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Editorial on the Research Topic
Low-carbon economy and sustainable development: driving force,
synergistic mechanism, and implementation path

Introduction

In the face of escalating global environmental challenges, transitioning toward a low-carbon
economy has become a pressing priority for nations worldwide. The overarching aim is to
achieve sustainable economic growth while mitigating the adverse impacts of climate change,
resource depletion, and environmental degradation. This Research Topic, Low-Carbon
Economy and Sustainable Development: Driving Force, Synergistic Mechanism, and
Implementation Path, featured in Frontiers in Environmental Science, brings together
20 insightful articles that explore the driving forces and synergistic mechanisms
underpinning low-carbon transitions. The research highlights how innovative solutions and
interdisciplinary strategies can support sustainable development across diverse sectors.

The role of agriculture in reducing carbon emissions

Agriculture plays a central role in global carbon emissions, and this sector must be part
of the solution to achieving a low-carbon economy. Several articles within this Research
Topic focus on agriculture’s potential for carbon reduction.

In The Influence of Agricultural Insurance on Agricultural Carbon Emissions: Evidence from
China’s crop and livestock sectors, Jin et al. analyze the impact of agricultural insurance on reducing
carbon emissions across China’s crop and livestock sectors. The study reveals that agricultural
insurance encourages farmers to adoptmore sustainable practices, such as restructuring crop types
and expanding scale, which, over time, leads to significant carbon emission reductions.
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Similarly, Zhang et al., in How the Rural Digital Economy
Influences Agricultural Carbon Emissions, investigate the role of
digital technologies in enhancing green agriculture and reducing
emissions. The study highlights how rural digital infrastructures,
especially in highly developed regions, contribute to the adoption of
low-carbon agricultural technologies, thereby reducing overall
emissions in the agricultural sector.

Liang et al., in The Impact of Green and Low-Carbon Agricultural
Production on Farmers’ Income in Minority Areas, explore the
relationship between low-carbon agricultural practices and farmer
income in China’s rural areas. Their findings suggest that adopting
green and low-carbon technologies not only contributes to reducing
emissions but also improves the socioeconomic wellbeing of farmers,
highlighting the dual benefits of low-carbon agricultural transformation.

Corporate governance and financial
mechanisms in promoting sustainability

Corporate governance and financial mechanisms are
instrumental in steering businesses toward sustainable practices.
Several papers in this Research Topic examine how corporate and
financial sectors can contribute to carbon reduction and
sustainability goals.

Li andWang, inDoes State Capital Equity Affect ESG Performance
of Private Firms?, examine how state-owned capital influences the
environmental, social, and governance (ESG) performance of private
firms in China. The study finds that state capital can significantly
enhance corporate governance, thus improving ESG outcomes and
driving sustainable corporate practices.

In The heterogeneous impacts of environmental technologies and
research and development spending on green growth in emerging
economies: The moderating role of financial globalization, Borojo
investigate how financial globalization and environmental
technologies contribute to green growth. Their research
underscores the importance of financial mechanisms in fostering
innovation and promoting green technologies, particularly in
emerging economies where such developments are essential for
reducing environmental impacts while sustaining economic growth.

Khoza and Biyase, in Symmetric andAsymmetric Effects of Financial
Development on Ecological Footprint in South Africa, delve into the
complex relationships between financial development and ecological
footprints. Their findings reveal that while financial markets tend to
promote environmental improvements, financial institutions can have
mixed effects, underscoring the need for nuanced policy interventions to
ensure sustainable financial development.

Technological innovation and
urbanization as catalysts for a low-
carbon future

Technological innovation and urbanization are powerful drivers
of low-carbon transitions. Several articles in this Research Topic
focus on the role of technology and urbanization in promoting
sustainable development.

Khan and Khan, in The Effect of Technological Innovations,
Urbanization, and Economic Growth on Environmental Quality,

analyze how technological advancements in Belt and Road
Initiative (BRI) countries can mitigate the negative environmental
impacts of rapid urbanization. Their findings suggest that fostering
technological innovation, particularly in urban areas, is key to
achieving carbon reduction goals without compromising
economic growth.

Similarly, Han, in Can Intellectual Property Rights Pilots Reduce
Carbon Emissions?, investigate the impact of intellectual property rights
(IPR) on carbon emissions in Chinese cities. The study shows that IPR
pilots, by encouraging cleaner technologies and industrial
restructuring, contribute significantly to carbon emissions reductions.

Chai et al., in The Impact of Household Population Aging on
Carbon Emissions: Micro-scale Evidence from China, examine how
demographic shifts impact carbon emissions at the household level.
The study finds that as populations age, carbon emissions tend to
decrease due to changes in consumption patterns and lifestyle,
offering a unique perspective on the relationship between
population aging and carbon reduction.

Regional synergies and policy
interventions for green development

Several contributions emphasize the importance of regional
cooperation and policy interventions in promoting green
development.

Yu and Zheng, in Efficiency of Green and Low-Carbon
Coordinated Development for Mega Urban Agglomerations, focus
on the Guangdong-Hong Kong-Macao Greater Bay Area, analyzing
how coordinated regional policies can promote sustainable
development. The study highlights that regional cooperation and
policy integration are essential for achieving balanced and effective
low-carbon development.

In Collaborative Integration or Policy Diversification: The
Influence of Policy Synergy on Regional Green Development, Chang
and Wang explore how synergistic policy approaches—such as
combining carbon trading and free trade zone policies—can
enhance green development in urban areas. Their findings
demonstrate that integrated policies amplify positive outcomes,
fostering regional sustainability efforts.

Tang et al. (2024), in Resources on carbon emissions reduction in
China, analyze the role of natural resource accountability audits in
enhancing green technological innovation and reducing emissions
across China. Their findings underscore the importance of
governance in driving sustainable resource management and
achieving carbon reduction targets.

Public perception and stakeholder
engagement in the low-carbon
transition

The role of public perception in influencing environmental
policy and corporate behavior is explored in Sentiment Analysis
of Global News on Environmental Issues by Bucur et al.. Using
sentiment analysis of global news articles, the authors find that
public perception of environmental issues significantly influences
both policy and corporate actions. Positive sentiment toward
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sustainability enhances stakeholder engagement and accelerates the
low-carbon transition.

Conclusion and future directions

The 20 articles in this Research Topic provide a comprehensive
overview of the driving forces and synergistic mechanisms that
promote a low-carbon economy and sustainable development.
From agriculture and corporate governance to technological
innovation and regional policy, this Research Topic offers valuable
insights for policymakers, business leaders, and researchers
committed to achieving sustainability goals. As the global
community continues to grapple with the challenges of climate
change, these contributions emphasize the importance of
interdisciplinary approaches and cross-sector collaboration. By
integrating technological advancements, financial mechanisms, and
public engagement, stakeholders can drive meaningful progress
toward a low-carbon, sustainable future.

We hope that this Research Topic serves as a valuable resource
for future research, policy formulation, and practical
implementation in the pursuit of a more sustainable and resilient
global economy.
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Analysis on the mediating effect
and regulating impact of carbon
finance on quality-focused
economy advancement

Lili Jiang1,2, Huawei Niu1*, Yufan Ru3*, Aihua Tong2* and
Yifeng Wang2*
1School of Economics and Management, China University of Mining and Technology, Xuzhou, China,
2Business School, Suqian University, Suqian, China, 3School of Rural Revitalization, Fujian Agriculture and
Forestry University, Fuzhou, China

This article uses the entropy weight method to calculate China’s economic high-
quality development index and carbon finance development index from 2000 to
2020. Additionally, it conducts empirical examinations to scrutinize impacts of
carbon finance regarding quality-focused development of China’s economy
through dynamic spatial models. The findings reveal that the advancement of
carbon finance substantively promotes the quality-focused economy advancement
through enhancing the overall factor productivity, thereby establishing a mediating
effect. Concurrently, the allocation of resources in green fiscal expenditure assumes
a moderating effect, subsequently amplifying the promoting effect of carbon
finance regarding quality-focused economy advancement. Consequently, it is
recommended that a robust financial milieu be established, energy efficiency be
enhanced, scientific and technological progress be bolstered, total factor
productivity be further augmented, and the expenditure on green conservation
be escalated. These measures will effectively stimulate the quality-focused
development of China’s economy.

KEYWORDS

quality-focused economy advancement, carbon finance, spatial dubin model, mediating
effect, regulating effect

1 Introduction

Currently, Chinese economy has shifted from a stage of swift expansion to one focusing
on quality. The nation finds itself in a crucial period where economy advancement models
are being reformed, internal economic structures are being optimized, and the driving forces
of progress are being altered. The pressing issue at hand is how to enhance the quality of
economy advancement across all regions. The emergence of the low-carbon economy
presents a potential solution to this quandary. Carbon finance, also known as carbon
material trading, pertains to investment and financing endeavors within the low-carbon
economy that have stemmed from the Kyoto Protocol. These activities encompass direct
investments and financing, carbon trading, bank loans, and other financial operations that
contribute to the restriction of pollutant emissions as well as the advancement among related
technologies and projects. The rise of “carbon finance” can be attributed to shifts in
international climate policies and the establishment of two significant global
conventions—the United Nations Framework Convention on Climate Change and the
Kyoto Protocol. Developing the low-carbon economy propels the growth of Chinese carbon
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finance, which possesses a strong foundation for its expansion. By
2030, China’s reduction in carbon dioxide emissions is projected to
reach 2–3 billion tons, surpassing the cumulative emissions
reduction achieved by European countries. Environmental quality
degradation and the emergence of an energy crisis have made it
evident that the previous extensive mode of economic growth,
reliant on “high investment, high energy waste, and great
contamination,” is no longer sustainable. Nevertheless, advancing
Chinese carbon finance remains challenging concerning its depth
and breadth. In the global context of climate change, determining
how to attain quality-focused economy advancement is a significant
proposition in the Chinese context. It is imperative for scholars to
conduct in-depth research to address these questions: Is the
development of carbon finance truly conducive to promoting
quality-focused economy advancement? What mechanisms
underlie the role of carbon finance in fostering quality-focused
economy advancement?.

Drawing on the current research progress in carbon finance
and the pursuit of superior economic advancement, this research
primarily examines three focal areas. Firstly, it employs the entropy
weight technique to gauge the index of first-rate economic
advancement and the index of carbon finance development.
Secondly, through empirical methods, it explores carbon finance
impacts on facilitating superior economy progress. Thirdly, it
thoroughly dissects how carbon finance impacts quality-focused
economy advancement while examining the mediating effect using
total factor productivity and the moderating effect using green fiscal
expenditure.

The primary contributions of this study can be summarized as
follows: Firstly, by synthesizing the existing literature, this study
constructs an evaluative framework for the development of carbon
finance. Utilizing the entropy weight approach, it quantifies the
degree of advancement in carbon finance, presenting novel
perspectives to investigate its developmental aspects. Moreover, it
explores innovative approaches for fostering quality-focused
economic growth through the utilization of carbon finance, thus
expanding the breadth of research outcomes pertaining to superior
economic advancement. Secondly, this paper establishes a diverse
range of models for assessing the effect regarding carbon finance
upon quality-focused economy advancement, ensuring the
robustness of the research findings. Additionally, the study
employs path analysis and mechanism examination to elucidate
the precise pathways and mechanisms by which carbon finance
influences superior economic progress. Thirdly, this manuscript
offers pertinent countermeasures and recommendations, possessing
significant practical implications for fostering quality-focused
economy advancement and embarking on a sustainable low-
carbon trajectory within China.

The present paper is organized in the following manner: Firstly,
the introduction section serves to present the research backdrop and
the consequential importance of this study, outlining the key issues
to be addressed and the potential contributions to be made.
Subsequently, the second segment comprises an extensive
literature review. The third section establishes the theoretical
framework. The fourth section delineates the procedure of
variable selection and model formulation. The ensuing fifth part
encompasses empirical investigations. Finally, the sixth section
offers a succinct summary along with policy recommendations.

2 Literature review

2.1 Carbon finance

The emergence of carbon finance is closely relevant to the
environmental finance advancement at the end of last century. It
can be said that carbon finance is a branch of low-carbon
environmental finance. The concept of environmental finance
was first proposed by Jose Salazar in 1998. He defines
environmental finance as the innovation of the financial industry
to the changes in the environmental industry. Since then, numerous
academics studied the connection between finance and the
environmental industry. However, there is no unified definition
of carbon finance. In a broad sense, Sonia Labatt and Rodney R.
Waite (2007) Labatt and Rodney (2002) believe that carbon finance
is the financial method and means to solve climate problems in a
society with limited carbon emissions through market-oriented
means. Mrijer and Damania (2006) believes that carbon finance
is an innovative mechanism design. In a narrow sense, the World
Bank defines carbon finance as a series of institutional arrangements
such as trading and allocation aimed at reducing greenhouse gas
emissions.

