrade
results by considering all the above factors, this study adopts
the principal component method to comprehensively consider
the influence of the above indicators and extracts four principal
components. The contribution rates of the four principal
components are shown in Table 3.

By using the extracted four principal components and the
contribution rate of each principal component, the
comprehensive score formula is used:

F � 0.584749925F1 + 0.24994729F2 + 0.102872791F3

+ 0.062429994F4.

The principal component scores of each province each year are
calculated and normalized accordingly to avoid large differences
in corresponding values. Due to space issues, the specific indexes
of industrial structure optimization collection in only part of the
years are shown in Table 4.

It can be seen from the indexes of industrial structure
optimization and upgrading of various provinces calculated
using principal component dimension reduction in the above
industries that only part of the measurement results are listed due
to space problems. As can be seen from the corresponding
measurement results, Beijing has always maintained the
highest industrial structure optimization and upgrading index,
showing its great economic vitality as capital. As China’s political
and economic center, Beijing has shown a very high level of an
industrial structure optimization, far ahead of other provinces in
China. The optimization and upgrading index of industrial
structure in the eastern region is at the forefront of China,
while the index of industrial structure optimization and
upgrading in the central and western regions is relatively
weak, and the level of industrial structure optimization in
individual regions in the western region is low.

TABLE 3 | Principal component extraction table.

Indicators Principal component contribution
rate

Principal component number one 0.584,749,925
Second principal component 0.24,994,729
The third principal component 0.102,872,791
The fourth principal component 0.062,429,994

TABLE 4 | Measurement results of industrial structure optimization in some years.

2011 2015 2019 2020

Beijing 0.46,384,025 0.570,602,611 0.650,764,481 5.112,300,057
Tianjin 0.124,268,998 0.203,534,063 0.269,578,326 2.320,918,533
Hebei 0.055,822,626 0.065,757,773 0.104,959,462 0.48,428,801
Shanxi 0.045,424,988 0.078,734,608 0.086,184,141 0.09,183,059
Inner Mongolia 0.066,720,858 0.069,410,264 0.075,174,728 0.075,770,431
Liaoning 0.075,196,616 0.103,862,386 0.137,666,129 0.68,695,867
Ji Lin 0.079,773,143 0.078,758,666 0.190,209,697 0.943,593,911
Heilongjiang 0.061,911,253 0.099,024,709 0.137,510,307 0.767,143,941
Shanghai 0.146,051,291 0.177,080,014 0.231,205,917 1.612,081,645
Jiangsu 0.072,551,149 0.084,576,495 0.10,974,442 0.545,837,633
Zhejiang 0.062,480,306 0.069,825,898 0.113,529,757 2.232,789,822
Anhui 0.060,790,715 0.081,565,228 0.105,456,584 0.44,136,372
Fujian 0.056,201,526 0.058,771,109 0.070,112,057 0.056,505,719
Jiangxi 0.051,629,752 0.062,748,867 0.081,589,318 0.205,210,332
Shandong 0.05,966,792 0.077,521,171 0.117,388,046 0.692,674,835
Henan 0.048,093,745 0.057,179,292 0.078,504,561 0.169,465,786
Hubei 0.06,840,985 0.13,112,527 0.155,172,139 0.889,490,763
Hunan 0.058,875,229 0.072,279,758 0.108,908,409 0.495,904,701
Guangdong 0.073,082,767 0.09,092,537 0.134,148,574 0.901,403,917
Guangxi 0.058,221,018 0.071,675,139 0.09,117,803 0.33,592,633
Hainan 0.089,405,877 0.109,139,196 0.136,056,528 1.080,193,426
Chongqing 0.081,479,533 0.0745,483 0.08,274,315 0.221,699,158
Sichuan 0.060,757,097 0.086,314,484 0.148,159,228 0.695,278,073
Guizhou 0.073,527,486 0.074,809,385 0.114,004,493 0.453,726,869
Yunnan 0.067,809,109 0.082,945,847 0.089,960,533 0.228,714,731
Tibet 0.090,778,977 0.091,909,452 0.081,057,312 0.034,110,667
Shaanxi 0.094,592,212 0.163,977,395 0.214,749,956 1.347,641,798
Gansu 0.083,867,912 0.126,543,595 0.147,744,925 0.843,687,856
Qinghai 0.101,878,721 0.138,534,678 0.081,214,918 0.1,836,584
Ningxia 0.062,549,689 0.068,916,328 0.08,002,381 0.146,036,725
Xinjiang 0.051,086,517 0.072,341,536 0.080,656,301 0.192,313,309

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 9199508

Wang and Li Green Finance and Industrial Structures

514486

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


Among them, the western region is relatively backward in
development, which needs to be focused on, and the country
needs to vigorously guide the optimization and upgrading of
industrial structure in the western region.

From the final structure of the industrial structure
optimization and upgrading measured by the principal
components of the above table, we can see that the indexes of
industrial structure optimization and upgrading of each province
in China show a good upward trend from 2011 to 2020. It shows
that China has focused on the optimization of industrial structure
and the rationalization and advancement of industrial structure
step by step toward a good state, showing an excellent
development. The calculated data are retained as the core
explanatory variables of this study.

4 EMPIRICAL ANALYSIS

4.1 Theoretical Explanation of Mediating
Effect
The mediating effect model was proposed to study the existence
of some mediating variables. The commonly used test methods
are the step regression method, the Sobel test method, and the
Bootstrap method to judge the corresponding mediating effect
because explanatory variables may not be explained by a single
path to the explained variable, and there may be a related
influence of intermediary variables. Explanatory variables can
exert a corresponding influence on the explained variable through
intermediary variables. Themechanism of the stepwise regression
test is shown in Figure 3.

We need to build the corresponding model when the master
model coefficient significantly shows that exist explained
variables exist. Furthermore, there is a need to focus on
validating the second model in the intermediary effect,
namely, whether the corresponding coefficient b is
significant. Finally, the final integrated regression model is
constructed with significant mediating variables; where the
coefficients c and and a’ denote the resulting impact effects
while controlling for the corresponding explanatory and
mediating variables that are constant.

Total effect(a) � Direct effect(a′) p intermediate effect(b p c).

4.2 Index Selection
The core variables of this study are the green development index
of each province and the optimization and upgrading
measurement of the industrial structure obtained from the
evaluation above. Meanwhile, the intermediate variable of
technological progress is introduced. In order to control other
relevant factors, green finance’s influence on the optimization and
upgrading of industrial structure is studied, and the
corresponding control variables are introduced. The opening
up level, government support, human resources,
environmental regulation, and urbanization rate are the five
control variables to explain the research issues. Corresponding
final empirical model indicators are shown in Table 5.

The indicators of the development level of green finance and
the optimization and upgrading of the industrial structure are
derived from the above calculation and will not be repeated.
Meanwhile, to eliminate the possible heteroscedasticity, this study
adopts logarithmic processing for non-ratio variables to construct
corresponding models.

4.3 Data Sources
In this study, the relevant data sources of green finance and
industrial economy in 31 provinces of China, China Statistical
Yearbook, China Financial Yearbook, and WIND database are
selected, and some missing values are calculated by the linear
interpolation method.

4.4 Model Setting
This study needs to analyze the green financial impact on the
industrial structure upgrade mechanism and its corresponding
effect, simultaneously considering technological progress under
the perspective of the green financial impact on industrial
structure optimization and upgrading of the comprehensive,
and verify whether there is a corresponding intermediary
effect and a need to build the corresponding regression model,
regression model, the intermediary, and the final
comprehensive model.

Main model: with industrial structure optimization and
upgrading as the explanatory variables, green financial
development as the core explanatory variables, and
considering the corresponding control variables, the main
regression model is established:

FIGURE 3 | Mediating effect action diagram.
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IS � C + β1GFit + β2FDIit + β3Govit + β4HRit + β5Envirit

+ β6Urit + ui + vt + ε1.

Mediating effect model: because green finance can upgrade
industrial structure through indirect channels, this study
considers the mediating effect model from the perspective of
technological progress and constructs a regression model with
technological progress as the explained variable and green finance
as the explained variable as follows:

TECHit � C + γ1GFit + γ2FDIit + γ3Govit + γ4HRit + γ5Envirit

+ γ6Urit + ui + vt + ε2.

Finally, the final comprehensive model is obtained by adding
the corresponding intermediary model into the corresponding
main model:

IS � C + δ1GFit + δ2TECHit + δ3FDIit + δ4Govit + δ5HRit

+ δ6Envirit + δ6Envirit + δ7Urit + ui + vt + ε3.

4.5 Empirical Analysis
4.5.1 Descriptive Statistical Analysis
First, to collect relevant variables corresponding to the model
descriptive analysis, the descriptive statistical analysis is shown in
Table 6.

4.5.2 Preliminary Test Results of Mediation Effect
The stepwise regression method was used to test the
corresponding mediation effect. Three models were
constructed based on the mediation effect model described
above, and the corresponding test results are shown in Table 7.

It can be concluded from the construction of the three relevant
models of the above mediation effect test that, for the main
model, green finance has a significant promoting effect on the
industrial structure of the model, considering the effect of green
finance on the industrial structure alone. The regression
coefficient is positive, and the promoting effect is significant.
Hypothesis 1 can be explained.

As for the test results of the second mediation effect model, it
can also be concluded that technological progress has a significant
effect on promoting the industrial structure, which verifies the
existence of the mediation effect; that is, the green finance has a
promoting effect on the development of the industrial structure.
The development of green finance also plays a corresponding role
in promoting technological progress, verifying the corresponding
Hypothesis 2.

According to the above two models, green finance plays a
positive role in promoting industrial structure, and technological
progress also plays a corresponding role in promoting industrial
structure. It is necessary to build a corresponding comprehensive
model. As seen from the model regression results in the last
column, green finance still plays a significant positive role in
promoting the industrial structure. Technological progress also
plays a significant positive role in promoting the optimization

TABLE 5 | Index selection and description.

Variable types Symbols Variable declaration Variable declaration

Explained variable IS Industrial structure optimization and upgrading index From the above measurement
Explanatory variables GF Green finance From the above measurement
Intervening variable Tech Advances in technology Expenditure on research and experiment by region/GROSS regional product
Control variables FDI Opening to the outside world Total import and export/GROSS regional product

Gov Government support Government expenditure/gross regional product
HR The human resources The number of college students at the end of the year is logarithmic
Envir Environmental regulation The comprehensive utilization of general industrial waste and solid is logarithmic
Ur Urbanization rate Urbanization rate by region

TABLE 6 | Descriptive statistical analysis table.

Variable Obs Mean Std.Dev Min Max

IS 310 0.114 0.0953 0.0454 0.691
GF 310 0.190 0.118 0.0550 0.839
Tech 310 0.0107 0.00625 0.000236 0.0324
FDI 310 0.304 0.821 0.00538 13.86
Gov 310 0.295 0.206 0.119 1.354
HR 310 4.219 0.758 1.792 5.118
Envir 310 8.326 1.364 1.703 10.14
Ur 310 0.581 0.131 0.228 0.896

TABLE 7 | Preliminary test sheet for mediating effects.

IS (1) Tech (2) IS (3)

GF 0.55243** 2.12211** 0.513,173**
(2.24) (2.06) (2.29)

Tech 0.0185**
(2.55)

FDI 0.00226* 0.000232* 0.00185*
(1.70) (1.71) (1.67)

Gov 0.118** 0.00589*** 0.129**
(2.68) (3.66) (2.94)

HR 0.0184 0.00781** 0.00473
(0.80) (3.32) (0.20)

Envir 0.0118*** 0.000301 0.0123***
(3.50) (0.88) (3.70)

Ur −0.548*** 0.0780*** −0.412***
(−6.94) (9.69) (−4.54)

_cons 0.932*** −0.0205* 0.897***
(9.74) (−1.69) (9.42)

N 310 310 310
R2 0.98 0.95 0.98
adj. R2 0.98 0.94 0.98

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 91995010

Wang and Li Green Finance and Industrial Structures

516488

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


and upgrading of the industrial structure. The corresponding
coefficients a′ and c are significant, and the indirect effect can be
verified accordingly. The mediating effect is verified, and
Hypothesis 2 is true.

4.5.3 Sobel Test
Meanwhile, the corresponding Sobel test results are further
reported, and the test results are significant, indicating a
corresponding mediating effect of technological progress. The
p-value of the corresponding Sobel test was significantly less than
0.001, indicating that the mediating effect of technological
progress existed and was significant. Meanwhile, the Sobel test
also reported the proportion of somemediating effects in the total
effect, as shown in Table 8.

The Sobel test further verified the mediation effect of
technological progress, and the corresponding total effect,
indirect effect, and the proportion of the mediation effect can
be seen. Among them, the proportion of the mediation effect
directly reported by the Sobel test to the total effect can be seen as
7.106%, indicating that 7.106% of the promotion effect of green
finance on the industrial structure is explained by the partial
mediation effect, and technological progress has partial
mediation effect. It shows that the optimization and upgrading
of the industrial structure by green finance can be achieved
through corresponding technological progress.

The results of the preliminary test structure of the
corresponding mediating effect and the Sobel test both
together show that there is a corresponding partial mediating
effect of technological progress on the industrial structure, and
the corresponding hypothesis 2 is tested. It shows a
corresponding partial intermediary effect of technological
progress and the importance of technological progress in the
development of the corresponding region, which can have a
positive role in promoting the optimization and upgrading of
the industrial structure by saving resources, reducing costs, and
improving the corresponding production efficiency.

4.5.4 Discussion on Endogeneity
Through the above tests of intermediary effects, it can be seen that
green finance has a promotion effect on industrial structure, and
technological progress has a corresponding intermediary effect
on the optimization and upgrading of industrial structure. There
is a simple linear relationship between green finance development
and industrial optimization and upgrading, and mutual influence
between the two or existing corresponding lag effect can cause the
corresponding endogenous problems; simultaneously,
optimization and upgrading of industrial structure is a related

problem and will be affected by the time the policy change could
lead to the corresponding hysteresis effect. Therefore, the first-
order lagged industrial structure indicators are considered to be
introduced into the model as explanatory variables.