Foreign carbon finance markets started earlier, and the research
on carbon finance is relatively mature. According to the relevant
literature, the research on carbon finance abroad mainly focuses on
carbon trading price, carbon finance index measurement, carbon
finance market risk measurement and other aspects.

In terms of carbon trading prices, Alberola and Chevallier.
(2009) finds that oil and natural gas prices were the main driving
factors of carbon trading price fluctuations. Kijima (2009) Alberola
et al. (2008) finds that the carbon transaction price changes in the
European carbon market are complicated, and the carbon price
sometimes increases suddenly, which aggravates the investment risk.

Chevaliers (2012) Kijima et al. (2009) introduces the constant
conditional correlation (CCC) and dynamic conditional correlation
MGARCH (DCC-MGARCH) models to analyze day-to-day
information from April 2005 to December 2008, and finds that
the carbon price return rate has fluctuation aggregation, and there
are robust autoregressive conditional heteroscedasticity (ARCH)
and GARCH effects.

In terms of the measurement of carbon finance index, Mohsin
and Taghizadeh-Hesary (2021) Chevallier. (2012) calculate the low
carbon finance development index with a similar DEA
comprehensive indicator method, believing that it will help
attract foreign direct investment and private investment in the
low carbon energy industry through the analysis of the index.

In terms of risk measurement of carbon financial market, Sultan
(2009) Mohsin et al. (2021) applies GARCH-X model to study the
optimal hedging ratio of carbon market and finds that complex
hedging transactions in the market are the main factors of risk in
carbon financial market. William Blyth (2011) (Blyth and Bunn,
2011) uses regression analysis and Monte Carlo simulation to
estimate risks concerning the market as well as policy of EU ETS
underlying diverse carbon trading prices, while examines the
conversion between the two risks through comparative analysis.
Li et al. (2013) uses Copula-GARCH-EVT model to measure the
VAR of carbon futures and finds that this model was more effective
than other models under distribution conditions.
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Jiao et al. (2018) proposes an economy-state-dependent (SD)
method to evaluate the value at risk (VaR) of the carbon market,
encompassing the information of macroeconomic principles in the
VaR model and forecast of carbon revenue. The empirical results of
EU’s carbon financial market shows that the SD method outperforms
the conventional non-SD method in the out-of-sample VaR forecast,
especially when the carbon market experienced large-scale economic-
driven structural damage.

2.2 Quality-focused economy advancement

The notion of superior economy advancement was initially
introduced in the report of the 19th National Congress of the
Communist Party of China in 2017. It underscored the transition
of Chinese economy from a stage of swift expansion to quality-
focused mode. Foreign academics have primarily directed their
research efforts towards scrutinizing the caliber of economic
expansion in this regard.

Vinod Thomas (2001) (Thomas, 2001) argues that in addition to
the accumulation of material capital in the traditional sense
impacting the quality-focused economic growth, the role of
human capital input and natural capital input in economy
advancement should also be considered. Martinez and Mlachila
(2013) define quality-focused growth as strong, stable and
sustainable growth when studying the quality and speed of
economic growth. Mlachila et al. (2017) regards quality-focused
growth as high-growth, sustainable and pro-social growth.

Regarding measuring quality-focused economy advancement,
academics such as Solow (1956), Jorgensen and Griliches (1967) and
Saleem et al. (2019) adopt the single index measurement method to
construct the economic model with total factor productivity as the
power source of economic growth. However, it is obvious that a sole
indicator is inadequate to calculate the degree of quality-focused
economy advancement. Some scholars use the multi-indicator
measurement method. Gelb et al. (1993) and Cubas et al. (2016)
take total factor productivity as an evaluation standard in measuring
the quality of economy advancement. Agbola (2014) focuses on
foreign direct investment and human capital, Ghosh (2017) focuses
on banking globalization and ICT, Zeira (2009) studies education
and other factors. Bai et al. (2012) find that China’s economic
growth has significant spatial spillover effect by creating an entropy
calculation program and using spatial econometric model and
Moran index. Monastiriotis (2013) discusses the quality of
economy advancement in Central and Eastern European
countries by nonparametric method, and shows the unbalanced
dynamic evolution trend of per capita income by using Moran index
and spatial econometric model. Papalia and Bertarelli (2013) find
the convergence characteristic of the economic growth rate of
various developed countries through the procedure of determining
entropy. Other researchers measure the quality of economy
advancement by constructing indicators. As an illustration, Qi
(2016) establishes a quality measurement system of economic
growth from four aspects: scale, economic performance,
organizational structure and coordination. In addition, Niebel
(2018) and other scholars use various econometric models to
discuss the specific effect of economy advancement drivers on
the quantity of economy growth, and include education level,

labor quality, degree of globalization, modern communication
technology, and degree of political stability as evaluation indicators.

2.3 Carbon finance and quality-focused
economy advancement

There exists a paucity of literature concerning the correlation
betwixt carbon finance and the advancement of quality-focused
economy advancement. A few erudite minds have indeed embarked
upon investigations pertaining to the nexus linking carbon
emissions and the economy growth.

Grossman and Krueger (1995) postulated the hypothesis of the
environmental Kuznets Curve (EKC), which posits an inverse
U-shaped association between carbon dioxide emissions and
income levels. Tahvonen and Salo (2001) examined alterations in
renewable and non-renewable energy consumption across various
developmental stages. They concluded that a similar inverted
U-shaped pattern existed between carbon dioxide emissions and
economic income levels, irrespective of the impact of environmental
policies. Empirical analysis of Chinese data also confirms this
inverted U-shaped relationship. Ji (2015) employed fixed effects
panel regression models and random effects panel regression
models, utilizing data from 28 provinces in China spanning from
1996 to 2010. The findings revealed an inverted U-shaped curve
relationship between carbon emissions and economic growth,
wherein energy consumption intensity and foreign direct
investment exhibited positive correlations with carbon emissions.

Moreover, certain academics postulate the existence of an
“inverted N-shaped” correlation amid economic expansion and
carbon emissions. This result is mainly attributed to Professor
Roman (2016) (Luo, 2016), who constructs the equation based on
the accounting formula of GDP of expenditure method, and uses
the approximate uncorrelated regression rule to jointly estimate
the data from 1994 to 2014. On this basis, he estimates the value
from 2015 to 2025, and discusses the change form and inflection
point of China’s carbon emission EKC curve. The results show
that the current EKC curve of carbon dioxide presents an
“inverted N-type,” that is, with the growth of time, the
economic level is also increasing, while the carbon emissions
present a trend of first decreasing, then increasing and then
decreasing. Munir et al. (2019) (Ahmad et al., 2019)
empirically test the influencing mechanism among energy
consumption, financial development and economic growth,
and find that energy consumption and financial development
significantly influenced economic growth.

Dou and Cui (2017) point out in his paper that China is facing
climate change, environmental protection and energy security,
and proposed that China must create a low-carbon society to
solve these problems. Dmitriy Li, Jeong Hwan Bae and
Meenakshi Rishi (2021) (Li et al., 2022) analyze the
correlations among energy, carbon emissions and economic
growth in the sub-Saharan region and point out that all types
of energy assistance will contribute to economic growth in the
long run. Khan et al. (2022) examine the correlation between
economic expansion and carbon emissions, employing income
data from nations worldwide. They ascertain that the utilization
of sustainable energy sources can likewise influence a nation’s
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economic advancement by diminishing carbon emissions and
enhancing environmental standards.

In conclusion, the extant body of literature has addressed the
essence, quantification, and determinants of superior economic
advancement, as well as providing insights into the functioning
of the carbon emissions rights trading market, the valuation of
carbon emissions rights and their financial derivatives, and the perils
associated with the carbon financial market. Nevertheless, there
exists a dearth of research findings concerning the relations among
carbon finance and quality-focused economy advancement, and
deficiencies persist in understanding the pathways, variances, and
mechanisms through which carbon finance influences superior
economic progress. This study appraises the degree of superior
economic advancement and carbon finance maturation, delves into
the causal paths by which carbon finance affects quality-focused
economy advancement, examines the regional and temporal
attributes of carbon finance’s impact on superior economic
progress, and scrutinizes the mechanisms underlying carbon
finance’s influence on quality-focused economy advancement. In
doing so, it bridges the gaps in the current scholarship and
compensates for its deficiencies.

3 Theoretical analysis

3.1 The meaning and characteristics of
carbon finance

Carbon finance is an investment activity of financial products
and related derivatives under the background of world climate
change, with the carbon market as the carrier, supported by laws
and regulations, and with carbon emission rights as the target.
Carbon finance serves as a catalyst for directing the aggregate
financial resources of the entirety of society toward facilitating
the progression of a low-carbon, environmentally sustainable
economy. Its overarching objective is to curtail the emission of
greenhouse gases, fortify environmental governance, and ultimately
advance the superior development of diverse sectors and industries
within the national economy.

China’s carbon finance emphasizes the phased task of serving
“carbon neutrality and carbon peaking”. Carbon finance is, not only
a product of the financialization of the carbon market, but also an
inherent requirement of social progress for the zero-carbon
development of the financial industry.

3.2 Carbon finance can improve total factor
productivity and drive quality-focused
economy advancement

Carbon finance exerts a substantial impetus on the supply-side
structural reform, fostering it through two discernible dimensions.
This facilitation proves beneficial in enhancing China’s aggregate
factor productivity and, consequently, propelling superior economic
advancement within the nation.

Conversely, the development of carbon finance has always
adhered to the main line of supply-side structural reform. First,
the progress in carbon finance drives the continuous innovation of

carbon finance derivatives, guides green, low-carbon and clean
production in the carbon market, improves the level of the
relevant manufacturing industry chain, and increases quality-
focused physical and financial products that meet the needs of
the people. Second, carbon finance promotes the reoptimization
of the allocation of labor, land, capital and other elements in social
reproduction, adjusts the unreasonable resource diversion structure,
and guides the economic structure to transform toward a green and
sustainable direction. Third, carbon finance is a good thing for the
entire economy. It puts forward low-carbon, energy-saving, and
green development requirements for many manufacturing
industries and even the financial industry itself. It provides
capital and an institutional basis for innovative technologies by
expanding and improving the financial services system.

Whereas, the progress in carbon finance indicates the execution
of the “eight-character policy”. First, the achievements of “three
eliminations, one reduction and one supplement” were consolidated.
Carbon finance is, not only conducive to removing high-polluting
production capacity and potential financial leverage in the carbon
market, but also reduces the production and operation costs of
enterprises through technological upgrades. In addition, carbon
finance guides the construction of environmental infrastructure to
compensate for the shortcomings of China’s environmental
protection and ecological construction. Second, it enhances the
vitality of enterprises and individuals. Developing carbon finance
improves the access mechanism of the carbon market, attracting
quality-focused enterprises, promoting the subjective initiative of
entrepreneurs, stimulating the vitality of carbon market entities,
and promoting the healthy development of manufacturing
enterprises. Third, the focus is on developing green industrial
clusters through social investment, improving the level of the
industrial chain, and enhancing the competitive advantage of
China’s new format supply market. Fourth, national economic
cycle must run smoothly. Developing carbon finance is closely
related to social life and production, which greatly reduces the
possibility of deviating from the real to the virtual, promotes the
benign interaction between the real manufacturing economy and
finance, and consolidates the foundation for stable financial growth
(Figure 1). According, the following assumptions are proposed:

Hypothesis 1: Developing carbon finance promotes quality-
focused economy advancement in China by enhancing total
factor productivity.

3.3 Green fiscal expenditure is able to
enhance the development effect of carbon
finance and consolidate the basis of quality-
focused economy advancement

The modern economic system is composed of the interrelation
and internal connection of all links, levels and fields of social and
economic activities, and it is very complex.

General Secretary Xi Jinping reiterated about developing a
modern economy system is a major task that is systematic,
overall and long-term. Therefore, this part selectively prioritizes
assessing the supporting function of the green development system
and economic system with carbon finance as the core to quality-
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focused economy advancement and the internal mechanism of the
government’s strengthening of carbon finance development through
fiscal means.