The least-square estimation method is used in the preliminary
test of the corresponding intermediary effect model. When
considering endogeneity and hysteresis, the industrial structure
with first-order lag is considered in constructing the model to
make the structure more rigorous. System GMM and differential
GMM are used for analysis, and different models are
comprehensively compared. The model results and
comparison are described as shown in Table 9.

The individual time bidirectional fixed-effect model is
constructed based on the corresponding basic regression
model and the corresponding difference between GMM and
system GMM models. The p-value of the first-order Ar test of
the system GMMmodel is significant, whereas the p-value of the
second-order Ar test is not significant, indicating that system
GMM ensures the consistency of GMM estimation and is more
suitable for the estimation of the corresponding model.
Meanwhile, the Hansen test statistic p of differential GMM is
1. Generally, the p-value of the Hansen test statistic is between 0.1
and 1, and the p-value of the Hansen test of system GMM is
between 0 and 1, indicating that the corresponding tool variable is
valid. Therefore, the most appropriate model is the system GMM
model. The two-step system GMM was selected to construct the
corresponding final model.

TABLE 8 | Sobel test results.

Indirect effect 0.039259(bc)

Direct effect 0.513,173(a′)
Total effect 0.552,432(a)
Proportion of total effect that is mediated 0.07,106,516
Ratio of indirect to direct effect 0.07,650,177
Ratio of total to direct effect 1.0765,018

TABLE 9 | Comprehensive comparison of models.

OLS DGMM SGMM

VARIABLES IS IS IS
L.IS 0.843*** 0.580*** 0.695***

(13.46) (4.21) (20.60)
Tech 0.148** 0.118*** 0.461***

(2.41) (5.15) (23.57)
GF 0.014*** 0.007*** 0.044***

(4.35) (12.01) (6.06)
FDI 0.009** 0.009* 0.005**

(2.42) (1.67) (2.62)
Gov 0.053*** 0.066* 0.017**

(3.29) (1.59) (2.55)
HR 0.008** 0.015* 0.003**

(2.94) (1.72) (2.24)
Envir 0.002* 0.010* 0.002*

(1.91) (1.66) (1.67)
Ur 0.134* 0.269 0.006

(1.72) (0.182) (0.029)
Constant 0.198** 0.004* 0.004***

(2.08) (1.88) (2.88)
AR (1) 2.47 2.92
AR (2) 3.75 1.23
Hansen 17.06 19.02
Observations 310 310 310
R-squared 0.993
Number of prov 31 31 31

Note: *** stands for p < 0.01, ** stands for p < 0.05, * stands for p < 0.1.
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4.6 Final Model Regression Results
According to the final system difference model (Table 10), it can
be seen that the corresponding lag first-order industrial structure
optimization and upgrading variable introduced is significant.
Meanwhile, green finance plays a corresponding promoting role
in the industrial structure optimization and upgrading of all
provinces in China, and the promoting effect is significant.
Technological progress also plays a significant promoting role.

For the introduced control variables, opening up has a significantly
positive effect on the optimization and upgrading of industrial
structure, indicating that opening up can attract corresponding
capital and technology and positively affects the optimization and
upgrading of industrial structure, and government support has a
significantly positive effect on the optimization and upgrading of
industrial structure. It shows that the government increase in the
corresponding financial expenditure is conducive to better
optimization and upgrading of the industrial structure. Human
resource has a significant positive effect on optimizing and
upgrading industrial structure. However, it has a relatively small role
in promoting the optimization and upgrading of industrial structures. It
shows the importance of human resource quality education, and the
cultivation of high-quality talents should be increased.

The promoting effect of environmental regulation on
industrial structure passed at the significant 10% level,
indicating that the promoting effect of environmental
regulation on the industrial structure needs to be improved.
Promoting environmental regulation can further promote the
development of the industrial structure. The effect of the
urbanization rate on the optimization and upgrading of
industrial structure does not pass the significance test,
indicating that the corresponding urbanization rate on the
industrial structure has not passed; the corresponding
urbanization rate does not bring about the optimization and
upgrading of industrial structure, the corresponding influence
mechanism is still not formed, and the corresponding
urbanization rate in China at this stage does not bring about
the optimization and upgrading of industrial structure, which is
the direction to be worked on in the future, as shown in Table 10.

4.7 Robustness Test
The regression results above verify the promoting effect of green
finance on the optimization and upgrading of industrial structures

and illustrate the promoting effect of technological progress on the
optimization and upgrading of industrial structures. In this study,
the robustness of the model is tested by changing the measurement
method. A method of changing the explanatory variables is adopted
to test the robustness of the model; because the core of this article
explains variable optimization and upgrading of industrial structure,
the relative weight of the third industry can represent the
corresponding greening to upgrade the concept of more accord
in this study, the concept of the greening of the industrial structure
upgrade, so the selection in different provinces in China accounts for
the third industry ratios as a proxy index regression, Perform
robustness tests.

By comparing the following robustness test results inTable 11,
(4), (5), and (6) with the previous regression results (1), (2), and
(3), it can be seen that the corresponding basic results remain
unchanged. Green finance still promotes the optimization and
upgrading of industrial structure, and the corresponding
regression coefficient and significance change slightly, whereas
the basic results remain unchanged. The robustness of the model
can be tested by changing the measurement method.

4.8 Inspection by Region
According to the model, China is divided into central, eastern,
and western regions. The region’s eastern part consists of 11
provinces (municipalities): Beijing, Tianjin, Hebei, Liaoning,
Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong,
and Hainan. The central region includes a total of 8 provinces
(cities): Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei,
and Hunan. The western region covers 12 provinces (cities),
including Sichuan, Chongqing, Guizhou, Yunnan, Tibet, Shaanxi,
Gansu, Qinghai, Ningxia, Xinjiang, Guangxi, and Inner
Mongolia. After China is divided into three regions,
comprehensive analysis and comparison are made of the three
regions. The relevant effects of green finance in each region of
China on the industrial structure are analyzed and compared as
shown in Table 12.

It can be seen from the above comprehensive model of the three
regions in China that green finance plays a role in promoting the
optimization and upgrading of industrial structure, which further
verifies Hypothesis 1. However, there are also corresponding
differences in different regions. The regression coefficient is the
highest in the eastern region, followed by the central region, and
the corresponding coefficient is the lowest in the western region.
Among them, green finance, human resources, environmental
regulation, and urbanization rate in the eastern region have the
highest promoting effect on the optimization and upgrading of
industrial structure, indicating that the eastern region has rapid
financial and economic development, abundant human resources
in colleges and universities, and a high urbanization rate. The role
of green finance in the central region in the optimization and
upgrading of industrial structure is second to that in the eastern
region, in which the level of technological progress and opening to
the outside world has the highest impact on the optimization and
upgrading of industrial structure, indicating that the central region
mainly develops science and technology and foreign trade, which is
the advantage of the central region in upgrading industrial
structure. In the western region, due to the geographical

TABLE 10 | Final model regression results.

IS Coef St.Err t-value p-value

L.IS 0.695*** 0.034 20.60 0.000
GF 0.044*** 0.002 23.57 0.000
Tech 0.461*** 0.076 6.06 0.000
FDI 0.005** 0.003 2.00 0.047
Gov 0.017** 0.044 2.39 0.017
HR 0.003** 0.001 2.03 0.043
Envir 0.002* 0.001 1.66 0.099
Ur 0.006 0.029 0.22 0.825
Constant 0.004*** 0.001 2.88 0.000
Number of obs 310

Note: *** stands for p < 0.01, ** stands for p < 0.05, * stands for p < 0.1.
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environment and the corresponding economic development level
being relatively slow, the green finance effect on the optimization
and upgrading of industrial structure is the weakest, but the
corresponding control variables are significant. It shows that the
western region needs to actively play the role of green finance for
industrial structure development.

5 CONCLUSION AND POLICY
RECOMMENDATIONS

Based on the corresponding theories of green finance and
industrial structure optimization and upgrading, this study

investigates the role of green finance on industrial structure
optimization and upgrading in 31 Chinese provinces. The
corresponding findings are as follows: the existence of the
mediating effect of technological progress is verified using the
stepwise regression method, and the existence of the partial
mediating effect of technological progress is verified by the
Sobel test. The two-step systematic GMM method is used to
verify the significant influence of green finance on the
optimization and upgrading of the industrial structure. The
corresponding control variables are included in the model, and
most of the corresponding control variables have significant
promotion effects, except for the urbanization rate, which is
not significant, indicating that the corresponding urbanization
rate does not lead to the optimization and upgrading of industrial
structure in China at this stage. Through the corresponding
robustness tests and sub-regional regressions, it is found that
the promotion effect of green finance is the most significant in the
central region, while the central and western regions are the
second most effective.

Based on the model establishment results and corresponding
conclusions, the following suggestions are made.

First, the government should play a leading role in vigorously
promoting the development of green finance, building a
comprehensive green financial system, and establishing a
sound green financial system. The state should expand
financing channels through a broader political dimension,
increase support for green finance, and guide, strengthen, and
meet enterprises’ requirements for financial institutions, green
projects, and the efficiency of green projects. Simultaneously, it
should strengthen environmental risk management, strengthen
the supervision of loans, prevent funds from flowing to
companies with high environmental risks, and restrict high-
pollution and high-polluting industries.

Second, the government should focus on investing in green
technology, increase the level of green financial development in

TABLE 11 | Robustness test.

IS (1) Tech (2) IS (3) IS (4) Tech (5) IS (6)

GF 0.55243** 2.12211** 0.513,173** 0.53742** 1.669** 0.50623***
(2.24) (2.06) (2.29) (2.35) (2.48) (2.93)

Tech 0.0185** 0.0335**
(2.55) (2.48)

FDI 0.00226* 0.000232* 0.00185* 0.00217* 0.020222*** 0.00256*
(1.70) (1.71) (1.67) (1.73) (2.88) (1.72)

Gov 0.118** 0.00589*** 0.129** 0.363*** 0.02589*** 0.373***
(2.68) (3.66) (2.94) (7.33) (4.55) (7.58)

HR 0.0184 0.00781** 0.00473 0.0264*** 0.00681** 0.109***
(0.80) (3.32) (0.20) (3.72) (3.32) (4.18)

Envir 0.0118*** 0.000301 0.0123*** 0.0243*** 0.000403 0.0248***
(3.50) (0.88) (3.70) (6.42) (0.88) (6.61)

Ur −0.548*** 0.0780*** −0.412*** 0.202* 0.0780*** 0.332**
(−6.94) (9.69) (-4.54) (2.28) (9.69) (3.25)

_cons 0.932*** -0.0205* 0.897*** 1.135*** 0.0205* 1.101***
(9.74) (-1.69) (9.42) (10.57) (2.10) (10.27)

N 310 310 310 310 310 310
R2 0.98 0.95 0.98 0.97 0.95 0.97
adj. R2 0.98 0.94 0.98 0.96 0.94 0.97

Note: *** stands for p < 0.01, ** stands for p < 0.05, * stands for p < 0.1.

TABLE 12 | Subregional regression.

East Central West

L.IS 0.721*** 0.813*** 0.612***
(12.76) (18.88) (11.44)

GF 0.122*** 0.101*** 0.081**
(3.05) (3.84) (2.23)

Tech 0.020* 0.049*** 0.052*
(2.11) (3.34) (1.71)

FDI 0.291*** 0.332** 0.066***
(42.13) (2.51) (7.59)

Gov 0.010* 0.018* 0.194***
(1.89) (1.87) (4.42)

HR 0.622*** 0.100*** 0.003**
(37.27) (8.19) (2.24)

Envir 0.344*** 0.002* 0.044***
(38.85) (1.69) (8.48)

Ur 0.166*** 0.162*** 0.072***
(4.55) (6.98) (12.89)

N 110.000 80.000 120.000

Note: *** stands for p < 0.01, ** stands for p < 0.05, * stands for p < 0.1.

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 91995013

Wang and Li Green Finance and Industrial Structures

519491

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


various places and the role of industrial structure optimization
and upgrading, fully implement the sustainable development
strategy, realize the greening and upgrading of industrial
structure, and play the role of the intermediary effect of
technological progress. It should increase the investment in
technological innovation, encourage technological innovation
around the world, realize technology-driven industrial
structure optimization, and realize the joint development of
both. At the same time, the relative strength of government
support, the level of opening to the outside world, human
resources and the corresponding environmental regulations,
and the relative increase of urbanization rate can realize the
relative upgrading of industrial structure.

Third, the government should strengthen information
exchange in different places and share green financial
information in a timely manner. All parts of China should
strengthen information exchange and communication and
share good financial resources and information to narrow the
gap between the east and the west. While realizing the rapid
development of the eastern region, it should use the eastern
region to drive the relatively weak development of the central and
western regions and realize the good development trend of green
finance and the optimization and upgrading of industrial
structure on a national scale.

Fourth, there is a need to strengthen green finance laws and
regulations to reduce inequality, ensure smooth information
channels, realize successful information circulation between
the government and enterprises, and promote the healthy and
rapid construction of green finance. Financial institutions
should provide loan guarantees for green projects and
green enterprises, increase loan interest rates, and improve
credit flow so that additional financing flows to green
industries.