The establishment of a resource-conserving and ecologically
sustainable green development system constitutes an integral facet

of a contemporary economic framework, in addition to being a
fundamental component of China’s economy’s quality-focused
advancement.

Carbon finance may become the core driving force for
promoting the construction of a green development system,

FIGURE 2
Moderating effect of green fiscal expenditure on quality-focused economy advancement.

FIGURE 1
Mediating effect of total factor productivity on quality-focused economy advancement.
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promoting low-carbon economic growth through interest rates, and
thus contributing to quality-focused economy advancement.
However, the economic market will inevitably have defects. To
avoid market failure and smooth the economic cycle, the
government’s macro-control is particularly important. In addition
to increasing fiscal investment directly contributing to quality-
focused economy advancement, the Chinese government can also
promote the development of carbon finance by increasing green
fiscal expenditure, thereby supporting quality-focused economy
advancement. Green fiscal funds have good traction, and the
development of green loans through preferential interest rates
and other means contributes healthy and sustainable growth of
carbon finance. The injection of green fiscal expenditures is
conducive to optimizing the capital structure of carbon finance,
and with the support of laws, regulations and macro policies, the
financial risks in the carbon market are effectively alleviated.
Therefore, green fiscal expenditure can promote the growth of
carbon finance, which in turn promotes quality-focused economy
advancement (Figure 2). Thus, the following assumptions are put
forth:

Hypothesis 2: As an external adjustment variable, green fiscal
expenditure can effectively enhance the impact of carbon finance on
quality-focused economy advancement.

4 Variables and models

4.1 Variables

According to the empirical arrangement, Table 1 presents the
variables involved in this paper:

4.2 Introduction to variables

4.2.1 Explained variable
The variable under consideration pertains to the index

measuring superior economic advancement, prominently
encompassing five core facets: innovation, coordination,
environmental sustainability, international engagement, and
equitable distribution. As delineated in Table 2, this investigation
has meticulously chosen 35 essential indicators from the
abovementioned dimensions to construct an evaluative
framework for quality-focused economy advancement.

4.2.2 Core explanatory variables
Carbon finance index is the core explanatory variable.

According to the theoretical part, this paper selects 12 secondary
indicators from three aspects, financial environment, energy
efficiency, and technological development, to construct a carbon
finance evaluation index system, as shown in Table 3.

4.2.3 Mediating variable
Total factor productivity (TFP). On the one hand, carbon

finance can directly influence the quality-focused development
of the economy, in addition, it can indirectly improve the level of
quality-focused economy advancement by improving total factor
productivity. Therefore, total factor productivity is the mediating
variable in this paper. The research draws on the method of Pastor
et al. (2005), under the framework of data envelopment analysis of
global reference, and comprehensively considers the super
efficiency SBM model of undesired output and the Malmquist
productivity index to measure the growth of urban total factor
productivity and calculate the total factor productivity of each
Chinese region.

TABLE 1 Variable selection.

Type Name Meaning Method

Explained variable HQED Quality-focused Economy advancement
Index

Entropy weight approach

Core explanatory
variables

CF Carbon Finance Development Index Entropy weight approach

Mediating variable TFP Total factor productivity Measuring Total Factor Productivity Growth Using the Super Efficiency SBM Model and
Malmquist Productivity Index

Moderating variable GPE Green fiscal expenditure Per capita environmental protection expenditure

Control variable ODR Old age dependency ratio Population over 65/working age population

CDR Child dependency ratio The ratio of the population of children to the population of working age

PB Birth rate (Number of births during the year/total population during the year)×1000‰

RU Unemployment rate Unemployed/Labor Population

GOV Level of government spending General budget spending/regional GDP

INFT Construction level of transportation
infrastructure

Class road mileage/area

URBZ Urbanization level The ratio of urban population to total population in each province

EDUT Education time Years of education per capita

EDUB Number of people educated The proportion of people with higher education
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TABLE 2 Evaluation System of High Quality Economy advancement (HQED).

Evaluation
dimension

Subindices Basic indicator Metrics Attributes

Innovative
Development (ID)

Innovation input Level of researcher engagement Full-time equivalent of R&D personnel/employment +

R&D spending level R&D spending/regional GDP +

Innovation output Technologymarket turnover ratio Technology market turnover/R&D investment +

Number of patents granted per capita Number of Patent Grants/Number of Permanent Residents +

Coordinated
Development (CD)

Regional coordination Regional consumption ratio Per capita annual consumption of residents in each province/
per capita annual consumption of national residents

+

Regional income ratio Per individual expendable earnings of inhabitants in every
province/per individual expendable earnings of the country’s

population

+

Urban and rural
coordination

Urban and rural fixed asset
investment ratio

Proportion of assets property investment of metropolitan and
rural inhabitants

-

Urban–rural income ratio Proportion of each person’s yearly disposable income of city
and countryside inhabitants

-

Urban–rural consumption ratio Proportion of each person’s yearly spending of city and
countryside inhabitants

-

Industrial coordination Advanced industrial structure Output value of the tertiary industry/output value of the
secondary industry

+

Investment and
consumption
coordination

Investment consumption ratio Fixed Asset Investment/Consumption Expenditure +

Investment rate Fixed asset investment/regional GDP +

Consumption rate Consumer spending/regional GDP +

Green
Development (GD)

Green life Environmental spending Environmental spending +

Forest cover rate Forest cover rate +

Forest area Forest area +

Domestic waste disposal Harmless treatment rate of domestic waste +

Area of nature reserve Area of nature reserve +

Number of nature reserves Number of nature reserves +

Green production Wastewater discharge per unit of
industrial added value

Industrial wastewater discharge/gross industrial output value -

Waste discharge per unit of industrial
added value

Industrial waste emissions/gross industrial output -

Energy consumption per unit of
output

Standard coal consumption/regional GDP -

Exhaust emissions per unit of
industrial added value

Industrial exhaust gas emissions/gross industrial output value -

Open
Development (OD)

Open for investment The proportion of foreign direct
investment

Total actual utilization of foreign capital/regional GDP +

Open to trade The proportion of total import and
export

Total Import and Export/Regional GDP +

Shared
Development (SD)

Welfare sharing Per capita medical and health
expenditure

Medical and Health Fiscal Expenditure/Permanent
Population

+

Number of doctors per 10,000 people Number of doctors per 10,000 people +

Number of public libraries Number of public libraries +

Education expenditure per student Education expenditure/Number of students in school +

The number of hospitals and health
centers per 10,000 people

The number of hospitals and health centers per 10,000 people +

(Continued on following page)

Frontiers in Environmental Science frontiersin.org07

Jiang et al. 10.3389/fenvs.2023.1235382

14

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1235382


4.2.4 Adjustment variables
Green Fiscal Expenditure (GPE). In terms of promoting quality-

focused economy advancement, carbon finance is a market-oriented
means, but the role of national macro-control cannot be ignored. This
paper believes that green fiscal expenditure, as a means of national
macro-control, can effectively avoid market failure. The extent of
quality-focused economy advancement can be further improved
through the joint action of the financial market and national finance.

4.2.5 Control variables
This paper selects the control of population dependency ratio

(old age dependency ratio, child dependency ratio), population birth
rate, unemployment rate, government expenditure, transportation
facility construction level, urbanization level, education level (per
capita education time, the proportion of higher education
population), etc. The specific construction method of each
variable is shown in Table 1.

The dependency ratio of the population encompasses the
ratio of elderly dependents (ODR) and child dependents (CDR).

The process of population aging will impede the accumulation
of human capital, which hampers the favorable progress of
China’s economy in terms of quality-focused development.

The birth rate (PB)), being the prime force behind economic
activities and labor supply, typically exhibits a positive correlation
with superior economic advancement.

Typically, a decrease in the unemployment rate signifies the
sound development of the overall economy, thereby establishing an
inverse correlation between the unemployment rate and quality-
focused economy advancement.

The level of governmental expenditure (GOV) has the potential
to augment societal demand, influence the investment direction of
social capital, and facilitate economic progress. It is widely accepted
that the level of government spending is directly proportional to the
superior development of the economy.

Infrastructure development in the transportation sector (INFT),
being an essential prerequisite for economic advancement, is
generally considered to be proportionate to quality-focused economy
advancement.

TABLE 3 Carbon finance (CF) evaluation index system.

Evaluation
dimension

Basic indicator Calculation formula Attributes

Financial environment The proportion of added value in the financial
industry

The added value of the financial industry as a share of GDP +

Carbon emissions/deposit quota Carbon emissions/deposits in financial institutions -

Carbon Emissions Loan Quota Carbon emissions/financial institution loans -

Carbon Emissions Insurance Credit Carbon Emissions/Premium Income -

Energy Efficiency Carbon intensity Carbon emissions/GDP -

Energy consumption intensity Energy consumption intensity/GDP -

Power consumption intensity Electricity consumption intensity/GDP -

Natural gas consumption intensity Natural gas consumption intensity/GDP -

Technological development Proportion of scientific and technical personnel Scientific and technical personnel/regional population +

Number of research and development institutions The logarithm of the number of research and development institutions +

Government finance technology investment Science and technology expenditure/General budget expenditure +

Research and development investment intensity Logarithm of investment in scientific and technological research and
development

+

TABLE 2 (Continued) Evaluation System of High Quality Economy advancement (HQED).

Evaluation
dimension

Subindices Basic indicator Metrics Attributes

Social Security Expenditure Per
Capita

Social Security Expenditure/Number of Permanent Residents +

Financial sharing Insurance depth Premium income/regional GDP +

Insurance breadth Premium Income/National Premium Income +

Financial depth (Deposits from financial institutions + loans from financial
institutions)/regional GDP

+

Financial breadth Financial industry value added/regional GDP +
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The rate of urbanization (URBZ) fosters economic growth, as it
is commonly believed that the urbanization rate is directly related to
quality-focused economy advancement.

The educational level can be assessed by metrics such as per
capita years of education (EDUT) and the proportion of individuals
with higher education (EDUB). The greater the average education
years per capita and the higher the proportion of individuals with
higher education, the higher the level of education, which in turn
promotes quality-focused economy advancement.

4.3 Entropy weight approach

The entropy weight approach represents an objective technique
for assigning weights. During its application, the entropy weight of
each index is computed through information entropy, taking into
consideration the degree of dispersion exhibited by the data pertaining
to each index. Subsequently, the entropy weight is adjusted in
accordance with the characteristics of each index, thus yielding a
comparatively more objective weightage for the indicators. The step-
by-step calculation procedure is outlined as follows:

First, the evaluation object is determined, the evaluation index
system is established, and the level matrix is constructed;

Second, the evaluationmatrix is standardized to obtain thematrix.
J is a positive indicator

rij �
rij′ −Mini rij′( )

Maxi rij′( ) −Mini rij′( )
(1)

J is a negative indicator

rij �
Maxi rij′( ) − rij′

Maxi rij′( ) −Mini rij′( )
(2)

The third step is to calculate the entropy value of each indicator.

Hj � −k∑
m

i�1
fij lnfij (3)

fij � rij

∑
m

i�1
rij

, k � 1
lnm

(4)

where fij is the weight of the index value of the i-th item under the
j-th index.

The fourth step is to calculate the entropy weight of the jth index.

wj � 1 −Hj

∑
n

j�1
1 −Hj( )

(5)

The fifth step is to calculate the comprehensive weight of the
index and modify the weight obtained by the entropy weight
approach.

λj � λj′wj

∑
n

j�1
λj′wj

(6)

4.4 Mediating effect model and moderating
effect model

In the preceding examination, it is posited that carbon
finance directly influences on the advancement of superior
economy advancement and exerts an indirect influence on
such progress through its effects on total factor productivity
(TFP), which is, therefore, an intermediary variable. To verify

TABLE 4 Descriptive statistics of variables.