This study introduces technological progress as a mediating
variable from the perspective of green finance and considers the
relative role of green finance on industrial structure
optimization and upgrading from the perspective of
technological progress mediation, which is innovative in
terms of research ideas and research methods. However,
limited to the constraints of research space, this study does
not conduct in-depth heterogeneity analysis, and future
research will be further improved. Meanwhile, future
research will extend the research time and scope to conduct
more detailed and in-depth research.
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Urbanization on Youth
Entrepreneurship in Suburban Areas
with Low-Medium Development in
China--A Way Forward to Sustainable
Entrepreneurship Mechanism
Qingling Huang1, Alam Rehman2, Muhammad Zeeshan3* and Irfan Ullah4

1Scholl of Business Administration, Liaoning Technical University, Huludao, China, 2Faculty of Management Sciences, National
University of Modern Languages, Islamabad, Pakistan, 3College of Business Administration, Liaoning Technical University,
XingCheng, China, 4Reading Academy, Nanjing University of Information Science and Technology, Nanjing, China

China’s traditional suburban urbanization pattern of “passively being centralized upstairs”
is not ideal, so China has been implementing human-centered new urbanization and
urban–rural integration development strategy. Promoting employment through
entrepreneurship is an effective way to solve the problem of long-term livelihood of
land-lost farmers in China. There are few studies on entrepreneurship of land-lost
farmers with the background of in situ urbanization in the suburbs. Based on the field
survey data of two suburban villages representing the low–medium level of development in
China, this study takes entrepreneurship of suburban youth as the research object and
uses Logistic and Mlogit models to investigate the influences of psychological states of
suburban youth on their entrepreneurship and the different entrepreneurial status during in
situ urbanization pattern from three aspects. The results show that under in situ
urbanization pattern, the psychological states of suburban youth have significant and
steady influences on their entrepreneurial behaviors. Moreover, the satisfaction degree of
land expropriation compensation has a partial mediation effect on suburban youth’s
judgment of future life. There are different effects of the three psychological states on the
two entrepreneurial states. Therefore, urban governments at all levels in China should
choose the suburban urbanization pattern according to local conditions and time changes
and realize sustainable entrepreneurship of suburban land-lost farmers during their
becoming citizens with keeping nostalgia.

Keywords: suburban youth, entrepreneurship, in situ urbanization, new urbanization, sustainable entrepreneurship

INTRODUCTION

Urbanization has significantly contributed to economic development and population. According to
the seventh national population census, the urbanization rate of China’s resident population reached
63.89% in 2020, compared to 36.09% in 2000, which has maintained rapid growth in the past
20 years. Due to rapid urbanization and economic development, a large demand for construction
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land for real-estate development and infrastructure has emerged,
so a large portion of agricultural land has been expropriated by
governments (Chan, 2003; Shen et al., 2012; Lai et al., 2014). It is
estimated that about 1,900 thousand hectares of farmland will be
expropriated and 2,660 thousand land-lost farmers will emerge,
with China’s urbanization rate increased by 1% (Huang and
Tang, 2011). According to the 2011 China Urban
Development report, the number of land-lost farmers in China
will reach 110 million by 2030. Under traditional urbanization,
which is oriented to employment and residence in central cities,
most land-lost farmers in suburban areas relocated to cities and
acquired urban household registration (Xu et al., 2017). However,
existing studies have found that the effect of urbanization is not
ideal, and the livelihood of land-lost farmers who are “passively
being concentrated upstairs” is not optimistic (Lin et al., 2009;
Hu, 2016). In six concentrated residential areas, for farmers who
lost their land in Beijing, Henan, Sichuan, and Chongqing, 30.5
percent of them had less income compared to before land loss and
32.4 percent of them were unemployed (Cui, 2019). Other studies
have found that land acquisition improves household income but
reduces individual happiness (Wang et al., 2019). The internal
impetus for urbanization development is insufficient (Ye, 2019).
The neoliberal approach by local authorities in China may bring
promising results by bringing villagers during urbanization
sustained economic gains and being keeping the social and
cultural tie intact among villagers (Li et al., 2014).
Resettlement policy is in place in China, which has endorsed
the emotional link between farmers and rural communities. This
policy not only changed the spatial environment but also changed
the fundamental meaning of placing the farmers (Xu et al., 2021).
China’s 14th Five-Year Plan (2021–2025) has made it clear that it
will adhere to the path of new urbanization with Chinese
characteristics and further promote the new people-centered
urbanization strategy.

The Notice of The State Council on Issues Related to
Strengthening Land Control issued on 31 August 2006 clearly
stated that compensation and resettlement of land expropriation
must be based on the principle of ensuring that the original living
standard of peasants whose land is expropriated is not reduced
and their long-term livelihood is guaranteed. The newly revised
Land Administration Law of the People’s Republic of China,
which came into effect on 1 January 2020, once again clarified the
principle of compensation for land expropriation. The
development-oriented compensation, that promotes
employment through entrepreneurship, is the effective way to
solve the long-term livelihood of land-lost farmers (Han et al.,
2017; Bao et al., 2020). Individuals derive greater wellbeing from
working for themselves or for someone else (La Guardia et al.,
2000; Stephan et al., 2022). Entrepreneurship is a strategic
approach to solve the problems of unemployment and counter
the unemployment and employment discrimination (Mosher and
Trubek, 2003). It is also an international practice to solve the
problem of land loss by adopting policies and measures to
promote the entrepreneurship of unemployed groups
(Lundström and Stevenson, 2005).

There are no studies on the entrepreneurship of land-lost
farmers of new urbanization pattern in suburbs. How to

effectively promote entrepreneurship among land-lost farmers
in the new suburban urbanization remains unknown. This study
focuses on whether suburban new urbanization affects
entrepreneurship of the suburban land-lost farmers, thus
providing reference for sustainable entrepreneurship of land-
lost farmers in suburban areas in the urbanization process of
developing countries. The possible contributions of this article are
as follows: First, it explains sustainable entrepreneurship by
expanding the Theory of Entrepreneurial Event and the
Theory of Entrepreneurial Plan. The second is to verify the
impact of the suburban new urbanization model on the
sustainable entrepreneurship and new entrepreneurship of
land-lost farmers by using the field research data of county-
level cities in China’s middle- and low-development areas.

This article is organized as follows. Section 2 presents the
literature review, theoretical framework, and research hypotheses
of this study. Section 3 introduces the study design including case
context and variables, models, and methods. The data are
collected through a survey. The relevant variables are defined
and assigned. The logistic regression model and Mlogit model are
adopted for analyzing entrepreneurship and different
entrepreneurial states, respectively. Section 4 presents the
findings including entrepreneurship profile and analyses of
regression results from three aspects. Sections 5 and 6
conclude the study and put forward relevant policy
recommendations.

LITERATURE REVIEW, THEORETICAL
FRAMEWORK AND RESEARCH
HYPOTHESES

Literature Review
Reflection on Traditional Suburban Urbanization
The urbanization of land-lost farmers in suburban areas has been
accompanied by the development process and urbanization
patterns in China. Roughly from the beginning of this century
to now, China’s urbanization has witnessed rapid development
over the past two decades. Suburban urbanization has also
experienced the process of “passive citizenization” and the
reflection caused by “its problematization” (Wen, 2004; Wen,
2012; Zhao, 2015; Huang, 2020). For example, some scholars
point out that under the framework of developed mentalism,
urban governments attach more importance to population
migration than to the protection of the interests of farmers
whose land has been expropriated (Chen, 2003; Zhan, 2017).
A study from the view of the residential space differentiation
pointed out that the differences in the ways of urban and rural
production and living and the differences in urban and rural
social relations make the farmers shift from traditional village to
modern city community, facing dramatic changes of life scenes
and social roles; being hard to form modern urban lifestyles,
behaviors, and values; and integrate into cities (Zhao, 2015). It is a
consensus among scholars that we should not forcibly transform
rural areas into cities and turn peasants into citizens. Some
scholars point out pertinently that the quantity and level of
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rural public services in suburban areas restrict the process of
suburban farmers’ citizenization (Wu, 2012; Wu et al., 2019).
Also, China’s urbanization featuring “planning centrality and
market instruments” should ensure that economic benefits justly
and reasonably return to the rural users to endow their
development rights (Wu, 2020). The suburban urbanization
strategy should be selected based on the uniqueness of
suburban villages (communities) (Lu, 2016; Wang et al., 2020).
With the practice of China’s “urban–rural integration,” “new
urbanization,” “rural revitalization strategy,” and the
development of new urban–rural relations through
urban–rural integration, the reflection of traditional
urbanization and urbanization transformation have also
emerged during the urbanization of land-lost farmers (Lang
et al., 2016; Chen et al., 2021).

However, there are no studies on the significance and impact
of China’s new suburban urbanization on the sustainable
entrepreneurship of land-lost farmers in suburban areas.

Influencing Factors of Land-Lost Farmers’
Entrepreneurship
Existing studies on suburban farmer entrepreneurship have been
substantial, similar to the research on entrepreneurship of farmers
and returningmigrant workers, and the studiesmostly examined the
effects of land-lost farmers’ entrepreneurial motivation, human
capital, social capital, family background, financial capital,
financial knowledge, entrepreneurial information, and
entrepreneurial atmosphere on entrepreneurial intention,
entrepreneurial behavior, or entrepreneurial performance (Bao
and Peng, 2016; Sun et al., 2019). In addition, some
representative theories have been developed to examine
entrepreneurial intention and entrepreneurial action such as
Entrepreneurial Event Theory (Zhang et al., 2014; Davids, 2017).
A study from Zhejiang Province, one of China’s developed
provinces, proposed that many land-lost farmers were forced to
conduct entrepreneurship (Bao and Peng, 2016; Bao et al., 2020).

Under the background of China’s new urbanization and
urban–rural integration development, there are no studies on
entrepreneurship of land-lost farmers with the background of in
situ urbanization in the suburbs instead of “passively being
concentrated upstairs.” The research on influencing factors of
land-lost farmer entrepreneurship needs to keep pace with
the times.

Theoretical Framework
China’s National Strategic Plan for Rural Revitalization (2018–2022)
clearly states that suburbs of cities should retain their rural style in
form and reflect the urban level in governance, providing practical
experience for urban–rural integration, which points out the
direction for the development of suburban urbanization. In situ
urbanization in suburbs is the urbanization of urban–rural
integration. Effective governance is the foundation for suburban
rural revitalization (Xu et al., 2022).

In situ urbanization in suburbs, in this article, as a suburban
urbanization pattern which is different from “passively being
centralized upstairs” urbanization and its characteristics can be
summarized as follows: without changing the household

registration and residence, relying on the affiliated cities, based
on the original suburban rural communities, based on respecting
the original production and lifestyle of the land-lost farmers in
the suburbs, promoting the integrated development of the
suburbs into the city, and paying more attention to the
naturally and gradually realizing “human urbanization” of them.

Under the background of China’s new urbanization and
urban–rural integration development, during suburban in situ
urbanization, how satisfied are farmers in the suburbs with
compensation for land loss? What are their perceptions of
being citizens and farmers? Are they optimistic about their
future life? Do these psychological states caused by new policy
supply due to suburban new urbanization patterns have effects on
suburban farmer entrepreneurship? Does it affect their
maintaining businesses or their starting businesses after land loss?

The Entrepreneurial Event Theory (EET) of Shapero and
Sokol, (1982) and the theory of planned behavior (TPB) of
Ajzen, (1991) have been tested to be validated (Kolvereid
1996; Tkachev and Kolvereid, 1999; Krueger et al., 2000;
Peterman and Kennedy, 2003; Guerrero et al., 2008).
According to the model of the EET, the intention of
entrepreneurship originates from the perception of feasibility
and desirability, and this effect’s path is affected by the social
context (Krueger et al., 2000; Peterman and Kennedy, 2003;
Wilson et al., 2007). Perceived behavioral control included by
the model of TPB also emphasizes effects of the perception of
situational competence on becoming self-employed, which is
called self-efficacy (Bandura, 1997) and is equivalent to the
perceived feasibility of the EET model.

An existing study found that the temporal stability of an intention
is required for an accurately predicted behavior (Audet, 2002). Also,
the Entrepreneurial Event Theory emphasizes that the
entrepreneurial behavior of “inertia” is affected by the outside
force negatively or positively (Khuong and An, 2016). Therefore,
if the impact of external events on people is mild, people-centered,
and development-oriented, they will have continuous favorable
influences on the entrepreneurial intention and behavior.

There are no studies on the different entrepreneurial states of
maintaining entrepreneurship and entrepreneurship after land
loss (Xie et al., 2020). Also, there is no study on the effects of
suburban farmer psychological states on their entrepreneurship
in the process of in situ urbanization. As such, this study aims to
investigate the effect of suburban youth’s psychological states
during in situ urbanization on maintaining businesses and
starting businesses after land loss of the land-lost farmers with
a case study of villages in Liaoning Province of low–medium
development regions in China.

We develop a conceptual model to explore the relationship
between the in situ urbanization pattern in suburbs and
entrepreneurship and the sustainability of entrepreneurship of
the land-lost farmers, which can be found in Figure 1.

As the conceptual model shown, in the context of China’s new
urbanization strategy and urban–rural integration development
strategy, the pattern of suburban urbanization has changed. The
two suburban villages we investigated have adopted the in situ
urbanization pattern, which is different from “passively being
upstairs urbanization.” Under the new urbanization in suburbs,
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the policy supply of the city government has also changed to
becoming citizens naturally and progressively by means of
promoting land-lost farmer development. Doing this makes
urbanization an external event and a positive event to promote
entrepreneurship of the land-lost farmers in suburban areas.

Its intrinsic mechanism is that the psychological states of the
land-lost farmers are more stable and better than the tradition
suburban urbanization, including being offered more favorable
policies of land-lost compensation featuring gradual justice and
rationality and more public services aimed at promoting the
integration development of urban and suburban areas. This
stimulates and improves the perception of desirability and
feasibility of the land-lost farmers in the suburbs to maintain or
start their own businesses, which promotes maintenance and
formation of entrepreneurial intentions. In the process of natural
and gradual suburban urbanization, assuming other factors being
unchanged and referring to existing studies (Audet, 2002), we can
believe that these entrepreneurial intentions maintained and
stimulated can be transformed into sustainable entrepreneurship
and generating new entrepreneurship, which will be verified in the
empirical analysis of this article. Based on this model, we will
propose the hypotheses in the following part.

Research Hypotheses
Degree of Satisfaction for Compensation and
Suburban Youth Entrepreneurship
Capitalization of compensation of land expropriation is a way to
solve the long-term income and living source of farmers whose land
is expropriated. There are two ways: individual capitalization and
collective capitalization. Collective capitalization of land

expropriation compensation applies to areas with strong rural
collective economic strength and low risk and stable income
investment projects (Li, 2013; Wu et al., 2019). However, for the
general county suburbs in the underdeveloped areas of China, it is a
more appropriate choice for individuals to make land acquisition
compensation as capital to earn income and life security through
entrepreneurship because the rural collective economy is
undeveloped. In the in situ urbanization pattern, the amount and
degree of satisfaction of land-lost compensation are an important
support to ensure the entrepreneurial sustainability of young farmers
who have started businesses before land loss or to provide necessary
financial capital for them to start businesses after land loss.

As a common county of the undeveloped area in China, the
land acquisition resettlement of the two suburban villages was
mainly monetary compensation. The average compensation
standard for each mu (1/15 ha) lost within 3 years, 3–5 years,
5–10 years, and 10–20 years ago was RMB 92,900 yuan, 71,500
yuan, 46,000 yuan, and 42,000 yuan, respectively. In 228
suburban youth, the proportion of “quite satisfied” and
“relatively satisfied” accounted for 33.92%; the shorter the time
lost, the higher the satisfaction. Therefore, research hypothesis 1
is proposed:

H1. Satisfaction degree of land expropriation has a positive
effect on suburban youth entrepreneurship.

Cognition of “Being a Farmer Is Better” or “Being a
Citizen Is a Better” and Suburban Youth
Entrepreneurship
Although a considerable proportion of suburban youth think
“being a citizen is better " because of realizing that city life is a

FIGURE 1 | Conceptual model for sustainable entrepreneurship of land-lost farmers.

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 9279184

Huang et al. Study on Sustainable Entrepreneurship

525497

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles


more convenient, modern, and guaranteed way of life than rural
life, traditional suburban urbanization of obtaining urban
household registration and “passively being concentrated
upstairs” during the shift from rural living space to the
modern urban residential space, life scenes, and their social
roles, dramatic changes have taken place, and the original
production and lifestyle needs to be integrated with the
modern urban lifestyle, and a new social relationship needs to
be rebuilt (Karsten, 2003; Zhao, 2015). The original entrepreneurs
in the new production and living environment may have
difficulty in finding the right way to start a business, and the
new entrepreneurs may have to first adapt to the changes in the
production and living environment to delay starting a business,
which affects the sustainability of entrepreneurial behavior.

The survey finds that 43.10% of suburban youth think “I
cannot tell you they are all good.”More people think it is better to
be a citizen (37.99%) than a farmer (18.97%). It is noteworthy that
the statistical findings show that the cognition of “being a farmer
is better” or “being a citizen is better” is correlated with the
entrepreneurial behavior. The entrepreneurial proportion of
suburban youth who think “being a farmer is better” is the
highest (36.36%) (Chi2 significance level is 0.084), and the
correlation with entrepreneurship after land loss is higher
(Chi2 significance level is 0.026). Further statistics find that
“low consumption/low life pressure” is the most chosen reason
(63.63%), “more convenient neighborhood communication/free
life” ranks second (61.36%), and “better air in the rural areas”
accounts for 31.82%. It is shown that in the process of in situ
urbanization, the relaxed, free, harmonious, and natural
production and living environment of the original village is
the most important for suburban youth. Therefore, “being a
farmer is better” means being able to “live in peace” with
“nostalgia” (52.36%) of them have improved living conditions
and pursue the “happy work”mode of “being a boss” in a familiar
environment. Therefore, hypothesis 2 is proposed:

H2.Cognition of “Being a farmer is better” has a positive effect
on suburban youth entrepreneurship.

Judgment of Future Life and Entrepreneurship of
Suburban Youth
Some scholars believe that entrepreneur psychological capital,
such as self-efficacy, optimism, hope, and resilience, is
significantly positively correlated with entrepreneurial
tendency (Luthans et al., 2004; Mao et al., 2021). Youth in
suburban areas who “think life will be better in the future”
tend to be optimistic and aggressive in the process of starting
a business, increasing the probability of success and stability of
the business. This judgment of future life cannot be separated
from the goal of China’s new people-centered urbanization,
which provides new opportunities for in situ urbanization of
land-lost farmers in suburban areas (Wang et al., 2019).

First of all, the “marginalization” of suburban communities
returns to the “harmonious symbiosis” between suburban
communities and urban areas. For example, in recent years,
promoted by the all-for-one tourism strategy, the tourism
industry and related industries in Xingcheng have been
developing well. The two suburban villages actively serve

urban development, undertake urban spillover, and meet the
demands of urban consumption around the suburban
community’s functional orientation.

Second, the process of free flow and equal exchange of urban
and rural factors of production is accelerating. In August 2019,
amendments were made to The Land Administration Law of the
People’s Republic of China for perfecting the land expropriation
procedures, compensating according to the area of
comprehensive land price, removing the barriers of rural
collective profit-oriented construction land entering markets,
promoting the suburban land-lost farmers in situ urbanization
through providing development space, and inspiring
entrepreneurial energy.

Third, in the context of urban–rural integrated development,
the realization of equal basic public services for urban and rural
residents will greatly improve the sense of gain, happiness, and
security of the suburban land-lost farmers during in situ
urbanization. Thus, land-lost farmers in the suburbs are full of
confidence and expectation for the future of urban–rural
integrated and homogeneous development. Therefore, research
hypothesis 3 is proposed:

H3. The judgment that life will be better in the future and will
positively affect the entrepreneurship of suburban youth.

STUDY DESIGN

Case Context
Xingcheng belongs to Huludao City of Liaoning Province and is a
county-level city. In 2020, the per capita disposable income of
China’s national level reported is RMB 35,128, while in Liaoning
Province, it is RMB 35,112. In 2020, the per capita disposable
income of rural residents in Liaoning Province, Huludao City,
and Xingcheng City was reported as RMB 17,450 yuan, 14,862
yuan, and 15,395 yuan, respectively, where Huludao city was
showing 14.83% lower than the provincial level in comparison to
Liaoning province. Due to the Xingcheng’s geographical location
advantage of being the coastal city, the per capita disposable
income of rural residents in Xingcheng is 3.59% higher than that
of Huludao City. The selection of two suburban villages can
represent the status quo of urbanization of urban–suburban
integrated villages in China’s low–medium development level
regions.

The data were collected through questionnaire survey by
research students in December 2017 and July 2018 in Sijia
Village and Diaoyutai Village, where the farmers lost their
lands in Xingcheng city, Liaoning Province. The respondents
were land-lost farmers with agricultural restricted permanent
residence with age above 18 years. The study is based on the
responses of 228 respondents.

Variables, Models, and Methods
Generally, entrepreneurship can be understood as the process
of perceiving the opportunity, integrating resources, and
establishing a new company (Sexton and Bowman, 1985).
Entrepreneurship is a complicated concept that has no
indisputable standard definition (Bao et al., 2020). For
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example, a study defined the land-lost farmer
entrepreneurship as being concentrated in the service
industry (Bao and Peng, 2016). Based on the employment
characteristics of rural residents in the suburbs in this region,
this study defines entrepreneurship as mainly engaging in self-
employment, a private enterprise, breeding, and fishery.
Entrepreneurship states are divided into maintaining
entrepreneurship and getting involved in entrepreneurship
after land loss. Independent variables are three variables
relating to in situ urbanization, including the degree of
satisfaction of land expropriation compensation, the
cognition of “being a farmer is better” or “being a citizen is
better,” and the judgment of future life. Controlled variables
encompass village, gender, age, human capital, social capital,
and family economic conditions in the village before land loss.
The variable assignment is shown in Table 1.

Since the dependent variable that represents entrepreneurship
in this study is a dichotomous category variable, therefore the
logistic model is adopted.

Enterprentureshipi � in situ urbanizationiβi + Ziθ + εj,

where entrepreneurship refers to whether suburban youth start
their own business and in situ urbanization refers to the three
psychological variables of suburban youth in the process of in situ
urbanization. They are the degree of satisfaction of land
expropriation compensation; the cognition of “being a farmer
is better” or “being a citizen is better,” and the judgment of future
life. Z is used for controlled variables including village, gender,
age, states of health, degree of education, skill, friend’s quantity
after land loss, and family’s economic level before land loss. ε is
the random disturbance term.

In the follow-up in-depth investigation of the effects of the
three variables on different entrepreneurial states, the dependent
variable is divided into three types: maintaining
entrepreneurship, entrepreneurship after land loss, and other
employment forms, which are suitable for regression analysis
by the Mlogit model. In the Mlogit model, the dependent variable
is set as j kinds of mutually exclusive choices, and the random

utility that the ith individual can bring by choosing the jth
behavior is assumed to be

Uij � xi βj + εij(i � 1, ..., n ; j � 1, ..., J).

The MLogit model probability density function can be written
as follows:

q �
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
yi � j

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

x �
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

exp(xiβj)
1 + ΣJ

k�2exp(xiβk)
(j � 2, . . . , J)

1

1 + +ΣJ
k�2exp(xiβk)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.

“Other” type in entrepreneurial states is the benchmark
category for comparison. Both the regression results are
presented in the form of relative reporting ratio (Van Holle
and Bauchau, 2014).

FINDINGS AND DISCUSSIONS

Entrepreneurship Profile
Thanks to Xingcheng’s favorable geographical position as a
coastal city, employment channels such as swimsuit
processing, family hotels, farmyards, and house rental have
brought lasting vigor and vitality to the production and life of
residents in the two suburban villages. The family hotel industry
in Diaoyutai Village is flourishing, with more than 1/4 of the
village households engaged in the family hotel industry. The
residents of Sijia Village are mainly engaged in street shop
operations around the life service industry and fishery-related
service industry (such as freezing, storage, and odd jobs related to
fishing). Some farmers are also engaged in swimsuit processing,
family hotel, and house rental. In addition, all the villagers of Sijia
Village can share development benefits from the village collective
economy, keeping pace with the times.

To deeply understand the employment situation of the land-
lost farmers in suburban areas, 228 land-lost farmers aged
between 18 and 50 were analyzed for their entrepreneurial

TABLE 1 | Definitions and assignment of independent and dependent variables.

Variable Definition and Assignment

Dependent variable Entrepreneurship self-employment, starting a private enterprise, breeding, or fishery = 1 and unemployed,
farming, part-time work, and hired labor = 0

Independent
variables

The degree of satisfaction of land expropriation
compensation

quite satisfied/satisfied = 1; general/dissatisfied/quite dissatisfied = 0

The cognition of “being a farmer is better” or “being a
citizen is better”

being a farmer is better = 1; being a citizen is better/unable to tell clearly = 0

The judgment of future life will be better = 1; no change/get worse = 0
Controlled variable Village Sijia = 1; Diaoyutai = 0

Gender Male = 1; Female = 0
Age 31–50 = 1; 20–30 = 0
States of health Healthy = 1; others = 0
Degree of education high school and above = 1; junior high school and below = 0
Skill have a skill = 1; have no skill = 0
Number of friends after land loss more friends = 1; no change/less friends = 0
Family’s economic level before land loss very good/better = 1; general/lower/need relief = 0
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status. Among them, Sijia Village and Diaoyutai Village
accounted for 55.26 and 44.74%, respectively. The proportion
of males and females was 53.95 and 46.05%, respectively, in both
the villages.

According to the statistics in Table 1, among 228 youth who
lost their lands, the proportion of being unemployed after land
loss is more than that before losing their land. Among the
unemployed after losing their land, 18 of them lost their jobs
due to loss of land. There was little change in the proportion of
part-time jobs, the proportion of hired jobs increased by 36.84%,
and the proportion of self-employed rose by 52.66%. After land
loss, the non-agricultural employment rate of youth was 83.33%
Table 2.

From the perspective of employment sustainability before and
after land loss, the implementation of in situ urbanization pattern
has little impact on the production and life of the land-lost farmers
in the two villages. According to statistics, 94.74% (54/57) of the
groups engaged in hired jobs kept their being hired status after the
land loss, while 88.89% (32/36) of the groups engaged in being self-
employed kept their self-employed status. Among the 55
entrepreneurs (see Table 3), 58.18% (32/55) and 41.82% (23/55)
of the land-lost farmers maintain entrepreneurship and start new
businesses, respectively. Entrepreneurship accounted for 24.12%
(55/228) of the sample (see Table 4).

Analysis of Regression Results
Effects of In Situ Urbanization on Youth
Entrepreneurship in Suburban Areas
To investigate the robustness of the three independent variables
to the dependent variable, all these were successively added into
regression Model 1. It can be seen from Model 2, Model 3, and
Model 4 that the three variables have robust and significant
influence in Table 5. Models 2–4 show that 1) the
entrepreneurial probability of suburban youth who are “quite

satisfied/satisfied” with land expropriation compensation is
2.051 times that of “general/dissatisfied/quite dissatisfied”, and
the significance level of coefficient and regression equation is
high. After the addition of the other two independent variables,
the coefficient has a small change and a stable significance level. 2)
The entrepreneurial probability of suburban youth, who think
being a farmer is better, is 2.109 times that of those who think
being a citizen is better and those who cannot tell clearly. After the
addition of another independent variable, the coefficient and
significance level are improved. 3) The entrepreneurial
probability of those who think “life will be better in the
future” is 1.927 times that of those who think “life will not
change/will get worse.” Therefore, the three hypotheses
mentioned previously have been verified. 4) From the
influence of controlled variables, especially, the probability of
starting a business is 2.226 times that of those whose family’s
economic level before the land loss is “very good” than that for
those whose family’s economic level before a land loss is
“general,” “poor,” or in need of relief.” The effect is stable
after adding other variables.