Variables Definition Sample Average
value

Standard
deviation

Minimum
value

Maximum
value

HQED Quality-focused Economy advancement
Index

630 0.1941 0.1062 0.0489 0.5758

CF Carbon finance development index 630 0.6224 0.0899 0.2365 0.8690

TFP Total factor productivity 630 1.4914 0.7438 0.0506 2.9801

GREEN Green fiscal expenditure 630 0.0311 0.0332 0.0027 0.2623

ODR Old age dependency ratio 630 13.0290 3.4083 6.7100 25.4800

CDR Child dependency ratio 630 24.8573 7.2883 9.6400 44.6500

PB Birth rate 630 11.3740 3.0592 3.6600 23.2000

RU Unemployment rate 630 3.4873 0.7144 0.7600 6.5000

GOV Government spending 630 0.2366 0.1873 0.0001 1.6788

INFT Transport infrastructure 630 0.6472 0.4906 0.0059 2.1734

URBZ Urbanization rate 630 50.4008 15.7255 18.9100 89.6000

EDUT Years of education 630 8.4960 1.3211 2.9980 12.9961

EDUB The proportion of people in higher
education

630 0.1012 0.0721 0.0079 0.5124
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whether there is a mediation effect, this paper establishes the
following mediation effect model on the basis of Model (8):

TFPt � ηTFPt−1 + ιWiTFPt + δCFt + γcontrolt + ui (7)
HQEDt � ϕHQEDt−1 + ϑWiHQEDt + κCFt + λTFPt

+ ιcontrolt + ut

(8)

TFPt represents total factor productivity, and β must be
significant in the main regression Model (8) first, which is the
premise of the subsequent analysis, and in significant cases, proceeds

with the analysis. If δ, κ, λ are significant, if δ, κ, λ have the same sign,
there is a partial mediation effect; if δ, κ, λ have different signs, there
is a masking effect; if δ, λ are significant, κ is not significant, there is a
complete mediation effect; if one of δ, λ is not significant, it needs to
pass the bootstrop test, and if it passes, δ, κ, λ have the same sign,
there is a partial mediation effect; if the sign is different, there is a
different sign masking effect; if κ is not significant, there is a
complete mediation effect.

This paper believes that green fiscal expenditure can strengthen
the role of carbon finance in quality-focused economy advancement,

TABLE 5 Quality-focused Economy advancement Index.

Provinces and cities 2000 2001 2002 2003–2017 2018 2019 2020 Rank

Beijing 0.2384 0.2609 0.2466 . . . 0.4855 0.4661 0.4545 3

Tianjin 0.1168 0.1523 0.1339 . . . 0.3615 0.4050 0.3336 16

Hebei 0.0616 0.0605 0.0641 . . . 0.3468 0.3784 0.3342 15

Shanxi 0.0496 0.0513 0.0539 . . . 0.2855 0.3186 0.3002 23

Neimenggu 0.0962 0.0952 0.0893 . . . 0.3208 0.3171 0.3385 14

Liaoning 0.0892 0.0980 0.1058 . . . 0.3439 0.3503 0.3480 13

Jilin 0.0663 0.0692 0.0633 . . . 0.2918 0.3056 0.2584 30

Heilongjiang 0.0558 0.0588 0.0623 . . . 0.3964 0.4034 0.3847 9

Shanghai 0.1076 0.1092 0.1114 . . . 0.4334 0.4217 0.4156 5

Jiangsu 0.0729 0.0750 0.0790 . . . 0.4662 0.4831 0.4781 1

Zhejiang 0.0513 0.0555 0.0596 . . . 0.3314 0.3816 0.3522 7

Anhui 0.0513 0.0519 0.0534 . . . 0.3701 0.4055 0.3888 11

Fujian 0.0793 0.0796 0.0738 . . . 0.3375 0.3551 0.3235 18

Jiangxi 0.0658 0.0669 0.0687 . . . 0.3210 0.3326 0.2974 25

Shandong 0.0743 0.0820 0.0954 . . . 0.2682 0.2861 0.2676 29

Henan 0.0669 0.0649 0.0804 . . . 0.3484 0.3477 0.3233 19

Hubei 0.0766 0.0782 0.0755 . . . 0.3871 0.4099 0.3848 8

Hunan 0.0815 0.0815 0.0780 . . . 0.3436 0.3591 0.3486 12

Guangdong 0.0785 0.0981 0.0983 . . . 0.4932 0.5758 0.4656 2

Guangxi 0.0808 0.0804 0.0790 . . . 0.3328 0.3260 0.3295 17

Hainan 0.0946 0.0964 0.1004 . . . 0.2542 0.2744 0.2696 28

Chongqing 0.1029 0.1064 0.1084 . . . 0.3548 0.3661 0.3630 10

Sichuan 0.0764 0.0798 0.0784 . . . 0.4030 0.4175 0.4018 6

Guizhou 0.0714 0.0709 0.0489 . . . 0.4374 0.4296 0.4194 4

Yunnan 0.1048 0.1230 0.0898 . . . 0.2856 0.2980 0.2885 27

Xizang 0.0673 0.0655 0.0628 . . . 0.3054 0.2759 0.3152 20

Shaanxi 0.0496 0.0513 0.0539 . . . 0.2855 0.3186 0.3002 24

Gansu 0.0682 0.0714 0.0667 . . . 0.3196 0.3161 0.3090 21

Qinghai 0.1212 0.1291 0.1343 . . . 0.3124 0.2875 0.3037 22

Ningxia 0.0805 0.0781 0.0788 . . . 0.2988 0.2962 0.2924 26

Xinjiang 0.1055 0.1243 0.1288 . . . 0.2412 0.2462 0.2478 31
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and it is essential to confirm the governing impact of green fiscal
expenditure on quality-focused economy advancement from an
empirical perspective. This paper establishes the following
regulatory effect model:

HQEDt � ϕHQEDt−1 + χWiHQEDt + κCFt + πGPEt

+ ςCFt*GPEt + ιcontrolt + ut (9)

GPEt represents green fiscal expenditure. If ς is significant and
greater than 0, it means that it has a positive regulating effect. That is,
green fiscal expenditure can strengthen the effect of carbon finance
on quality-focused economy advancement.

5 Empirical analysis

5.1 Selection and processing of data

The study adopts the panel dataset encompassing 31 provinces,
autonomous regions, and centrally-administered municipalities in
China, spanning the period from 2000 to 2020, as its research
subject. The data utilized in this research are derived from
authoritative sources such as the “China Statistical Yearbook,”
“EPS Database,” and the “China Science and Technology
Statistical Yearbook,” among others. Any instances of missing
data were rectified through trend-based imputation. Table 4
presents the descriptive statistics associated with the aforementioned
dataset.

5.2 Quality-focused economy advancement
index

It can be seen from Table 5, Figure 3 and Figure 4 that there are
large development gaps in various aspects of China’s 31 regions:In
terms of quality-focused economy advancement, there is a clear gap
between the quality-focused economy advancement of the
provinces. The Quality-focused.

Economy advancement Index of Jiangsu Province, which ranked
first, in 2020 was 0.4781, and the last-ranked Xinjiang quality-focused
economy advancement index was only 0.2478. At the same time, there
is also a certain gap between the quality-focused economy
advancement indices of different regions in different years. There
was a substantial increase from 2000 to 2020. According to the
ranking of the 2020 quality-focused economy advancement index,
Jiangsu Province, Guangdong Province and Beijing are the top three,
which are closely related to the economy advancement of these three
provinces. The Xinjiang region ranks last, and Qinghai, Ningxia and
other western regions are also relatively low in the ranking of quality-
focused economy advancement. On the whole, the quality-focused
economy advancement index is positively correlated with the
economy advancement level of each region.

5.3 Carbon finance development index

From Table 6, Figure 5 and Figure 6, it can be seen that the
carbon finance development index has the following characteristics:

First, the development level of carbon finance in different
regions varies greatly. Beijing, Shanghai, Guangdong, Zhejiang,
Jiangsu, Tianjin and other regions firmly occupy the first level,
which is closely related to the early pilot projects1 for the regions.
The development level of carbon finance in most provinces is
relatively stable and has been within the same level for a long
time. The development level of carbon finance in Inner Mongolia,
Xinjiang, Ningxia, Qinghai and Hebei is relatively low. Among
them, Xinjiang, Inner Mongolia and Ningxia are in the western
part of the motherland. Due to the lack of talent and natural
resources, weak educational resources, imperfect policies and
systems, and lack of infrastructure, the scientific allocation of
resources in the regional market is restricted. Shanxi Province is a
resource-based city with many types of energy, large reserves, and
large output of energy mining. Nevertheless, the industrial
structure remains singular, and the progression of carbon
finance encounters constraints. Evidently, the advancement of
the financial sector within these regions exerts a restricted
influence on the consolidation of industrial structure, the
promotion of low carbonization, and the development of the
regional economy, consequently yielding a persistent lag in the
evolution of carbon finance.

Second, the overall development level of carbon finance in the
pilot areas shows three distinct development echelons. The first
echelon is Beijing, Shanghai, Guangdong and Tianjin, the second
echelon is Hubei and Fujian, and the third echelon is Chongqing.
The disparities among tiers become more conspicuous,
exhibiting resemblances to the economic and financial
progression stages across diverse regions. In terms of carbon
emission allowances trading and carbon emission mitigation
investment and financing, the comprehensive level of
development concerning carbon emission mitigation
investment and financing in the pilot regions surpasses that of
carbon emission allowances trading. This observation can be
attributed to the anterior development of China’s conventional
financial market. The development level of carbon emission
trading in the pilot areas shows the same echelon
characteristics as the development level of carbon finance, and
each pilot area has its own characteristics. Guangdong has a small
number of emission-controlled enterprises and stable carbon
trading prices; Shanghai has a large carbon trading scale and
low trading costs; Hubei has a large carbon trading scale; and
Chongqing’s carbon emissions trading remains in early stage of
development. The development level of carbon emission
reduction investment and financing in the pilot areas is
relatively stable, and the differences between regions are small.

Third, the development of carbon finance has obvious effects on
policy. The degree of advancement in carbon finance is
comparatively elevated in the eastern region, while it remains
relatively deficient in Hebei and Liaoning. As for the central
region, the level of carbon finance development is generally at
the intermediate level, and the development level of carbon

1 In October 2011, pilot carbon emission trading had been conducted at
seven provincial and municipal levels regions including Beijing, Shanghai,
etc. Fujian Province initiatedthe carbon trading market on 22 December,
2016. It marks the 8th carbon trading pilot program in the country.
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finance in the western region is at a relatively backward level. This is
closely related to the role played by regional governments and the
NDRC in promoting the development of carbon finance. The energy
consumption level in the early stage is the pressure to promote the
development of carbon finance, and it is also a huge driving force.
Coastal areas have a higher degree of carbon finance development
due to possible development concepts, as well as technological and
talent advantages.

5.4 Spatial autocorrelation test

When conducting spatial measurement regression, it becomes
imperative to ascertain the presence of spatial spillover effects
among variables, i.e., the existence of spatial autocorrelation. The
assessment of spatial autocorrelation typically employs the Moran
index. A positive value of the Moran index signifies the presence of
positive spatial correlation among neighboring regions, while a

FIGURE 3
Quality-focused Economy advancement Index.

FIGURE 4
Quality-focused economy advancement of China’s provinces and cities in 2020.
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negative value indicates negative spatial correlation. As indicated in
Table 7, the Moran index exhibited predominantly positive values
between 2000 and 2020, with only 2001 and 2003 failing the
significance test. This outcome suggests a noteworthy spatial
autocorrelation between the levels of quality-focused economy
advancement across provinces and cities in China. Accordingly,
the correlation between the two is possible to be studied via spatial
measurement.

From Figures 7 and 8, it is discernible that a pronounced positive
correlation existed among the quality-focused economy advancement of

diverse Chinese regions in 2000; the spatial correlation in China in
2020 was still positive and significantly enhanced.

5.5 Analysis results impacting carbon
finance development concerning quality-
focused economy advancement

According to Table 8, whether it pertains to univariate
regression or multivariate regression analyses, carbon finance

TABLE 6 Carbon finance development index.