Furthermore, this study finds that the entrepreneurial
probability of suburban youth with junior high school and
below is higher and the impact is significant. That is to say,
suburban youth with higher education level do not necessarily
have a higher entrepreneurial probability because the education
level of suburban youth of China’s underdeveloped areas is
biased. Among the 228 young people, 82.02% of them have
junior high school education or less.

Further Findings: The Mediating Effect of “Land
Expropriation Compensation Satisfaction"
It is worth noting that in the regression analysis, it is found that
the probability of “believing that their future life will be better” of
the suburban youth who are “quite satisfied/quite satisfied” with
land expropriation compensation is 2.657 times that of those who
are “not satisfied/quite satisfied”. When other variables are
controlled and the variable of “thinking that life will be better
in the future” is added, this variable has a significant effect on
entrepreneurship, but the relative reporting ratio of the variable of
the degree land expropriation compensation on entrepreneurship
decreases to 2.162, and the significance level is reduced (see
Table 6). The results show that the variable of the degree of
satisfaction of land expropriation compensation can affect
suburban youth’s entrepreneurship by influencing their

TABLE 2 | Overall employment situation of youth in the two villages before and
after land loss.

Before land loss After land loss

Frequency Percentage Frequency Percentage

Unemployment 4 1.75 25 10.97
Farming 75 32.89 13 5.70
Odd job 56 24.56 57 25.00
Being hired 57 25.00 78 34.21
Entrepreneurship 36 15.80 55 24.12
Total 228 100 228 100

TABLE 3 | Original occupation of the current entrepreneurs.

Frequency Percentage

Unemployment 2 3.64
Farming 10 18.18
Odd job/hired 11 20.00
Entrepreneurship 32 58.18
Total 55 100

TABLE 4 | Overall changes in employment before and after land loss.

Frequency Percentage

Maintaining unemployment 2 0.88
Unemployment after land loss 23 10.09
Maintaining farming 13 5.70
Maintaining odd job 35 15.35
Maintaining hired 54 23.68
Maintaining entrepreneurship 32 14.04
Entrepreneurship after land loss 23 10.09
Others 46 20.17
Total 228 100
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judgment of future life, and the variable is a mediation variable,
which reflects a partial mediation effect.

Effects of In Situ Urbanization on Different
Entrepreneurial States of Suburban Youth
To further investigate the influence of the variables of in situ
urbanization on the entrepreneurship of suburban youth, the
Mlogit model is used to analyze the effects of the degree of
satisfaction of land expropriation compensation, the cognition of
“being a farmer is better” or “being a citizen is better,” and the
judgment of future life on “maintaining entrepreneurship” and
“starting a business after losing land” (see Table 7). The results
show that there are differences in the effects of the variables of in situ
urbanization on different entrepreneurial status of land-lost youth in
suburban areas. 1) The influence of the variables of the degree of
satisfaction of land compensation has little change on the whole, but
the influence on “starting a business after losing a land” is higher
than that of “maintaining a business,” and the two significance levels
have decreased by more than 10%. 2) The cognition of “being a
farmer is better” or “being a citizen is better” ismainly reflected in the
influence on those who “start their own business after losing their
land.” The regression ratio is more than three times that of
“maintaining their own business,” and the significance level is
higher than that of Model 4, which is significant at a level below
1%. 3) The influence of the variables of the judgment of future life on
the entrepreneurship of suburban youth is mainly reflected in the

group of “maintaining entrepreneurship.” 4) From the influence of
controlled variables, the influence of “more friends after losing land”
on “entrepreneurship after losing land” is stronger than that of
“maintaining entrepreneurship. The influence of the economic level
of the family in the village before land loss on entrepreneurship of the
suburban youth is reflected in the group of “maintaining
entrepreneurship.” Also, the degree and significance of the effects
of junior high school and below the suburban youth
entrepreneurship areas mainly reflected in maintaining
entrepreneurship.

CONCLUSIONS

The acceleration of China’s human-centered and new
urbanization and urban–rural integration development has
provided opportunities for suburban in situ urbanization. This
study applies questionnaire survey data from two suburban
villages in a county-level city in Liaoning Province of
low–medium development regions in China to investigate the
influences of three psychological states on suburban youth
entrepreneurship under the background of in situ
urbanization. The main conclusions are as follows:

1) The gradual rationality and justice of land expropriation
compensation is not only a practical proof of equal exchange

TABLE 5 | Logistic regression results of the impact of in situ urbanization on suburban youth entrepreneurship (n = 228).

Model 1 Model 2 Model 3 Model 4

RRR p-value RRR p-value RRR p-value RRR p-value

Controlled variable-s Village 0.668 0.212 0.485 0.059p 0.508 0.079p 0.484 0.063p

Gender 1.084 0.806 1.203 0.590 1.121 0.744 1.178 0.642
Age 1.201 0.777 1.123 0.879 1.117 0.887 1.199 0.818
Stages of health 1.515 0.425 1.727 0.312 1.775 0.290 1.633 0.372
Degree of education 0.454 0.138 0.326 0.064p 0.342 0.081p 0.346 0.088p

Skill 0.876 0.748 0.674 0.364 0.739 0.492 0.742 0.500
Number of friends after land loss 3.074 0.028pp 3.286 0.027pp 3.216 0.032pp 3.034 0.046pp

Family’s economic level before land loss 2.226 0.032pp 2.423 0.021pp 2.313 0.031pp 2.138 0.051p

Independent
variables

Degree of satisfaction of land expropriation compensation — — 2.051 0.074p 2.213 0.052p 2.006 0.091p

Cognition of “being a farmer is better” or “being a citizen is better” — — — — 2.109 0.058p 2.286 0.040pp

Judgment of future life — — — — — — 1.927 0.088p

Significance of models 0.121 0.027pp 0.014pp 0.001ppp

TABLE 6 | Regression analysis of the mediating effect of the degree of satisfaction of land expropriation compensation on the judgment of future life.

Cognition of “being a
farmer is better” or
“being a citizen is

better

Entrepreneurship Entrepreneurship

RRR p-value RRR p-value RRR p-value

Degree of satisfaction of land expropriation compensation 2.657 0.002ppp 2.213 0.052p 2.162 0.059p

Judgment of future life — — — — 2.027 0.065p

Other variables controlled controlled controlled
Significance of the model 0.002ppp 0.014pp 0.030pp

ppp, pp, and p represent 1% 5%, and 10% level of significances.
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of the suburban land and urban elements but also a necessary
financial capital for farmers in the suburbs to earn income
and ensure their livelihood through entrepreneurship. In
addition, the satisfaction degree of land expropriation
compensation will increase the suburban farmer support
and trust in the suburban community, city government,
and relevant national policies to have confidence and
expectation for future life in the state of in situ
urbanization and indirectly provide psychological capital
support for entrepreneurship.

2) Suburban youth who think “being a farmer is better” pay
more attention to the relaxed, free, harmonious, and natural
production and living environment of the original village.
Suburban in situ urbanization has adapted to the demand for
a social environment for entrepreneurship of suburban
youth, and when other entrepreneurial conditions are
available, they do not need to face dramatic changes in
life scenes and social roles and are able to start a business
after land loss in a familiar environment, the pursuit of “being
my own boss,” thus realizing and promoting sustainable
entrepreneurship of the suburban community.

3) Under the background of urban and rural integration
development and human-centered new urbanization, as
China provides more equal basic public services to urban
and rural residents, suburban “new citizens” or “quasi-citizens”
have enjoyed more equal treatments and services such as
employment, housing, education, pensions,medical treatment,
infrastructure, and public service, which makes them fully
confident about the future of suburban development, and that
has inspired sustainable entrepreneurial enthusiasm.

The in situ urbanization pattern the two suburban villages
we investigated have adopted is natural and gradual suburban
urbanization, not “passively being upstairs urbanization.”
Entrepreneurial practice of the youth in two suburban
villages in the pattern of in situ urbanization in
low–medium development regions of China shows that the
in situ urbanization provides a stable and better production
and living environment for youth in suburban villages so as to
promote them to “maintain entrepreneurship” and “start
businesses after land loss.” This not only ensures the
sustainable livelihood of the land-lost farmers in the
suburbs through sustainable entrepreneurship but also
promotes the sustainable development of urbanization in
the suburbs, thus promoting the economic development of
the suburbs and their cities (Sun et al., 2020).

SOLUTIONS AND SUGGESTIONS

To some extent, the research of this article confirms that in
situ urbanization in the suburbs is a new urbanization pattern
that can promote the sustainable entrepreneurship of land-
lost farmers in the suburbs. Therefore, the following solutions
and suggestions are put forward.

First, farmers are the main body of China’s urbanization
process and rural revitalization strategy, so we should respectT
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the wishes of farmers and follow the trend (VanDen Berg et al., 2006;
Bao and Peng, 2016; Peng, 2016)). To break the traditional suburban
urbanization pattern of “one size fits all” featuring “passively
concentrated being upstairs” and to choose the appropriate
urbanization pattern according to local conditions and times
change, which are the correct concepts that all levels of urban
governments and suburban communities should uphold to deal
with the urbanization problemof land-lost farmers in suburban areas.

Second, urban governments and suburban communities should
strictly implement the principles of land expropriation compensation
stated by the central government to ensure farmers’ livelihood,
expropriation according to procedures, and compensation
according to the comprehensive land price of each district so that
fair and reasonable land expropriation compensation becomes
financial capital guarantee for suburban residents to start their
own businesses and maintain their own businesses after land loss.

Third, governments should adhere to the clear positioning of
suburban integrated villages and realize the significance of the
suburban urbanization pattern that “retains the rural style.”
Governments at all levels should continue to strengthen urban
and rural residents’ equal basic public services, let the suburban
“new citizens” or “quasi citizens” enjoy equal treatments and
services, achieve better development of the production and living,
and let the suburban “become citizens” with “keeping nostalgia.”

Fourth, urban governments should make full use of the
favorable opportunity of “urban elements going to
countryside,” attract urban and rural elements to gather in the
suburbs, and actively develop collective economy of suburban
communities (villages); integrate urban–suburban industries to
develop characteristic industries in the suburban areas, stimulate
economic vitality in the suburban areas, and create opportunities
for land-lost farmers in suburban areas to start businesses.

Fifth, the government of China should revisit its urbanization
transformation on periodic basis to catch the ongoing dynamics
that happen with the passage of time. This will encourage the
residents to think for expansion and observe more dynamism in
their pattern of business practices.

FUTURE DIRECTIONS

Future study would be meaningful if we carry out a comparative
study on land-lost farmers’ entrepreneurship in suburban areas
under different urbanization patterns in the same city and expand
the number of samples, which will better highlight the research

findings of this article. Also, a new studywill be needed if comparing
the same variables in two low–middle developed-level cities rather
than two villages to find the magnitude of difference in the
entrepreneurs who lost their land due to expropriation of land
in China. The cases of two countries such as India and China will
also be a good addition to the body of literature.
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How Does Algerian Trade Respond to
Shocks in Oil Prices and Uncertainty?
Ke Wang1*, Zhen Liu1, Zhen Wei1, Siyuan Lou1, Ayad Hicham2, Djedaiet Aissa3* and
Muhammad Saeed Meo4,5*

1School of Economics and Management, Huzhou College, Huzhou, China, 2Department of Economics, University center of
Maghnia, Maghnia, Algeria, 3Department of economics, DjilaliBounaama University, Khemis Miliana, Algeria, 4Faculty of Business
and Management Sciences, Superior University, Lahore, Pakistan, 5University of Economics and Human Sciences, Warsaw,
Poland

Oil prices and uncertainties have a direct impact on producers, exporters, governments,
and consumers. Therefore, this study investigates the relationship between oil prices,
uncertainty, and trade in Algeria from 1990Q1 to 2020Q4. This study primarily built two
models: the first model examines how oil prices affect uncertainty and the second model
examines how oil prices and uncertainty affect trade. To achieve the objective of the study
we applied a novel multiple threshold nonlinear autoregressive distributed lag (MTNARDL)
model. The findings confirm that small shocks in oil prices have a negative effect on
uncertainty. While medium and large shocks in oil prices increase exports and imports.
Finally, we discover that uncertainty has no significant effect on exports, while medium and
large shocks in uncertainty reduce imports. Overall, the findings support the existence of
an asymmetric relationship between oil prices, uncertainty, and trade. The decision-
makers should consider preparing for remedial reforms and a peaceful transition from
a mono-export to a diversified economy.

Keywords: oil prices, uncertainty, trade, Algeria, ARDL

1 INTRODUCTION

Oil has always been the black blood that flows through the veins of the global economy, and it
continues to play a vital role in the production process and the general economy. This has certainly
put pressure on policymakers to act since oil prices have always fluctuated. Thus, a battery of
literature focuses on the potential impact of oil price shocks on miscellaneous macroeconomic
factors. Like economic growth (Ahmad et al., 2022; Barsky and Kilian, 2004; Blanchard and Gali,
2007; Aastveit, 2014), the exchange rate (Volkov and Yuhn, 2016; Huang and Feng, 2007), inflation
(Trehan, 2005; Wen et al., 2021), stock markets (Diaz and Gracia, 2017; Mishra et al., 2019;
Chowdhury et al., 2021; Hu et al., 2022), economic uncertainty (Su et al., 2021) and tourism (Meo
et al., 2018). Overall, these studies reveal that oil price shocks have detrimental effects on
macroeconomic indicators in both oil-importing and oil-exporting countries.

Evidently, the higher the oil price, the more revenue is poured into rentier economies, and
therefore the more growth will occur in macroeconomic indicators like GDP and exports. However,
unless the import bill is taken into account, this relationship does not give a full and true idea, because
it may lead to limiting or eliminating the balance of payments gap through increasing the tendency
toward increased consumption. Thus, research interests focus on the impact of oil price changes on
external accounts to analyze their responses, and to find out how oil revenues are recycled in relevant
economies (Killian et al., 2009; Huntington (2015).

Edited by:
Gagan Deep Sharma,

Guru Gobind Singh Indraprastha
University, India

Reviewed by:
Zahoor Ahmed,

Cyprus International University,
Cyprus

Muhammad Umar,
Qingdao University, China
Alade Ayodeji Ademokoya,

Kwara State University, Nigeria

*Correspondence:
Ke Wang

wangke@zjhzu.edu.cn
Djedaiet Aissa

a.djedaiet@univ-dbkm.dz
Muhammad Saeed Meo
saeedk8khan@gmail.com

Specialty section:
This article was submitted to

Environmental Economics and
Management,

a section of the journal
Frontiers in Environmental Science

Received: 14 May 2022
Accepted: 17 June 2022
Published: 07 July 2022

Citation:
Wang K, Liu Z, Wei Z, Lou S,

Hicham A, Aissa D and MeoMS (2022)
How Does Algerian Trade Respond to
Shocks in Oil Prices and Uncertainty?

Front. Environ. Sci. 10:944209.
doi: 10.3389/fenvs.2022.944209

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 9442091

ORIGINAL RESEARCH
published: 07 July 2022

doi: 10.3389/fenvs.2022.944209

534506

http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.944209&domain=pdf&date_stamp=2022-07-07
https://www.frontiersin.org/articles/10.3389/fenvs.2022.944209/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.944209/full
http://creativecommons.org/licenses/by/4.0/
mailto:wangke@zjhzu.edu.cn
mailto:a.djedaiet@univ-dbkm.dz
mailto:saeedk8khan@gmail.com
https://doi.org/10.3389/fenvs.2022.944209
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.944209


So far, the world economy has not recovered from both the
global financial and European sovereign debt crises, and it is
currently suffering from the COVID-19 outbreak. All of these
events brought greater economic policy uncertainty (EPU), which
has a great influence on economic activity (Hailemariam et al.,
2019). It is worth mentioning that when major economies, such
as the United States of America, experience increased uncertainty,
this does not mean that the impact will be limited to
macroeconomic indicators in the same country, but will also
spill over into EPU in other countries, especially in Europe
(Colombo, 2013). However, in the last 3 years, the global
economic downturn has been the main responsible for
triggering the EPU to a higher level than ever before in several
countries (Balcilar et al., 2020; Wang and Lee, 2020).

Baker and Bloom (2013) report that EPU is counter-cyclically
related to the business cycle i.e., it is much lesser during booms
than during recessions. It is also one of the key benchmarks to
understand the crisis, as indicated by Luo and Zhang (2020)
regarding the Chinese stock market crash. Oil prices are also
tightly linked to the business cycle, and they are thought to be an
excellent predictor of future recessions as seen in Russia (Pönkä
and Zheng, 2019). Furthermore, the EPU of oil-producing and
consuming countries affects oil prices (Su et al., 2021; Sun et al.,
2021; Umar et al., 2021; Akram et al., 2022; Li et al., 2022; Wei
et al., 2017), and the latter is regarded as a determinant driver of
EPU indices (Barrero et al., 2017; Khan et al., 2020).

The oil price spikes could be seen as a relatively favorable sign
for oil trade balances and disadvantageous for non-oil trade
balances, as evidenced by a few studies that point out that oil
prices differently affect importers and exporters’ trade
performances (Le and Chang, 2013; Rafiq et al., 2016;
Wu,2020). In a quite different context, other studies find that
the EPU index is similarly counter-cyclically related to
international trade with asymmetric effects (Taglioni and
Zavacka, 2013; Hassan et al., 2018). Much fewer studies,
however, were conducted to explore how trade is induced by
oil price and EPU shocks at once; among these, Wei (2019)
provides the most comprehensive analysis, concluding that both
oil price and EPU shocks have a significant impact on China’s real
export and terms of trade.

Principally, Algeria is a mono-export economy, its trade is
crucially influenced by both the uncertainty and the oil prices.
The latter has recently experienced consecutive sharp
fluctuations. After climbing to a peak in 2007 and its free fall
in 2008, it rose again to a high point and peaked in 2012, but the
slowdown in world growth led to oil prices declining since 2014,
and when the world has been gripped by COVID-19 in early
2020; there were even some prices reached negative levels. All of
these fluctuations have had an unavoidable impact on Algeria as
one of the world’s largest oil-exporting countries. As for the
uncertainty, it has also been induced by oil price fluctuations and
other international incidents such as the Arab Spring and
misinformation about COVID-19, as well as the Hirak
(Popular protests against the former president) movement as
weekly nationwide protests.

At present, there are much evidence available on the effect of
oil prices and EPU on macroeconomic indicators, especially in

developed and emerging economies. Little research, moreover,
has been conducted to investigate how trade is influenced by oil
prices or uncertainty shocks. Nevertheless, a joint effect of both
variables has not yet been analyzed, and there has been no study
on the case of Algeria as a rentier economy. Furthermore, there
are various studies that as examined oil prices’ effect on the trade
but there are very few studies that examined the asymmetric/
nonlinear relationship between oil prices and trade (see Lacheheb
and Sirag, 2019). Several studies have confirmed that disregarding
the nonlinear behavior of variables can lead to misleading
inferences. For example, Po and Huang (2008) discovered that
structural breaks produce nonlinear behavior, which linear
models cannot handle. Anoruo (2011) found that time series
estimation assumed nonlinear relationships among variables, but
in reality, variables have nonlinear relationships. Therefore,
considering the current state of oil prices and uncertainty,
there is an acute need to investigate the relationship between
oil prices, uncertainty, and trade in Algeria.

The current study adds to the literature from a variety of
perspectives. Firstly, we examined the relationship between oil
prices, uncertainty, and trade. Second, Algeria is one of the
world’s largest oil-exporting countries, and its policies must be
revised due to fluctuating oil prices and high uncertainty.
Therefore, to formulate policies in response to the current
economic situation, it is necessary to investigate the
relationship between oil prices, uncertainty, and trade in
Algeria. Third, the preceding studies confirmed that ignoring
the intrinsic nonlinearity of the variables may result in misleading
inferences, which is why we conducted this study in an
asymmetric framework to avoid invalid findings. We applied
ARDL) model and its extensions, the first of which was presented
by McNown et al. (2018) depending on the Fourier function to
include structural breaks in the ARDL model to get the Fourier
ARDL model (FARDL). Thirdly, Pal and Mitra, 2015; Pal and
Mitra 2016) introduced the Multiple Threshold ARDL model
(MTNARDL) as the second option to examine the effect of
extremely small and large changes in oil prices and economic
uncertainty on both imports and exports.

The remainder of the paper is structured as follows: Section 2
presents the literature review. Section 3 depicts the specification
of the methodologies. Section 4 describes the data. Section 5
presents the findings of the study. Section 6 provides a discussion
of the results in the context of the Algerian economy. Finally,
Section 7 concludes the study.

2 LITERATURE REVIEW

Using different approaches in different contexts, the existing
literature offers extensive empirical research to investigate the
impact of oil price shocks on many macroeconomic indicators.
Little research, however, has yet been made to analyze the
response of trade to oil price shocks and uncertainty.

The seminal work by Hamilton (1996) reveals that Unied
States economic recessions during the period 1948-72 were
mostly due to the shock of crude oil prices. A wealth of
literature has examined how the oil price affects the
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macroeconomic performance with a wider focus on its
asymmetric effects (Narayan and Gupta, 2015; Rafiq et al.,
2016). However, there has been some consensus about the
differential impact of both positive and negative oil shocks on
a country’s macro-economy, which is more influenced when oil
prices go up.

According to Bloom (2014), uncertainty has a countercyclical
relationship with the business cycle, and it can even amplify the
recession aftermath by weakening the effectiveness of economic
policies; this was confirmed by Baker et al. (2016), who noted that
the delayed recovery from the 2008 global recession is particularly
due to EPU. Consequently, the latter has had a significant impact
on economic growth (Balcilar et al., 2016), and its undesirable
consequences last a long time (Barrero et al., 2017).

The triangular relationships among oil price shocks, EPU, and
economic growth have not been fully studied; however, Chen
et al. (2019) reveal that there is a mutual negative relationship
between international oil prices and EPU, and both differently
affect China’s industrial economic growth. This is in line with
Aloui et al. (2016), who show that a unit increase (decrease) in
uncertainty will lead to a decrease (increase) in the demand for
and supply of crude oil through the negative (positive) impact on
economic activity.

To date, there have been only a few empirical research studies
focusing on the impact of oil price shocks on international trade.
However, several studies confirm the negative influences of oil
price volatility on international trade (Chen and Hsu, 2012;
Sotoudeh and Worthington, 2016). Furthermore, Le and
Chang (2013) take Malaysia as a net oil exporter, Japan as a
net oil importer, and Singapore as an oil refiner to examine the
response of trade balances to oil shocks. Rafiq et al. (2016)
investigates the effects of oil price shocks on oil exporters’ and
oil importers’ external balances and other relevant indicators. A
common finding of the two studies is that oil price changes have
an asymmetric impact on external accounts and trade
performances. In the same vein, Huntington (2015) suggests
that current account surpluses are significantly explained only
by net oil exports, whereas net oil imports do not explain current
account deficits (excluding rich countries). Taking Russia as an
oil exporter and China as an oil importer, two key findings are
concluded by Balli et al. (2021). First, Russia’s and China’s
responses differ substantially. Second, trade balances are much
more influenced by oil demand shocks than by oil supply shocks.

According to Colombo (2013), the impact of United States
EPU shocks on the EPU of major European countries is shown to
be quantitatively larger than that triggered by its European
counterpart. Moreover, Hassan et al. (2018) analyzes the
impact of EPU on United States trade with Canada, China,
Germany, Japan, and the United Kingdom. The findings reveal
a negative relationship between the EPU and United States trade
flows. Further, the partners’ trade is much less influenced by the
EPU as compared to United States trade, which is more sensitive
to increases in uncertainty.

As far as we understand, the most comprehensive and relevant
analysis reported to date is that of Wei (2019), who investigates
the effects of both oil price shocks and the EPU on China’s trade.
The results show, on the one hand, that the decrease in China’s

real exports is due to oil supply and EPU shocks. By contrast, oil
aggregate demand and oil-specific demand shocks lead to an
increase in China’s real exports; on the other hand, the increase in
real imports is significantly induced by both oil supply and oil
aggregate demand shocks. Meanwhile, they find that EPU shocks
play a substantial role in accounting for the variance of China’s
trade and can significantly increase its terms. Another interesting
outcome is that of the world oil market, which is responsible for
China’s trade decrease during the period 2008Q4- 2009Q3,
whereas the decrease in the period 2014Q4-2016Q1 is mainly
driven by global EPU shocks.

Overall, most of the previous literature focuses on large
economies, such as the United States, United Kingdom,
European Union, and Japan, and to a lesser extent, on
emerging economies. However, almost all of them agreed that
both oil price and EPU shocks have a large impact on many
economies, regardless of whether the effects are asymmetric or
not. Moreover, studies focusing on the relationship between oil
price shocks and trade are still scarce but have neglected to merge
EPU as a key indicator, especially in light of current accelerated
occurrences. Thus, further investigations are necessary to
carefully analyze this combination. Finally, there is no such
study that explores the EPU impact on Algeria as a pure
rentier economy, taking into consideration its impact on trade.
There is a literature gap and our paper contributes to bridging
this gap.

3 METHODOLOGY

In the beginning, we present the standard ARDL model proposed
by Pesaran et al. (2001) and the bounds test related to testing the
long-run relationship among the variables. The estimationmodel,
in this case, contains both long run and short coefficients, as
follows:

Δyt � α + ∑
n1

i�1
β1i Δyt−i +∑

n2

i�0
β2iΔxt−i + φ1yt−1 + φ2xt−1 + εt (1)

Where y is the dependent variable, x indicates the independent
variables vector, Δ denotes the differences series, β1i and β2i
represent the short run, while φ1 and φ2 represent the long-run
estimators. The bounds test proposed by Pesaran et al. (2001) to
examine the co-integration relationship can be used through
F-statistic to test the null hypothesis of no co-integration for
H0: φ1 � φ2 � 0. The outcomes provide two types of critical
values; lower bound value and upper bound value. If the bound
test F-statistic value is larger than the upper bound value, then we
can reject the null hypothesis, but if the bound test F-statistic
value is lower than the lower bound value, then we cannot reject
the null hypothesis of no co-integration. However, if the bound
test F-statistic value is located between the upper and lower
bound values, we cannot decide if there is a co-integration
relationship or not.

Nevertheless, McNown et al. (2018) proposed three null
hypotheses to distinguish between non-cointegration and co-
integration situations as follows:
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For F-statistic, the null hypothesis is H0: φ1 � φ2 � 0.
For t-dependent, the null hypothesis is H0: φ1 � 0.
For the F-independent, the null hypothesis is H0: φ2 � 0.
According to McNown (2018), the null hypothesis of no co-

integration can be rejected if at least one of the three null
hypotheses is rejected. Additionally, in the standard ARDL, no
decision can be made in the situation when the bound test
F-statistic value is located between the upper and lower bound
values. For this reason, McNown et al. (2018) used bootstrap
simulations to get the critical values for each test to eliminate this
drawback in Pesaran et al. (2001) procedure.