Provinces and cities 2000 2001 2002 2003–2017 2018 2019 2020 Rank

Beijing 0.7527 0.7541 0.7621 . . . 0.8641 0.8690 0.8667 1

Tianjin 0.5720 0.5824 0.5979 . . . 0.7235 0.7203 0.7366 6

Hebei 0.4754 0.4766 0.5021 . . . 0.5949 0.6043 0.6026 27

Shanxi 0.4423 0.4190 0.4298 . . . 0.6334 0.6255 0.6374 26

Neimeng 0.4058 0.4164 0.4355 . . . 0.5558 0.5515 0.5647 30

Liaoning 0.5516 0.5754 0.5764 . . . 0.6231 0.6272 0.6580 20

Jilin 0.5537 0.5609 0.5740 . . . 0.6503 0.6470 0.6526 21

Heilongjiang 0.5297 0.5513 0.5813 . . . 0.6557 0.6546 0.6693 16

Shanghai 0.6936 0.6860 0.6866 . . . 0.8011 0.8014 0.8137 2

Jiangsu 0.6077 0.6239 0.6280 . . . 0.7310 0.7378 0.7386 5

Zhejiang 0.6191 0.6275 0.6363 . . . 0.7393 0.7573 0.7487 4

Anhui 0.5227 0.5352 0.5736 . . . 0.6890 0.6978 0.6904 10

Fujian 0.6316 0.6430 0.6422 . . . 0.6915 0.6986 0.6974 9

Jiangxi 0.6068 0.6093 0.6115 . . . 0.6829 0.6862 0.6799 12

Shandong 0.6101 0.6037 0.6156 . . . 0.6703 0.6759 0.6757 13

Henan 0.5484 0.5510 0.5876 . . . 0.6393 0.6447 0.6449 24

Hubei 0.5615 0.5824 0.5831 . . . 0.6938 0.7004 0.6977 8

Hunan 0.6018 0.6014 0.6105 . . . 0.6647 0.6667 0.6672 17

Guangdong 0.6462 0.6469 0.6473 . . . 0.7709 0.7777 0.7644 3

Guangxi 0.5839 0.5984 0.6105 . . . 0.6645 0.6671 0.6745 14

Hainan 0.6060 0.6119 0.5841 . . . 0.6328 0.6447 0.6455 23

Chongqing 0.4804 0.5232 0.5399 . . . 0.6586 0.6616 0.6616 18

Sichuan 0.5775 0.5831 0.5860 . . . 0.6782 0.6844 0.6837 11

Guizhou 0.3726 0.3920 0.4188 . . . 0.6430 0.6417 0.6471 22

Yunnan 0.6058 0.5988 0.5972 . . . 0.6645 0.6649 0.6704 15

Xizang 0.6989 0.6986 0.6029 . . . 0.6965 0.7012 0.7024 7

Shaanxi 0.5693 0.5717 0.5782 . . . 0.6558 0.6553 0.6590 19

Gansu 0.5065 0.5205 0.5340 . . . 0.6332 0.6322 0.6395 25

Qinghai 0.4528 0.4517 0.4233 . . . 0.5711 0.5645 0.5758 29

Ningxia 0.3763 0.3144 0.2556 . . . 0.5398 0.5338 0.5380 31

Xinjiang 0.5156 0.5426 0.5347 . . . 0.5787 0.5785 0.5866 28
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exhibits a favorable impact on the advancement of superior
economic growth. To illustrate, employing the dynamic spatial
Durbin model as an exemplification within the context of

multivariate regression, one can observe the following
outcomes. Initially, the regression coefficient of the lagged
first-order term of quality-focused economy advancement

FIGURE 5
Carbon finance development index.

FIGURE 6
The development of carbon finance in China’s provinces and cities in 2020.

Frontiers in Environmental Science frontiersin.org14

Jiang et al. 10.3389/fenvs.2023.1235382

21

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1235382


with respect to the present quality-focused economy stands at
0.6734, demonstrating statistical significance at the 1% level of
significance. This outcome underscores the presence of an
endogenous influence on quality-focused economy
advancement, which necessitates acknowledgement
throughout the empirical investigation. Furthermore, the
regression coefficient of carbon finance on quality-focused
economy advancement registers at 0.0868, indicating
statistical significance at the 5% level. This finding
substantiates the positive impact of carbon finance on
superior economic advancement. This empirical result is
consistent with Hypothesis 1 in this paper.

5.6 Mechanism analysis

Panel A in Table 9 reveals noteworthy insights. Firstly, the
regression analysis on the relationship between carbon finance and
total factor productivity indicates a substantial and statistically
significant regression coefficient of 3.2451 at the 1% significance
level. This finding highlights the positive impact of carbon finance
on total factor productivity. Secondly, examining the influence of
carbon finance and total factor productivity on quality-focused
economy advancement, the regression coefficient for carbon

finance stands at 0.0711, significant at the 10% level. Similarly,
the regression coefficient for total factor productivity is 0.0027,
significant at the 5% level. These results underscore the significance
of both variables in relation to quality-focused economy advancement.
Notably, total factor productivity exhibits a mediating role,
accounting for approximately 10% (0.0087/0.0878) of the overall
effect. Thirdly, the bootstrap test results in Table 10 confirm the

TABLE 7 Global Moran’s index for quality-focused economy advancement.

Variables I E(I) sd(I) z p-value

2000 0.0680 −0.0330 0.0620 1.6220 0.0520

2001 0.0470 −0.0330 0.0830 0.9680 0.1670

2002 0.0910 −0.0330 0.0970 1.2830 0.1000

2003 0.0880 −0.0330 0.1020 1.1860 0.1180

2004 0.1080 −0.0330 0.0950 1.4880 0.0680

2005 0.1490 −0.0330 0.0910 1.9960 0.0230

2006 0.1940 −0.0330 0.0960 2.3620 0.0090

2007 0.1980 −0.0330 0.0980 2.3610 0.0090

2008 0.2430 −0.0330 0.1020 2.7210 0.0030

2009 0.2370 −0.0330 0.1040 2.5940 0.0050

2010 0.2430 −0.0330 0.1060 2.6000 0.0050

2011 0.2930 −0.0330 0.1090 3.0080 0.0010

2012 0.3170 −0.0330 0.1110 3.1520 0.0010

2013 0.3270 −0.0330 0.1110 3.2510 0.0010

2014 0.3270 −0.0330 0.1100 3.2840 0.0010

2015 0.3260 −0.0330 0.1120 3.2240 0.0010

2016 0.3010 −0.0330 0.1110 3.0150 0.0010

2017 0.2610 −0.0330 0.1090 2.6910 0.0040

2018 0.2930 −0.0330 0.1120 2.9200 0.0020

2019 0.2930 −0.0330 0.1120 2.9140 0.0020

2020 0.3200 −0.0330 0.1120 3.1510 0.0010

FIGURE 8
Moran index scatter plot in 2020.

FIGURE 7
Moran index scatter plot in 2000.
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significance of the Sobel test, and the BCa confidence interval does
not contain 0. Therefore, the conclusion of the mediation test is
robust.

From the results of Panel B in Table 10, it is evident that the pre-
CF*GPE coefficient is 0.3903, and the corresponding Z statistic is
significant. Green fiscal expenditure positively moderates the

TABLE 8 Main regression analysis of carbon finance development on quality-focused economy advancement.

Variables Univariate model Multivariate model

Fixed effects Random effects Dynamic space Fixed effects Random effects Dynamic space

L.HQED 0.7811*** (30.3800) 0.6734*** (22.8400)

CF 1.6526*** (36.0376) 1.2066*** (31.7482) 0.0632* (1.9100) 0.4216*** (7.3726) 0.12691*** (6.0455) 0.0868** (2.3700)

ODR 0.0074*** (8.7223) 0.0101*** (13.2889) 0.0016** (2.4100)

CDR 0.0004 (0.7916) −0.0001 (−0.0342) −0.0009* (−1.9300)

PB 0.0046*** (3.4149) 0.0085*** (7.6416) 0.0015* (1.7200)

RU −0.0292*** (−7.9747) −0.0207*** (−6.3631) −0.0013 (−0.5900)

GOV 0.0105*** (3.8517) 0.2156*** (12.8737) 0.0189 (1.1100)

INFT 0.0292*** (2.6958) 0.0222** (2.4729) −0.0129 (−1.4500)

URBZ 0.0010** (2.1419) 0.0003 (0.8366) −0.0009** (−2.4000)

EDUT 0.0207*** (2.8556) 0.0351*** (6.8231) 0.0059 (0.9400)

EDUB 0.5634*** (6.3717) 0.3341*** (4.6924) −0.0389 (−0.5700)

C −0.4549*** (−6.9283) −0.5436*** (−10.0634)

R2 0.7075 0.5148 0.9437 0.8870 0.8314 0.9153

Note: L. HQED, represents the lagging item of quality-focused economy advancement, ***, ** and * represent significance at the 1%, 5% and 10% levels, respectively, the same below.

TABLE 9 Mediation effect and moderating effect.

Panel B:Moderating effect

TFP HQED HQED

L.TFP 0.3943*** (9.3300)

L.HQED 0.8069*** (29.0600) 0.7743*** (26.8100)

CF 3.2451*** (2.7100) 0.0711* (1.8400) 0.1337*** (3.1500)

TFP 0.0027** (2.1800)

GPE −0.2094*** (−2.7100)

CF*GPE 0.3923*** (2.8400)

ODR 0.0101 (0.5800) −0.0008 (1.3900) 0.0006 (1.0100)

CDR −0.0058 (−0.4200) −0.0004 (−0.8400) −0.0004 (−0.9400)

PB 0.0543** (2.0400) 0.0019** (2.1600) 0.0023*** (2.6600)

RU 0.0463 (0.6600) −0.0020 (−0.8900) −0.0016 (−0.7100)

GOV 0.2811 (0.5300) 0.0032 (0.1900) −0.0016 (−0.0900)

INFT −0.3088 (−1.5100) 0.0053 (0.8100) 0.0033 (0.5000)

URBZ −0.0133 (−1.1500) −0.0002 (−0.4700) −0.0001 (−0.1500)

EDUT −0.1121 (−0.5800) 0.0082 (1.3200) 0.0065 (1.0500)

EDUB 6.6925*** (3.2300) −0.0695 (−1.0500) −0.0288 (−0.4300)

R2 0.2861 0.9581 0.9605
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development of carbon finance and quality-focused economy
advancement.

6 Summary and policy
recommendations

This article uses the entropy weight method to calculate the
Economic High Quality Development Index and the Carbon
Finance Development Index. There is a significant gap between the
high-quality economic development of each province. The first ranked
Jiangsu Province’s 2020 Economic High Quality Development Index
was 0.4781, while the last ranked Xinjiang Economic High Quality
Development Index was only 0.2478. At the same time, there is also a
certain gap in the high-quality economic development index between
different regions in different years, with a significant increase from
2000 to 2020. There are significant differences in the development level
of carbon finance among different regions, and the overall development
level of carbon finance in the pilot areas shows obvious three
development echelons. The development of carbon finance has
obvious policy effects. This article also empirically tests the effect of
carbon finance on the high-quality development of China’s economy
by establishing univariate and multivariate fixed effects models,
random effects models, and spatial Durbin models. The
development of carbon finance has a significant promoting effect on
the high-quality development of the economy. At the same time, this
paper also carried out mechanism analysis. The development of carbon
finance can affect Total factor productivity and then affect high-
quality economic development. There is a Mesomeric effect. At the
same time, there is a regulatory effect of green fiscal expenditure on
carbon finance to promote high-quality economic development.

Drawing upon the empirical evidence, this scholarly manuscript
presents the subsequent policy prescriptions:

First, a good financial environment should promote developing
the carbon finance. When calculating the developmental degree of
carbon finance, the indicators at the financial environment level are
very important factors. To better promote the development of
carbon finance, it is possible to increase the proportion of the
added value of the financial industry, increase the deposit, loan
and insurance premium income of financial institutions, and create
a good financial environment. Promoting the influx of “green” funds
to energy-saving technology development industries helps protect
the environment. A large number of outstanding technology-based
enterprises have been encouraged to become increasingly stronger
with the capital market has become a new force in promoting
quality-focused development. Creating a good financial
environment for the development of carbon finance to promote
quality-focused economy advancement.

Second, energy efficiency could be improved, along with the
optimal development of carbon finance. Carbon emissions intensity,

energy consumption intensity, electricity consumption intensity and
natural gas consumption intensity are all negative indicators in the
calculation of carbon finance development levels. To better improve
the development level of carbon finance, it is necessary to reduce
carbon emissions and improve the utilization efficiency of energy,
electricity and natural gas consumption. Making full use of the
energy big data center involves the collection and online analysis of
energy consumption data of all categories, such as electricity, gas,
and water, dynamically warning the energy consumption trend,
serving the energy consumption diagnosis and energy efficiency
benchmarking of enterprises, and supporting the government in
energy consumptionmanagement through digital means. The whole
society can actively participate energy efficiency through the
transformation from the previous relatively extensive method to
the refined, flexible and market-oriented method.

Third, investment in science and technology should be
strengthened to drive the development of carbon finance. In the
calculation of the carbon finance development level, investment in
science and technology development is a positive indicator. The
proportion of R&D personnel, the number of R&D institutions,
financial technology investment and R&D investment intensity
should all be increased, the development level of carbon finance
improved, and quality-focused economy advancement promoted.
Accelerating the deployment of international cutting-edge
technology research in the low-carbon field, the application of
advanced common pollution reduction and carbon reduction
technologies, enhance China’s technological advantages and
reserves in the field of green, low-carbon and environmental
protection, and strengthen technology integration and coupling
innovation, especially disruptive technological innovation and
application. Building green manufacturing R&D, promotion and
application bases and innovation platforms accelerates the
application and industrialization of innovations and the digital
transformation of existing industries. This involves strengthening
the dominant position of innovative enterprises, promoting the
industrialization and large-scale application of advanced and
applicable technologies, and continuing to enhance the resilience
and flexibility of the industrial chain. New sustainabile technologies
are continually being developed, such as carbon sinks, carbon
capture, utilization and storage, as well as non-CO2 greenhouse
gas emission reduction technologies.

Fourth, enhancing total factor productivity and facilitating the
attainment of superior economic advancement come into focus.
From the preceding analysis, it becomes apparent that total factor
productivity exerts a mediating influence on the promotion of
quality-focused economy advancement. Augmenting total factor
productivity presents an avenue for bolstering superior economic
advancement. It is pertinent to note that total factor productivity is
not contingent upon specific product technologies but rather the
systemic attributes, the extent of marketization within the economy,

TABLE 10 Bootstrap test.

Coef. Std.Err. Z P Normal-based (95%Conf.Interval)

Indirect effect 0.0087 0.0184 3.4000 0.0001 0.0320 0.1070

Total effect 0.0868 0.6738 16.9300 0.0000 0.5976 0.7536
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and the capacity for optimizing resource allocation. At present,
China’s economy has transitioned from a phase of rapid growth to a
phase of quality-focused development, necessitating an innovation-
driven mode of economic progress. Hence, it becomes imperative to
construct a novel developmental catalyst grounded in innovation,
thereby shifting China’s economic growth trajectory towards one
that relies more heavily on the enhancement of total factor
productivity. The digital transformation of the industry can be
sped up, system and mechanism innovation implemented, and
technological innovation vigorously promoted to improve total
factor productivity. Industrial digital transformation is the most
direct and effective means to improve total factor productivity.
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Impact of pesticide outsourcing
services on farmers’ low-carbon
production behavior
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Introduction: Promoting low-carbon development in agriculture is crucial for
achieving agricultural modernization. One practical issue worth studying is
whether outsourcing services can encourage farmers to adopt low-carbon
production practices. This study analyzes the impact of pesticide outsourcing
services on the low-carbon production behavior of farmers to provide China with
practical recommendations.

Methods: This empirical study investigates the impact of pesticide outsourcing
services on farmers’ low-carbon production behavior using survey data from 450
rice growers in the Ningxia and Shaanxi provinces by endogenous switching
regressions (ESR) model.

Results and Discussion: Results showed that 1) outsourcing services have a
significant negative impact on farmers’ manual weeding behavior, leading to a
reduction in the frequency of manual weeding; 2) outsourcing services have a
significant positive impact on farmers’ herbicide application behavior. In other
words, participation in outsourcing leads to excessive pesticide application; 3)
outsourcing services do not support a green and low-carbon production model
where manual weeding replaces herbicide application. Due to the imperfect
development of the outsourcing market in China, especially in the northwest
region, the construction of outsourcing service system is lagging, and it is difficult
for non-professional outsourcing services to play a driving role in green and low-
carbon production for farmers, who will often choose the lower-cost mechanical
application for maximum profit. The policy implication of this study is the need for
a comprehensive and objective understanding of the impact and role of pesticide
outsourcing services on farmers’ low-carbon production behavior. This
understanding can help improve the market, policy, and other external
environments for farmers to participate in outsourcing, ultimately promoting
the sustainable development of green and low-carbon agriculture. This paper
adds to the discussion of pesticide outsourcing services and farmers’ low-carbon
production by drawing different conclusions from previous studies, providing a
fresh foundation for policy-making.

KEYWORDS

outsourcing services, farmers’ low-carbon production behavior, pesticide reduction,
endogenous switching regressions (ESR) model, low-carbon agriculture
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1 Introduction

The disadvantages of the traditional high-carbon agricultural
development model are increasingly obvious, which has a negative
impact on food security, farmers’ income, ecological stability and
sustainable development (Luo et al., 2022). Farmers’ low-carbon
production behavior is of great significance in achieving the
development concept of harmonious coexistence between
humans and nature. However, currently, the low-carbon
production level of farmers is low, and there is excessive use of
chemical inputs (Zhang et al., 2015). From 1991 to 2019, pesticide
use in China increased from 765,300 tons to 1,391,700 tons, leading
to various environmental and human health problems (Tariq et al.,
2007). It is evident that reducing the use of harmful inputs in the
application process and transitioning to green and low-carbon
alternatives such as manual weeding is crucial for promoting
low-carbon agricultural production behavior. In the “Central
Document No. 1” of 2023, it is proposed to accelerate the
promotion and adoption of agricultural input reduction and
efficiency technologies, as well as the development of green and
low-carbon agriculture. Meanwhile, the report of the Party’s 20th
National Congress has called for “actively and steadily promoting
carbon peak and carbon neutrality.” In light of these objectives, it is
urgent matter to study and address how to transform and upgrade
from high-carbon agriculture to low-carbon agriculture, promote
farmers’ low-carbon production behavior, and reduce pesticide
usage.

However, several obstacles hinder the promotion of pesticide
reduction, including farmers’ lack of risk awareness, resistance to
change, inadequate perception, and the presence of unregulated
retailers (Chen et al., 2013; Mohanty et al., 2013; Yang et al., 2014;
Li et al., 2021; Young et al., 2022). China urgently needs the intervention
of third-party organizations to build a robust service mechanism (Li
et al., 2021). Existing researches on pesticide reduction primarily foucus
on third-party entities such as cooperatives, social services, and
financing services (Sun et al., 2019; Levesque et al., 2021; Yu et al.,
2021; Zhang et al., 2023; Tambo et al., 2023). The 14th Five-Year Plan
for the Green Development of Agriculture in China emphasizes the
cultivation of social service organizations and professional cooperatives
to promote pesticide reduction and increase efficiency. In recent years,
with the development and expansion of outsourcing services in the field
of agriculture, researches have also emerged on the study of outsourcing
services and pesticide reduction, with varying perspectives. Some
scholars argue that outsourcing services have a positive impact on
pesticide reduction. They suggest that the introduction of outsourcing
services effectively disperses the transaction risks associated with factor
markets (Liang et al., 2020), enhances farmers’ knowledge and technical
capabilities through knowledge training initiatives (Pan et al., 2017), and
reduces the reliance on chemical inputs. On the other hand, some
scholars argue that outsourcing service has a negative effect on pesticide
reduction. They highlight the imperfect state of the outsourcing service
market in China, where participation in outsourcing services has not
curbed the excessive pesticide use by farmers (Wang and Gu., 2013; Cai
and Liu., 2019).

While many studies have examined the impact of outsourcing
services on pesticide reduction, discrepancies persist. Moreover, few
studies have specifically focused on the influence of outsourcing services
on the adoption of green and low-carbon alternatives. Therefore, this

study aims to address this gap by examining the influence of pesticide
outsourcing services on farmers’ low-carbon production behavior, with
a particular focus on manual weeding and herbicide application
practices. Subsequently, targeted policy recommendations will be
proposed to promote the development of low-carbon agriculture.
This study contributes to the research field mainly in three ways.
Firstly, it continues the investigation of the impact of outsourcing
services on pesticide reduction, aiming to resolve the disparities found
in previous studies. Secondly, unlike most existing research that adopts
a macro perspective on pesticide reduction, this study focuses on the
micro perspective, specifically examining weeding practices. By
selecting manual weeding behavior and herbicide application
behavior as research objects, this study fills a crucial gap in the
literature. Lastly, the endogenous transformation model (ESR) is
utilized to explore the interrelationships between variables, providing
a deeper understanding of the mechanisms at play.

2 Literature review and hypothesis
development

Climate change will affect cereal production, and farmer behavior
can mitigate climate change (Guan et al., 2021; Chandio et al., 2022a;
Chandio et al., 2022b; Chandio et al., 2023). The low-carbon production
behavior of farmers refers to the production behavior of reducing
greenhouse gas emissions and achieving the goal of “low energy
consumption, low pollution and low emission” through strategies
such as reducing fertilizer application intensity, reducing pesticide
usage and improving straw utilization efficiency (Jiang et al., 2018).
In the application process, manual weeding instead of pesticide
application can effectively reduce pesticide usage.

Specialized production has been found to facilitate pesticide
reduction (Yue et al., 2023), and outsourcing organizations are
typically more professional than smallholder farmers. Outsourcing
service providers possess greater capital strength and technical ability
to invest in agricultural production, helping overcome limitations in
capital endowments (Zhang et al., 2022). By purchasing outsourcing
services, farmers can save labor, promote non-agricultural employment,
allocate household labor force elements more efficiently, reduce the cost
of agricultural production, and alleviate the problem of insufficient
green production capacity, thus promoting low-carbon production
behavior (Chen et al., 2023; Li et al., 2023). For outsourcing service
organizations, pesticide reduction can enhance their social reputation
capital due to the influence of the reputation effect. (Vatn et al., 2020).
Additionally, the familiarity and high level of trust established through
multiple transactions between farmers and outsourcing service
providers in the application process contribute to green and low-
carbon production (Zhang et al., 2023). However, due to the
imperfect development of China’s outsourcing market, especially in
the construction of the outsourcing service system in northwest China,
non-professional outsourcing services struggle to facilitate farmers’
green and low-carbon production.

Regarding weeding, as farmers pursue green production, which
requires a significant labor force (Wang et al., 2023), manual
weeding becomes more labor-intensive compared to herbicide
application. However, manual weeding is limited by labor
availability and cost. Field investigations have revealed that most
local outsourcing service organizations are private providers with
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limited numbers and high labor costs. Principal-agent behavior in
outsourcing can lead to opportunism, causing harm to farmers,
especially given the natural nature of agriculture, which makes
comprehensive supervision challenging (Zhang and Qian., 2017;
Cai and Liu, 2019; Nwajei et al., 2022). In the application process,
outsourcing service organizations may prioritize using low-cost
drones for herbicide spraying to maximize profits. Field
investigations have shown that individual farmers retain decision-
making power over herbicide application in outsourcing services.
Some farmers, when given decision-making authority, may choose
excessive herbicide application to avoid reduced production (Liu
and Huang., 2013; Chèze et al., 2020). Based on these observations,
the following hypotheses are proposed:

H1: Pesticide outsourcing services contain manual weeding.

H2: Pesticide outsourcing services contribute to excessive herbicide
application.

3 Materials and methods

3.1 Data source and study area

In this study, the Yellow River Basin, specifically Ningxia and
Shaanxi provinces, is selected as the investigation area due to its
significant role in China’s ecological construction and the national
strategy of ecological protection and high-quality development of
the Yellow River basin. The choice of these provinces is motivated by

the low level of low-carbon agriculture development in Northwest
China, which necessitates stronger ecological construction efforts.
Additionally, the outsourcing service system in the region is
relatively underdeveloped, and the outsourcing market is
imperfect. Therefore, studying the impact of outsourcing services
on farmers’ low-carbon production in this context becomes crucial.

The analysis in this study utilizes sample survey data collected by
the research group in October 2021 from themain rice-producing areas
ofNingxia and Shaanxi provinces. The sample consists of 455 randomly
selected farmers from seven townships in the two provinces and two
counties. The sampling process involves stratification, where the
population is divided into sub-groups (first-order units) and further
divided into smaller units (second-order units). These units are then
selected as investigation units following the principle of randomness.
The survey methodology employed face-to-face question-and-answer
surveys. After eliminating questionnaires withmissing key variables, the
study obtained 450 valid samples that meet the requirements of the
research. Figure 1.