Back to Gallant (1981), Gallant, and Souza (1991), the Fourier
function has the power to capture smooth and sharp breaks even
when the number of breaks is not identified. Moreover, the
Fourier function, in this case, can be more appropriate than
dummy variables to present the structural breaks in the co-
integration relationship. The Fourier approximation with
cumulative frequencies allows us to include structural changes
and breaks even if we do not know the form, number, or date of
these changes and breaks. Following Yilanci and Gorus, (2020),
the Fourier function is as follows:

d(t) � ∑
n

k�1
α1sin(

2πkt
T

) +∑
n

k�1
α2cos(

2πkt
T

) (2)

Where k represents a specifically chosen frequency for the
approximation for the interval k � [0, 1, . . . , 5], π = 3.1415,
T represents the number of observations, and t denotes the trend,
where α1 and α2 are the estimation parameters. However, Ludlow
and Enders (2000) showed that only one frequency in the
approximation is executed. Therefore, the Fourier function will
be formulated as follows:

d(t) � α1sin(
2πkt
T

) + α2cos(
2πkt
T

) (3)

As a result, the FARDL model will be applied in this study as
follows:

Δyt � α + α1sin(
2πkt
T

) + α2cos(
2πkt
T

) + ∑
n1

i�1
β1iΔyt−i

+∑
n2

i�0
β2iΔxt−i + φ1yt−1 + φ2xt−1 + εt (4)

One of the most important drawbacks in ARDL and FARDL
models is the failure to detect the asymmetric effects of
independent variables on the dependent variable. In this
regard, Shin et al. (2014) suggested a new procedure in the
ARDL approach to capture the asymmetric impact by
introducing positive and negative partial sums of independent
variables. In this scenario, the decomposition is based on one
threshold to get two new variables that represent positive and
negative changes in the independent variables as shown below:

xt � x0 + x+
t + x−

t (5)
Where x+

t and x−t capture the effect of increasing or decreasing
the independent variable, which is expressed as follows:

x+
t � ∑

t

i�1
Δx+

t � ∑
t

i�1
max(Δxi, 0) (6)

x−
t � ∑

t

i�1
Δx−

t � ∑
t

i�1
min(Δxi, 0) (7)

Where Δ represents the difference operator. Automatically, the
NARDL model will be as follows:

Δyt � α + ∑
n1

i�1
β1iΔyt−i +∑

n

i�0
β2ix

+
t−i +∑

n

i�0
β3ix

−
t−i + φ1yt−1 + φ2x

+
t−1

+ φ3x
−
t−1 + εt

(8)
The null hypothesis of no co-integration in this model is

H0: φ1 � φ2 � φ3 � 0 can be examined using the bounds testing
approach.

The last extension of the ARDL approach in this
methodological review is the Multiple Threshold ARDL model
proposed by Pal and Mitra (2015, 2016). As described above, the
NARDL procedure depends on the decomposition of
independent variables into positive and negative partial sums
using only one threshold. The MTNARDL model splits the
variables into different partial sums using more than one
threshold. Moreover, the multiple thresholds decomposition
allows researchers to examine the independent variable’s
potential asymmetric effect on the dependent variable,
which varies between extremely small to extremely large
changes in the explanatory variable. Further, assuming m = 3,
the independent variable fluctuations are decomposed to m
partial sums as follows:

xt � x0 + x+
t + x∓

t + x−
t (9)

Where:

X+
t � ∑t

j�1ΔX
+
j � ∑t

i�1ΔXiI{ΔXi < q1} (10)

X∓
t � ∑

t

j�1
ΔX∓

j � ∑
t

i�1
ΔXiI{q1 ≤ΔXi ≤ q2} (11)

X−
t � ∑t

j�1ΔX
−
j � ∑t

i�1ΔXiI{ΔXi > q2} (12)

Where I{Z} represents an indicator function that takes a value of
zero if the conditions stated within {.} are not satisfied, and
otherwise, it takes a value of one. In this paper, we will use a
quintile decomposition to represent the partial sum series at 20th,
40th, 60th, and 80th quintiles of our independent variables
change at thresholds τ20, τ40, τ60 and τ80 respectively, which
are calculated using formulas:

Qi
t x

i
t(ω1) � ∑

t

j�1
Δxi

t(ω1) � ∑
t

j�1
Δxi

tI {Δxi
t ≤ τ20} (13)

Qi
t x

i
t(ω2) � ∑

t

j�1
Δxi

t(ω2) � ∑
t

j�1
Δxi

tI {τ20 <Δxi
t < τ40} (14)
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Qi
t x

i
t(ω3) � ∑

t

j�1
Δxi

t(ω3) � ∑
t

j�1
Δxi

tI {τ40 <Δxi
t < τ60} (15)

Qi
t x

i
t(ω4) � ∑

t

j�1
Δxi

t(ω4) � ∑
t

j�1
Δxi

tI {τ60 <Δxi
t < τ80} (16)

Qi
t x

i
t(ω5) � ∑

t

j�1
Δxi

t(ω5) � ∑
t

j�1
Δxi

tI {τ80 <Δxi
t} (17)

The MTNARDL model in this case is as below:

Δyt � α + ∑
n1

i�1
β1iΔyt−i +∑

5

j�1
∑
n2

i�0
βkΔxi

t−i(ωi) + φ1yt−1 +∑
5

j�1
φkx

i
t−1

+ εt

(18)
In this model, the null hypothesis of no co-integration is

H0: φ1 � φ2 � φ3 � φ4 � φ5 � φ6 � 0 can be examined using
the bounds testing approach through the critical values
provided by Pesaran et al. (2001).

4 DATA

In this paper, we used quarterly data covering the period from
1990Q1 to 2020Q4, with Algeria as one of the most important oil-
exporting countries in Africa and the world. Wementioned in the
introduction that macroeconomic variables exhibit nonlinear
behavior as a result of structural breaks, policy changes, and
other factors. Our sample spans 1990 to 2020 and includes major
structural breaks such as the 2008 financial crisis and COVID-19.
We used the MTNARDL approach, which takes into account
such sudden changes and policy shocks and provides more
detailed results than other econometric models. Our variables
are the Brent crude oil prices (OIL) obtained from Federal
Reserve Economic Data (FRED) in United States Dollars per
barrel. The World Uncertainty Index (WUI) is sourced from the
FRED database. In addition to imports and exports of goods and
services in Algeria, which came from IMF databases. All series are
seasonally adjusted using the Census X-12 method. The prime
objective of selecting Algeria is that Algeria is one of the world’s
top oil exporters, and its policies must be changed in light of
volatile oil prices and high uncertainty. Therefore, to respond
to the current economic crisis, it is vital to analyze the
relationship between oil prices, uncertainty, and trade in
Algeria.

Because the Algerian economy is heavily reliant on oil exports,
the first equation to be estimated in our study is a bivariate
analysis between oil prices and the uncertainty index in Algeria to
estimate the effect of oil price fluctuations in the world markets
on the level of uncertainty in Algeria. Secondly, in equations two
and three, we will estimate the effect of oil prices and uncertainty
index on both imports and exports separately as follows:

WUIt � a1 + a2OILt + εt (19)
EXPOt � a1 + a2WUIt + a3OILt + εt (20)
IMPOt � a1 + a2WUIt + a3OILt + εt (21)

Where WUI, OIL, EXPO, and IMPO are the world uncertainty
index, oil prices, exports, and imports respectively, a0i is the
constant term, aij are the coefficient of estimations and εit is the
white noise for each equation.

5 EMPIRICAL RESULTS

5.1 Unit Root Tests
The first step in our study is to determine the integration order of
the variables depending on unit root tests. For this reason, we use
three types of unit root tests. First, the traditional procedure of
unit root tests depends on bootstrapping critical values using the
method described in Park (2003). Second, to deal with the issue of
structural breaks, we use the modern test presented by Kapetanios
and Shin, (2006), which can detect up to five structural breaks.
Finally, since we use quarterly data, the seasonality problem in
our data is strongly upraised, thus we also use the Dickey
et al.(1984) test to detect the seasonality in our variables.

The results in Table 1 show that the OIL, EXPO, and IMPO
series suffer from unit-roots, structural breaks, and seasonality in
their level series at a 5% significance level. However, the first
difference of these series becomes stationary under the three tests
that integrate these variables in order one I 1). In the case of WUI,
the results reveal that the level series does not have unit roots or
structural breaks, but it does have seasonal behavior, which
disappears after the first difference. All these results indicate
that our four series are I 1) series.

5.2 ARDL Estimation
To examine the long-run relationship among the variables, we
rely on the ARDL model and its extensions (FARDL, NARDL,
and MTNARDL models) to detect both short-run and long-run
effects in our three models. The first endeavor is to use the
standard ARDL model presented by Pesaran et al. (2001), the
results of which are described in Table 2.

The first important result is the existence of a co-integration
relationship between oil prices and uncertainty at a 5% significance
level (see model 1), and among exports, oil prices andWUI at a 10%
significance level in model 2. Nonetheless, the variables under model
three (imports, OIL, and WUI) are not characterized by similar
behavior in the long run where the bound test statistic is lower than
the critical values at the 10% level.

On the other hand, the results reveal strong evidence of the long-
term impact of price fluctuations on the economic uncertainty in
Algeria, whereas the increase of oil prices by 1% increases the
uncertainty in Algeria by 0.10%; conversely, the effect of OIL on
WUI in the short run seems to be negative, therefore any increase of
OIL by 1% will lead to a 0.04% decrease in WUI. In model 2, the
results indicate a strong positive relationship between OIL and
exports in Algeria, where the increase of oil prices by 1% will
automatically increase exports in Algeria by 1.17%, given the oil
dominance on Algerian exports by more than 95%. The positive
effect of oil prices on exports also exists in the short run, where any
increase in oil by 1% increases exports by 0.06%.

The non-stability of three models based on CUSUM and
CUSUMSQ tests is the main problem with the ARDL estimation
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in this step, which can be explained by structural breaks in the series
and maybe the non-linearity relationship among the variables. For
this reason, we have decided to reinforce our study by using more
accurate models to get more robust results.

5.3 Fourier ARDL Estimation
Gregory and Hansen (1996) suggested that traditional co-
integration tests fail to reject the null hypothesis of no co-
integration relationship in the case of structural breaks. In the
same line, Maki (2012) declared that “most things change slowly
over time.” For this reason, we use the bootstrap ARDL model
with a Fourier function, which allows us to introduce multiple
smooth structural changes. Table 3 displays the results of Fourier
ARDL estimation. As discussed above, the FARDL model allows
us to investigate bootstrap critical values such as F-statistic,
F-independent, and t-dependent statistics. The evidence
indicates that the variables in the three models are not co-
integrated at the 5% significance level. However, it is
important to note that the main drawback of both ARDL and
FARDL models is the failure to detect asymmetric relationships
and impacts. Moreover, the literature indicates that the impact of
oil prices and the uncertainty index on various variables is
described by an asymmetric influence, as increases in oil
prices and the uncertainty index are not the same as their
decreases. This is what the next two models in our study
should address.

5.4 NARDL Estimation
Table 4 displays the NARDL model results for each of the three
proposed models. The findings confirm that there is
no significant relationship between positive shocks in oil prices

TABLE 1 | Unit Root Test Results.

Variables Bootstrap Unit Root Test

Level series 1st difference series

t-stat Boot cri. V Prob t-stat Boot cri. v Prob
WUI −3.3826 −3.0475 0.015 — — —

OIL −1.7636 −2.9221 0.463 −9.2422 −3.0993 0.000
EXPO −0.7086 −2.5105 0.620 −5.3641 −3.0020 0.000
IMPO −1.6013 −3.0009 0.628 −9.0453 −2.9539 0.000
Kapetanios test

t-stat Breaks t-stat breaks
WUI −8.8408 09q3-16q4-97q3-02q3-

13q1
— —

OIL −7.4481 04q2-14q3-99q1-08q3-
95q3

−8.9631 99q1-16q1-10q3-03q2-
95q3

EXPO −6.1928 06q3-95q2-12q1-02q4-
17q1

−9.6989 08q3-95q2-05q1-13q1-
98q4

IMPO −6.8894 03q3-14q2-08q2-99q1-
95q3

−9.1739 08q2-16q1-12q1-00q4-
97q1

Critical.v 10%: 8.016; 5%: 8.343; 1% -9.039
Dickey-Hasza-Fuller test

t-stat (level series) t-stat (1st difference series)
WUI −1.8647 −5.8647
OIL −0.0773 −9.1809
EXPO 2.02621 −9.3708
IMPO 0.3374 −9.0565
Critical.v −5.820

TABLE 2 | ARDL estimation results.

Variables Model 1 (WUI) Model 2 (EXPO) Model 3 (IMPO)

Panel A: Long run estimation

WUI — −0.6648 −1.0359
OIL 0.1066** 1.1697*** 0.4990
Constant −0.2433 4.5012*** 7.0963***

Panel B: Short run estimation

Δ WUI — −0.0391 −0.0318
Δ WUI (−1) −0.1827* — —

Δ WUI (−2) 0.1942** — —

Δ WUI (−3) — — —

Δ OIL −0.0401 0.0689*** 0.6073***
Δ OIL (−1) −0.1830** — 0.4946***
Δ OIL (−2) — — 0.2278***
Δ OIL (−3) — — —

Δ EXP — — —

ΔEXP (−1) — −0.0921 —

Δ EXP (−2) — 0.0130 —

Δ EXP (−3) — 0.1995** —

Δ IMP — — —

Δ IMP (−1) — — −0.4420***
Δ IMP (−2) — — −0.0709
Δ IMP (−3) — — 0.1680***
ECT −0.3001*** −0.0589*** −0.0307***
Constant −0.0730 0.2652** 0.2184

Panel C: Diagnostics

Bound test 5.6183*** 3.6220* 1.8709
R squared 0.5744 0.9912 0.9942
LM test 1.1579 3.6126*** 1.8861
ARCH 11.3759*** 1.8924 0.0597
CUSUM S N S
CUSUMSQ N N N

Note, ***, **, and * denote the level of significance at 1%, 5%, and 10%, respectively.
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and uncertainty in long run. However, we demonstrate that there
is a significant direct relationship between negative changes in oil
prices and uncertainty. It is confirmed that due to negative
changes in oil prices uncertainty is also reduced. While we
discovered that positive changes in oil prices promote exports
and imports. However, we discovered that there is no significant
association between uncertainty and export. While we found that
the increased uncertainty is having a negative impact on Algerian
imports.