3.2 Econometric model

The application process, whether outsourced or not, is
influenced by farmers’ “self-choice,” which can be influenced by
unobservable factors such as management abilities. Consequently,
the outsourcing decision of farmers cannot be considered an
exogenous variable. To address these issues, the endogenous
transformation model, proposed by Maddala. (1983), offers
distinct advantages. This model is a modification of the

FIGURE 1
The location of the investigated area in this study.
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Heckman selection model, which can only analyze the relationship
between two variables and is prone to sample selection bias. The
endogenous transformation model is primarily employed to account
for observable and unobservable factors, addressing selectivity bias
and endogeneity concerns. By utilizing an endogenous
transformation model, it is possible to estimate the equation that
illustrates the impact of pesticide outsourcing services on farmers’
manual weeding behavior. Similarly, the equation capturing the
effect of pesticide outsourcing services on farmers’ herbicide
application behavior can be estimated as well, although it is
unnecessary to delve into its specific details in this context.

The equation is divided into two stages: the first stage is a
decision equation estimating the adoption behavior of the
outsourcing services, see Eq. 1; the second stage is an outcome
equation estimating the manual weeding behavior of the outsourced
and non-outsourced farmers, see Eqs 2, 3 respectively.

Oi � γZi + μi (1)
Yi1 � βi1Xi + εi1, if Oi � 1 (2)
Yi0 � βi0Xi + εi0, if Oi � 0 (3)

In the above, Oi � 1 indicates that the farmer used the
outsourcing service; otherwise, Oi � 0; Zi denotes the explanatory
variable influencing the farmer’s choice of outsourcing; Yi1 and Yi0

are the average number of days of manual weeding per unit area
(mu) for outsourced and non-outsourced farmers, respectively;Xi is
the explanatory variable; and εi1 and εi10 are the random disturbance
terms. After estimating Eq. 1, the inverse Mills ratio λi1, λi0 and the
covariance of the error term σμ1 � cov(μi, Ei1), σμ0 � cov(μi, Ei0)
were calculated, and brought into Eqs 2, 3 to obtain:

Yi1 � βi1Xi + σμ1λi1 + ζ i1, if Oi � 1 (4)
Yi0 � βi0Xi + σμ0λi0 + ζ i0, if Oi � 0 (5)

The ESR model treats the unobservable variable as a missing
value; after controlling for selectivity bias arising from the
unobservable variable via λi1 and λi0, the error terms ζ i1 and ζ i0
satisfy the conditional zero-mean hypothesis, and the correlation
coefficients of the selection and outcome equation covariances are
expressed using ρμ1 � σμ1 /σμσ i1 and ρμ0 � σμ0 /σμσ i0. If the
correlation coefficient is significant, this indicates the presence of
selection bias caused by the generation of unobservable variables.
Once the estimated parameters were obtained, the net effect of the
pesticide outsourcing services on farmers’manual weeding behavior
was assessed in a counterfactual framework, i.e., the average
treatment effect of the pesticide outsourcing services on farmers’
manual weeding behavior.

The expectation of the average number of days of manual
weeding per unit area (mu) in the real situation of farmers in the
treatment group (when the outsourced group is involved in the
pesticide outsourcing services).

E Yi1 Oi| � 1[ ] � βi1Xi1 + σμ1λi1 (6)

The average number of days of manual weeding per unit area
(mu) expected by farmers in the control group in the real situation
(when the non-outsourced group is not involved in pesticide
outsourcing services).

E Yi0 Oi| � 0[ ] � βi0Xi0 + σμ0λi0 (7)

The average number of days of manual weeding per unit area
(mu) in the counterfactual situation (when the outsourced group is
not involved in pesticide outsourcing services) in the treatment
group is expected.

E Yi0 Oi| � 1[ ] � βi0Xi1 + σμ0λi1 (8)

The average number of days ofmanualweeding per unit area (mu) in
the counterfactual situation (when the non-outsourced group is involved
in pesticide outsourcing services) in the control group is expected.

E Yi1 Oi| � 0[ ] � βi1Xi0 + σμ1λi0 (9)

Then, the difference between Eqs 6, 8 is the average treatment
effect on the treated (ATT), which can be expressed as.

ATT � E Yi1 Oi| � 1[ ] − E Yi0 Oi| � 1[ ]
� βi1 − βi0( )Xi1 + λi1 σμ1 − σμ0( ) (10)

Correspondingly, the difference between Eqs 7, 9 is the average
treatment effect on the untreated (ATU), which can be expressed as.

ATU � E Yi0 Oi| � 0[ ] − E Yi1 Oi| � 0[ ]
� βi0 − βi1( )Xi0 + λi0 σμ0 − σμ1( ) (11)

3.3 Variable selection

In this study, the low-carbon production behavior of farmers is
measured by two variables: the number of days of manual weeding
per unit area (mu) and the amount of herbicide input per unit area. These
variables serve as indicators of the farmers’ adoption of low-carbon
practices, specifically the switch from herbicide application to manual
weeding. The core explanatory variable in this study is the pesticide
outsourcing services, which measures the degree to which farmers
outsource their application activities. This variable captures the extent
to which farmers rely on outsourcing services for the application of
herbicides or other related tasks. The level of outsourcing is used as a proxy
for the farmers’ engagement with outsourcing services and serves as the
main independent variable in the analysis. By examining the relationship
between the pesticide outsourcing services and the low-carbon production
behavior of farmers, the study aims to assess the impact of outsourcing
services on farmers’ adoption of low-carbon practices.

Based on existing studies and investigations, this paper selects
the following control variables: external characteristics, cognitive
characteristics, personal characteristics, and family and
production characteristics (Li et al., 2023). The external
features mainly include variables such as quality testing of
pesticide residues, compliance with the rules by surrounding
farmers, community training and promotion of green knowledge.
Cognitive characteristics include whether farmers know the
safety interval. Personal characteristics include variables such
as age, gender and political identity of the head of household. The
household and production characteristics include variables such
as the number of land plots, the proportion of yield reduction
without pesticide application, and the total household income.

To ensure the model’s validity, it is important to incorporate
instrumental variables into the selection equation. When individuals
lack sufficient information, they often observe the behavior of others
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to align their own behavior with the group andmaximize their utility
in situations of incomplete information. Social norms within a
farmers’ group or community can have a significant influence on
their behavior, sometimes even more so than external factors (Tang
and Chen., 2022). In this study, the degree of village outsourcing is
selected as the instrumental variable of outsourcing decision, and the
average number of other rural households in the village is used for
measurement (Chen et al., 2022). In the village setting, the social
interactions and observational learning among farmers can create a
demonstration effect and peer effect within their own families.
When other farmers participate in link outsourcing, it can
motivate farmers who are not participating to consider using
outsourcing as well. However, it is important to note that
farmers’ decision-making regarding outsourcing is influenced by

their individual economic independence and cognitive limitations.
Additionally, farmers’ own outsourcing behaviors do not have a
direct impact on the low-carbon production behaviors of other
farmers. Therefore, the instrumental variables used in the model
should be related to the decision-making process of outsourcing but
not to the disturbance term. Table 1.

4 Results

4.1 Descriptive statistics

Table 2 presents the descriptive statistics of the variables. We
found that there were differences in low-carbon production

TABLE 1 Variable definition tablea.

Dimension Variables Definition and assignment

Explained variables Farmers’ manual
weeding behavior

Th average number of days of manual weeding per unit area (mu)
of rice (days)

Farmers’ herbicide
application behavior

Th average amount of herbicide input per unit area (mu) of rice
(RMB)

Core Explanatory variables Pesticide outsourcing services Does your family outsource the pesticide application to
the service organizations? (1 = Yes, 0 = No)

Other Explanatory variables

External characteristics

Quality testing of
pesticide residues

Product quality of testing pesticide residues are very
strict (1 = completely disagree, 2 = disagree, 3 = fair,

4 = agree, and 5 = completely agree)

Community green
knowledge training
and promotion

Does the community provide training on knowledge
related to green products as well as advocacy services?

(1 = Yes, 0 = No)

Compliance with
rules by surrounding

farmers

Surrounding farmers consciously comply with the production rules agreed upon in the
market buying and selling process (1 = completely disagree, 2 = disagree, 3 = fair, 4 = agree,

and 5 = completely agree)

Pesticide bag
recycling supervision

Is pesticide bag recycling supervised? (1 = Yes, 0 = No)

Cognitive characteristics Safety interval Do you know the safety interval for pesticide application? (1 = Yes, 0 = No)

Individual characteristics

Gender Gender of household head (1 = Male, 0 = Female)

Age The actual age of head of household (years)

Years of education Years of education of the head of household (years)

Political identity Is he/she a party member? (1 = Yes, 0 = No)

Health statusa Health status of the head of household (1 = unable to take care of themselves, 2 = have
disease affecting agricultural production, 3 = have disease but not affecting agricultural

production, and 4 = healthy)

Technology demonstration households Is he/she a technology demonstration household? (1 = Yes, 0 = No)

Family and production
characteristics

Processing plant or sales store Is there a processing plant or sales store? (1 = Yes, 0 = No)

Number of land plots Number of land plots (blocks)

The proportion of yield reduction without
pesticide application

No pesticide application yield reduction/original yield

Total household income Total household income (RMB)

Instrumental variable Degree in village outsourcing The average of the number of other farmers in the village involved in the pesticide
outsourcing services

aFarmers’ manual weeding behavior, farmers’ herbicide application behavior, and total household income were logarithm values.
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behaviors among the different farmers. To explore the relationship
between pesticide outsourcing services and farmers’ low-carbon
production behavior, we first compared the differences in the
average number of days of manual weeding per unit area (mu)
and the average amount of herbicide input per unit area (mu)
between farmers. The results indicated that out of the total sample of
households, 308 households did not participate in pesticide
outsourcing services, while 142 households chose to participate in
pesticide outsourcing services. This means that only 31.6% of the
total households in the sample opted for pesticide outsourcing
services. Table 3 presents the manual weeding and herbicide

input of the two groups of farmers, namely, the participants and
non-participants of pesticide outsourcing services. The average
number of days of manual weeding per unit area (mu) for
farmers who did not participate in pesticide outsourcing services
was 0.51—higher than the average number of days of manual
weeding per unit area (mu) for farmers who participated in
pesticide outsourcing services (0.30 days). The average herbicide
input per unit area (mu) for farmers who did not participate in
pesticide outsourcing services was 44.5 RMB—lower than the
average herbicide input per unit area (mu) for farmers who
participated in pesticide outsourcing services (90.39 RMB).

TABLE 2 Descriptive statistics results.

Dimension Variables Average
value

Standard
deviation

Minimum
value

Maximum
value

Explained variables
Farmers’ manual weeding behavior 0.272 0.394 0 1.705

Farmers’ herbicide application behavior 3.349 1.456 0 6.201

Core Explanatory variables Pesticide outsourcing services 0.316 0.465 0 1

Other Explanatory variables

External characteristics

Quality testing of pesticide residues 2.384 1.176 1 5

Community green knowledge training and
promotion

0.400 0.490 0 1

Compliance with rules by surrounding farmers 2.967 1.242 1 5

Pesticide bag recycling supervision 0.136 0.343 0 1

Cognitive characteristics Safety interval 0.718 0.451 0 1

Individual characteristics

Gender 0.833 0.373 0 1

Age 57.491 10.488 23 85

Years of education 6.713 3.511 0 16

Political identity 0.091 0.288 0 1

Health status 3.669 0.558 2 4

Technology demonstration households 0.031 0.174 0 1

Family and production
characteristics

Processing plant or sales store 0.027 0.161 0 1

Number of land plots 9.807 14.119 1 200

The proportion of yield reduction without
pesticide application

4.011 1.881 0 6

Total household income 10.642 0.959 6.628 13.468

Instrumental variable Degree in village outsourcing 0.316 0.322 0 0.909

TABLE 3 Comparison of the variability of whether farmers participated in pesticide outsourcing services.

Indicators The average manual weeding days per unit area
(mu) (days)

The average amount of herbicide input per unit
area (mu) (RMB)

Non-participants Participants Non-participants Participants

Average value 0.508 0.300 44.491 90.387

Standard deviation 0.867 0.448 65.756 67.850

Sample size 308 142 308 142
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Additionally, an inter-variable correlation analysis was conducted
prior to the empirical analysis. The average number of manual-weeding
days per unit area (mu) showed a negative correlation with pesticide
outsourcing services, while the average amount of herbicide input per
unit area (mu) exhibited a positive correlation with pesticide
outsourcing services. These findings initially support the research
hypothesis as expected. Furthermore, the statistical analysis revealed
that most of the variables had small correlation coefficients.
Additionally, after conducting the inflation factor analysis, it was
determined that the largest inflation factor was only 1.51, which is
well below the critical value of the inflation factor VIF = 10. This
indicates that there is no significant issue of multicollinearity among the
variables in the model designed for this study.