Repetitively, the NARDL outputs reveal that the instability
issue persists in all three models, which prevents us from
depending on them and being cautious when dealing with
them. For this reason, the MTNARDL model becomes our
final resort for eradicating any problem and finding
relationships among our variables.

5.5 MTNARDL
To provide more robust results, we use the multiple threshold
ARDL model following Pal and Mitra (2015, 2016) and
decompose the oil prices and uncertainty index into
quintiles, which are five partial sum series of each variable
set at the 20th, 40th, 60th, and 80th quintiles. This
decomposition helps to detect the effect of extremely
large and extremely small changes in the independent
variables on the dependent variable. The MTNARDL

technique utilized in this study has the significant advantage
of allowing us to uncover asymmetric relationships between
proposed variables.

Table 5 shows the results of MTNARDL model. We found
that, unlike ARDL and NARDL models, MTNARDL estimates
are stable in the majority of cases based on CUSUM and
CUSUMSQ. Therefore, we embraced the findings of
MTNARDL technique in light of the more robust and valid
conclusions. The results reveal that small shocks in oil prices have

TABLE 4 | NARDL estimation results.

Variables Model 1 (WUI) Model 2 (EXPO) Model 3 (IMPO)

Panel A: Long run estimation

WUI+ — −0.4622 −0.103**
WUI- — −0.3333 −0.062
OIL+ −0.0169 0.6731*** ***0.260
OIL- 0.1622*** 0.2931 −0.039
Constant −0.0655 7.4384*** 8.480***

Panel B: Short run estimation

Δ WUI — — —

Δ WUI (−1) −0.0270 — —

Δ WUI (−2) 0.3307*** — —

Δ WUI (−3) 0.1626* — —

Δ WUI + — −0.0706* −0.0312
Δ WUI + (−1) — — —

Δ WUI + (−2) — — —

Δ WUI + (−3) — — —

Δ WUI - — −0.0509 −0.0027
Δ WUI - (−1) — — —

Δ WUI - (−2) — — —

Δ WUI - (−3) — — —

Δ OIL + −0.0991 0.1028*** 0.5255***
Δ OIL + (−1) −0.3684** — 0.4662***
Δ OIL + (−2) — — 0.2182**
Δ OIL + (−3) — — 0.4127
Δ OIL - −0.0889** 0.1213* 0.6282***
Δ OIL - (−1) — 0.1213** 0.5451***
Δ OIL - (−2) — — 0.3060***
Δ OIL - (−3) — — —

Δ EXP — — —

Δ EXP (−1) — −0.0508 —

Δ EXP (−2) — 0.0698 —

Δ EXP (−3) — 0.2409*** —

Δ IMP — — —

Δ IMP (−1) — — −0.4718***
Δ IMP (−2) — — −0.1436*
Δ IMP (−3) — — 0.1278**
ECT −0.5481*** −0.1527*** −0.0443***
Constant −0.0359 1.1361*** 0.3763

Panel C: Diagnostics

Bounds test 7.3822*** 3.9695** 1.5226
Wald SR OIL 12.9523*** 4.0289** 1.2213
Wald LR OIL 24.9261*** 5.6910** 1.1900
Wald SR WUI — 0.6857 1.4425
Wald LR WUI — 0.6878 1.4140
R squared 0.6123 0.9920 0.9945
LM test 0.4221 2.8940** 1.3070
ARCH 7.2516*** 1.7793 0.1531
CUSUM S N S
CUSUMSQ N N N

Note, ***, **, and * denote the level of significance at 1%, 5%, and 10%, respectively.

TABLE 3 | Fourier ARDL estimation results.

Variables Model 1 (WUI) Model 2 (EXPO) Model 3 (IMPO)

Panel A: Long run estimation

WUI — −0.5785 −0.9550
OIL 0.1017* 1.1722*** 0.5138
Constant −0.2256 4.4668*** 7.0370***

Panel B: Short run estimation

Δ WUI — −0.0363 −0.0308
Δ WUI (−1) −0.1787* — —

Δ WUI (−2) 0.1965** — —

Δ WUI (−3) — — —

Δ OIL −0.0495 0.0736*** 0.6095***
Δ OIL (−1) −0.1891** — 0.4957***
Δ OIL (−2) — — 0.2282***
Δ OIL (−3) — — —

Δ EXP — — —

Δ EXP (−1) — −0.0956 —

Δ EXP (−2) — 0.0085 —

Δ (EXP (−3) — 0.1950** —

Δ IMP — — —

Δ IMP (−1) — — −0.4418***
Δ IMP (−2) — — −0.0699
Δ IMP (−3) — — 0.1691***
ECT −0.3093*** −0.0628*** −0.0323***
Constant −0.0697 0.2805** 0.2274

Panel C: Diagnostics

K 0.100 0.740 0.850
F-statistic 5.618*** 3.622 1.871
t-dependent −4.057*** −2.636 −0.931
F-independent 4.601 4.326 2.284
R squared 0.5782 0.9913 0.9942

Note, ***, **, and * denote the level of significance at 1%, 5%, and 10%, respectively.
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TABLE 5 | MTNARDL estimation results.

Variables Model 1 (WUI) Model 2 (EXPO) Model 3 (IMPO)

Panel A: Long run estimation OIL decom WUI decom OIL decom WUI decom

WUI — −0.3578 — −0.3450 —

OIL — — 0.5310*** — 0.7788***
Qi

t OIL (ω1) -0.2033*** 0.0097 — 1.0810 —

Qi
tOIL (ω2) 0.3551* −0.3218 — 0.3389 —

Qi
tOIL (ω3) 0.0961 8.5990*** — 7.3751** —

Qi
tOIL (ω4) −0.0410 0.8544 — 0.0842 —

Qi
tOIL (ω5) −0.0300 0.9240*** — 0.4225** —

Qi
tWUI (ω1) — — −0.3452 — 0.1319

Qi
tWUI (ω2) — — −0.6955 — −2.1382

Qi
tWUI (ω3) — — −87.4518 — 0.2126***

Qi
tWUI (ω4) — — 0.3328 — −1.3287***

Qi
tWUI (ω5) — — −0.2921 — −0.0093

Constant −0.0240 0.6597*** 0.9325*** 0.6589* 1.0326**
Panel B: Short run estimation

Δ WUI - −0.0156 — — —

Δ WUI (−1) 0.0455 — — — —

Δ WUI (−2) 0.3881*** — — — —

Δ WUI (−3) 0.2201** — — — —

Δ OIL — — 0.0935*** — 0.5675***
Δ OIL (−1) — — — — 0.2288***
Δ OIL (−2) — — — — 0.1310**
Δ OIL (−3) — — — — —

ΔQi
tOIL (ω1) −0.1327*** 0.1771** — 0.6621*** —

ΔQi
tOIL (ω1) (−1) — — — 0.4381*** —

ΔQi
tOIL (ω2) 0.2318 −0.0765 — 0.6750*** —

ΔQi
tOIL (ω2) (−1) — — — 0.8690*** —

ΔQi
tOIL (ω3) 0.0628 0.7528 — 0.7160*** —

ΔQi
tOIL (ω3) (−1) — −1.4403** — - —

ΔQi
tOIL (ω4) — 0.2033 — 0.8029*** —

ΔQi
tOIL (ω4) (−1) — — — — —

ΔQi
tOIL (ω5) −0.0195 0.0626 — 0.4823*** —

ΔQi
tOIL (ω5) (−1) — −0.0125 — 0.3911*** —

ΔQi
tWUI (ω1) — — −0.0607 — 0.0778*

ΔQi
tWUI (ω1) (−1) — — - — 0.1060**

ΔQi
tWUI (ω2) — — −0.1224 — −0.9326***

ΔQi
tWUI (ω2) (−1) — — — — 0.5416**

ΔQi
tWUI (ω3) — — −15.3997 — 58.7709**

ΔQi
tWUI (ω3) (−1) — — — — −32.9114

ΔQi
tWUI (ω4) — — 0.0586 — −0.1651

ΔQi
tWUI (ω4) (−1) — — — — -

ΔQi
tWUI (ω5) — — −0.0514 — −0.0044

ΔQi
tWUI (ω5) (−1) — — — — —

Δ EXP — — — — —

Δ EXP (−1) — −0.0721 −0.0495 — —

Δ EXP (−2) — 0.1153 0.0620 — —

Δ EXP (−3) — 0.2644*** 0.2402*** — —

Δ IMP — — — — —

Δ IMP (−1) — — — −0.3384*** -0.2013**
Δ IMP (−2) — — — — −0.0017
Δ IMP (−3) — — — — 0.1347***
ECT −0.6529*** −0.2379*** −0.1760*** −0.0970*** −0.4730***
Constant −0.0156 1.7575*** 1.0289*** 0.7985*** 2.6018***

Panel C: Diagnostics

Bounds test 4.8044*** 4.8947** 3.5148* 2.5173 4.6025**
Wald SR OIL 4.8687*** 2.4808** — 9.4897*** —

Wald LR OIL 11.7051*** 3.1078** — 2.0797* —

Wald SR WUI — — 2.7692** — 6.3041***
Wakd LR WUI — — 9.8888*** — 55.6209***
R squared 0.6206 0.9935 0.9920 0.9945 0.9960

(Continued on following page)
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a negative impact on uncertainty. While medium and large oil
price shocks enhance exports and imports. Finally, we find that
uncertainty does not influence exports, although medium and
large uncertainty shocks decrease imports. Overall, the findings
indicate that there is an asymmetric relationship between oil
prices, uncertainty, and trade.

6 RESULTS DISCUSSION

The paper outcomes could be discussed based primarily on the
MTNARDL model, which provides more robust results, as
follows. 1) We uncover a significant negative relationship
between low or small oil prices and uncertainty. While there is
no statistical evidence to support the impact of higher oil prices
on uncertainty, as long as low oil prices are closely associated with
crises (2008, late 2014, and early 2020), uncertainty will inevitably
be induced in these troubled times, particularly if the country is
overly reliant on oil revenues. 2) Only positive oil price shocks
affect both exports and imports in the short and long run; in other
words, every rise in oil prices has triggered an increase in exports
and imports. The former is due to oil’s dominance in the structure
of Algerian exports, while the latter occurs as a result of the
recycling of oil rents throughout the business cycle, which leads to
higher wages and a greater tendency towards more private and
public consumption and investment, and this, in turn, stimulates
further demand for services and tradable goods, thus eventually
increasing import bills. 3) Uncertainty has no statistical impact
on exports; this is understandable given the dominance of oil in
exports, which makes it impossible to be influenced by local
indicators such as uncertainty; however, there is enough statistical
evidence to confirm the asymmetric effect of uncertainty on
imports with a negative relationship, i.e., a decrease (increase)
in uncertainty has a greater (lower) negative impact on imports.
This phenomenon can be explained through the countercyclical
behavior of uncertainty, which bottoms out during booms and
peaks during recessions. In the former situation, worries fade
away and future expectations becomemore optimistic. Therefore,
the state frequently tends to increase expenditure, which in turn
induces more public and private consumption on the one hand,
and encourages investment of savings on the other hand,
resulting in increased demand for consumer and capital goods,
and ultimately raising imports (a rising trend during 2008–2014,
with an unprecedented spike of roughly $60B in 2014) due to
Algeria’s inelastic production structure. In contrast, the Algerian
government has been forced to adopt an austerity policy since
early 2015 as a result of the recession, and thus the

aforementioned process would perversely change and
eventually lead to a decrease in imports (a downhill trend
from 2015 to currently settle at $40 billion, a change of - $20
billion compared to 2014).

Furthermore, other important results can be inferred. First, the
Algerian trade performance (both imports and exports) appears
to directly be influenced by positive oil price shocks, whereas
negative shocks have an indirect impact on imports via their
effect on uncertainty. Second, the uncertainty asymmetric effect
on imports confirms that the Algerian economy responds much
more in welfare times. Finally, the previous two results provide a
much clearer picture of Algerian trade performance in particular
and the economic process in general during the welfare (high oil
prices and low uncertainty) to assist Algerian decision-makers.

7 CONCLUSION AND POLICIES

This study investigates the relationship between oil prices,
uncertainty, and trade in Algeria from 1990Q1 to 2020Q4. This
study primarily built two models: the first model examines how oil
prices affect uncertainty and the second model examines how oil
prices and uncertainty affect trade. To achieve the objective of the
study we used different extensions of the ARDL model, such as the
standard ARDL model presented by Pesaran et al. (2001), the
Fourier ARDL model presented by McNown et al. (2018), the
NARDL model proposed by Shin et al. (2014), and the
MTNARDL model introduced by Pal and Mitra (2015, 2016).
However, we used the findings of MTNARDL model because,
when compared to other models, it generated the best results for
the three estimated models, primarily in terms of estimator stability.

The findings confirm that small shocks in oil prices have a
negative effect on uncertainty. While medium and large shocks in
oil prices increase exports and imports. Finally, we discover that
uncertainty has no significant effect on exports, while medium
and large shocks in uncertainty reduce imports. Overall, the
findings support the existence of an asymmetric relationship
between oil prices, uncertainty, and trade.

7.1 Policy Implications
Overall, decision-makers should consider preparing for remedial
reforms and a peaceful transition from a mono-export to a
diversified economy, by providing opportunities for the private
sector to mitigate the impact of oil price fluctuations and
uncertainty shocks on trade performance, even if it may come at
the cost of a social shock, but it is wiser than dealing with multiple
shocks when they occur.

TABLE 5 | (Continued) MTNARDL estimation results.

Variables Model 1 (WUI) Model 2 (EXPO) Model 3 (IMPO)

LM test 1.2737 1.1547 2.7419** 7.4597*** 2.0776*
ARCH 5.9535*** 4.4351*** 0.9456 2.0128* 1.7803
CUSUM S S S S S
CUSUMSQ N S S N S

Note: ***, **, and * denote the level of significance at 1%, 5%, and 10%, respectively.
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