4.2 Test results

The empirical analysis was conducted using Stata 16 software,
employing an endogenous transformation model to assess the impact
of pesticide outsourcing services on farmers’ low-carbon production
behavior. The “outsourcing decision” column represents estimates of
the factors influencing the decision to outsource in the first stage of the
model. The “non-outsourced group” and “outsourced group” indicate
estimates of the outcome equations in the second stage of the model for
each respective group. The symbols of ρT and ρU denote the correlation
coefficients of the error terms of the outsourcing decision model and the
low-carbon production behavior model of farmers, respectively. The
significance of ρT, ρU , and the joint independent likelihood ratio (LR) at
the 10%, 5%, and 1% levels indicates that there is a significant presence of
self-selection problems within the sample. This suggests the need to
correct for sample selection bias caused by unobservable factors. The
positive correlation coefficient estimates for the error term in Model
1 indicate a negative selectivity bias. This means that farmers who did not
participate in pesticide outsourcing services spent more days on manual
weeding compared to the average number of days spent by random
farmers in the sample. On the other hand, the negative correlation
coefficient estimates for the error term in Model 2 indicate a positive
selectivity bias. This implies that farmers who participated in pesticide
outsourcing services had a higher amount of herbicide input compared to
the average amount of herbicide input by random farmers in the sample.
Specifically, the amount of herbicide input exceeded the average amount
observed among random farmers in the sample.

Regarding the factors influencing the decision to outsource the
application process, it was found that community training and
promotion of green knowledge, as well as compliance with the rules
by surrounding farmers, had a significant positive impact on the choice
to outsource. This may be attributed to the influence of the external
environment on farmers’ production behavior, as indicated byMa et al.
(2023). Additionally, the traditional perception of outsourcing services
was found to be favorable for green and low-carbon production.
Farmers who were aware of green and low-carbon production
practices were more likely to choose to outsource. Pesticide bag
collection monitoring was found to have a significant positive effect
on the choice to outsource, likely due to the convenience associated with
outsourcing, as mentioned by Zheng et al. (2022). Gender was also
found to have a significant positive effect on the outsourcing decision,
indicating that male heads of households were more inclined to choose
outsourcing services. This suggests that male heads of households tend

to be risk-averse and more proactive in adjusting their production
decision-making behavior, as highlighted by Cheng et al. (2022). Age,
on the other hand, had a significant negative effect on the choice to
outsource, indicating that younger household heads, who tend to be
more receptive to new ideas, were more likely to choose outsourcing, as
discussed by Su et al. (2017). The presence or absence of technology
demonstration households also played a significant role, with
technology demonstration households being more aware of green
and low-carbon production practices and choosing to outsource due
to the reputation associated with being a technology demonstration
household, as noted by Han et al. (2022). The number of land plots had
a significant positive effect on the choice to outsource. As farmers with
more land plots have more work to handle, they were more inclined to
choose outsourcing. The proportion of yield reductionwithout pesticide
application also had a significant positive effect on the outsourcing
decision. Farmers, based on their awareness of safety risks, chose to
outsource the application process to professional organizations to
ensure higher yield, as highlighted by Chèze et al. (2020). Total
household income was found to have a significant positive effect on
the decision to outsource. This suggests that income plays a role in
promoting the development of the outsourcing market, as indicated by
Zheng et al. (2023). Regarding instrumental variables, the extent of
outsourcing in villages showed a significant positive effect on both
groups of farm households, indicating its influence on the outsourcing
decision Table 4.

In terms of factors influencing farmers’ low-carbon behavior,
several significant findings were observed. Quality testing for
pesticide residues and community training and promotion of green
knowledge had a significant positive effect on the manual weeding
behavior of farmers in the non-outsourced group, while having a
significant negative effect on herbicide application behavior. This
suggests that farmers, influenced by external constraints on pesticide
residues and the promotion of green production, are more likely to
choose manual weeding to reduce pesticide residues. Additionally,
norms within the group or community to which farmers belong
were found to influence their behavior, aligning with previous
studies showing that group norms influence farmers’ intentions to
engage in sustainable agricultural practices (Borges et al., 2016;
Bjørnåvold et al., 2022). The compliance by surrounding farmers
also had a significant positive effect on the manual weeding
behavior of farmers in the outsourced group, indicating that the
choice of surrounding farmers influences low-carbon production
under the influence of peer effects (He et al., 2023). Pesticide bag
collection monitoring was found to have a significant positive effect on
farmers’ manual weeding behavior and a significant negative effect on
herbicide application behavior. This suggests that farmers choose
manual weeding for added convenience, thereby avoiding the
process of collecting pesticide bags. Perceptions of safety intervals
had a significant positive effect on manual weeding behavior and a
significant negative effect on herbicide application behavior in the non-
outsourced group. Scientific perceptions were found to be conducive to
regulating pesticide application (Udimal et al., 2022). Gender also
played a significant role, with a negative effect on manual weeding
and a positive effect on herbicide application in the non-outsourced
group. This suggests that female heads of households prefer manual
weeding, while male heads of households prefer herbicide application
(Chen et al., 2023a). It indicates that women may be more inclined to
participate in low-carbon production compared to men. Years of
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TABLE 4 Regression results of the effect of pesticide outsourcing services on low-carbon production behavior.

Dimension Variables Model 1 Model 2

Select equation Impact effect equation Select
equation

Impact effect equation

Outsourcing
decision

Outsourced
group

Non-outsourced
group

Outsourcing
decision

Outsourced
group

Non-outsourced
group

External Characteristics Quality testing of pesticide residues −0.045 (0.073) 0.024 (0.020) 0.057** (0.023) −0.044 (0.075) −0.104 (0.068) −0.155** (0.074)

Community green knowledge training and
promotion

0.510** (0.186) 0.072 (0.051) 0.120** (0.058) 0.475** (0.189) 0.114 (0.168) −0.502** (0.183)

Compliance with rules by surrounding farmers 0.120* (0.072) 0.040* (0.022) 0.013 (0.021) 0.165** (0.070) −0.108 (0.070) 0.021 (0.069)

Pesticide bag recycling supervision 0.909*** (0.237) 0.271*** (0.059) 0.229** (0.084) 0.729** (0.235) −0.905*** (0.205) −0.299 (0.261)

Cognitive characteristics Safety interval −0.060 (0.220) −0.006 (0.063) 0.106* (0.057) −0.150 (0.217) −0.229 (0.200) −0.375** (0.186)

Individual Characteristics Gender 1.330** (0.444) 0.194 (0.137) −0.153** (0.066) 1.371** (0.445) −0.245 (0.463) 0.383* (0.207)

Age −0.021** (0.010) −0.001 (0.003) −0.001 (0.003) −0.019* (0.010) −0.006 (0.009) −0.005 (0.009)

Years of education −0.004 (0.027) −0.001 (0.007) 0.002 (0.008) 0.009 (0.028) −0.034 (0.023) −0.049* (0.025)

Political identity −0.231 (0.294) −0.041 (0.072) −0.064 (0.090) −0.159 (0.291) −0.208 (0.236) 0.013 (0.290)

Health status 0.104 (0.173) −0.053 (0.046) −0.018 (0.046) 0.039 (0.177) −0.179 (0.154) −0.250* (0.149)

Technology demonstration households 0.763* (0.451) 0.168 (0.120) −0.038 (0.165) 0.644 (0.465) −0.803** (0.405) 0.385 (0.530)

Family and production
characteristics

Processing plant or sales store 0.464 (0.469) 0.173 (0.125) 0.001 (0.173) 0.718 (0.453) −1.306** (0.401) −0.567 (0.552)

Number of land plots 0.024** (0.012) 0.000 (0.001) −0.001 (0.005) 0.019* (0.011) −0.006 (0.005) 0.007 (0.014)

The proportion of yield reduction without
pesticide application

0.157** (0.069) 0.038** (0.018) 0.026 (0.016) 0.094 (0.062) 0.081 (0.064) 0.136** (0.049)

Total household income 0.267** (0.114) −0.065** (0.031) −0.022 (0.026) 0.248** (0.111) −0.108 (0.102) 0.068 (0.084)

Instrumental Variable Degree in village outsourcing 2.320*** (0.455) - - 2.821*** (0.381) - -

Constant term −6.177*** (1.768) 0.365 (0.474) 0.446 (0.439) −5.883** (1.768) 7.897*** (1.599) 3.483** (1.432)

ρT - 1.271** - - −0.963**

ρU - 0.433* - - −0.790***

LR 11.27*** - - 24.70*** - -

Loglikelihood −295.073 - - −821.935 - -

Sample size 450 450

Note: *, ** and *** represent significant levels of 10%, 5% and 1%, respectively.
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education significantly negatively affected the herbicide application
behavior of farmers in the non-outsourced group, with higher levels
of education and greater awareness of green and low-carbon production
leading to a reduction in herbicide application (Sharma et al., 2015).
Health status also had a significant negative effect on the herbicide
application behavior of farmers in the non-outsourced group, possibly
because healthy farmers are capable of manual weeding, resulting in
reduced herbicide application. The presence or absence of a technology
demonstration household and the presence of a sales shop or processing
plant had a significant negative effect on the herbicide application
behavior of farmers in the outsourced group. This may be attributed to
the possession of green production techniques by technology
demonstration households and the need for farmers with sales shops
and processing plants to ensure the quality of their produce,
respectively. The proportion of yield reduction without pesticide
application had a significant positive effect on the herbicide
application behavior of farmers in the non-outsourced group,
indicating that farmers choose to apply more herbicides due to
safety risks (Liu and Huang, 2013). It also had a significant positive
effect on the manual weeding behavior of farmers in the outsourced
group, suggesting that the outsourcing organization does not take into
account the yield issues faced by farmers. Total household income
significantly negatively affected themanual weeding behavior of farmers
in the outsourced group, indicating that farmers with higher household
incomes prefer to use pesticides (Li et al., 2023).

4.3 Results of treatment effects

Table 5 presents the results of estimating the treatment effect of
pesticide outsourcing services on farmers’ low-carbon production
behavior. In the equation for manual weeding behavior, pesticide
outsourcing services had a suppressive effect, resulting in a decrease
in farmers’ manual weeding behavior. The average treatment effect
(ATT) in the treatment group was −0.294, and for the control group, it
was −0.405, indicating a significant reduction in manual weeding
behavior after participating in pesticide outsourcing services.
Comparing the magnitude of ATT and ATU, it can be observed
that ATT>ATU, suggesting that farmers who participated in
pesticide outsourcing services had lower manual weeding inputs
compared to those who did not participate. This supports the
verification of hypothesis H1, indicating that participation in
pesticide outsourcing services lead to a decrease in the number of
manual weeding activities. In the equation for herbicide application
behavior, pesticide outsourcing services promoted farmers’ herbicide
application behavior. The average treatment effect (ATT) in the
treatment group was 1.807, and the average treatment effect (ATU)
for the control group was 1.946, indicating a significant increase in

herbicide application behavior after participating in pesticide
outsourcing services. Comparing the magnitude of ATT and ATU,
it can be observed that ATT < ATU, suggesting that farmers who
participated in pesticide outsourcing services had higher herbicide
application inputs compared to those who did not participate. This
supports the verification of hypothesis H2, indicating that participation
in pesticide outsourcing services lead to excessive herbicide application.
These findings indicate that pesticide outsourcing services are not
conducive to low-carbon production by farmers.

5 Discussion

Based on data collected from 450 surveys conducted inNingxia and
Shaanxi provinces, this study examined the effect of outsourcing
services on farmers’ manual weeding and herbicide application
behavior using an endogenous transformation model. Previous
studies have mostly analyzed the impact of outsourcing behavior on
green agriculture as a whole, with limited focus on specific alternative
models. The study findings revealed that, in the surveyed area, pesticide
outsourcing services had a negative and significant impact on farmers’
low-carbon production behavior. Farmers participating in the
application process through outsourcing exhibited lower input in
manual weeding compared to those not participating, while their
input in herbicide application was higher. This differs from the
findings of Chen et al. (2023), who suggested that outsourcing
agricultural production in China could reduce agricultural non-point
source pollution. The results of this study may be attributed to the
imperfect development of the outsourcing service market. Most of
outsourcing services acquired by farmers are primarily from individuals
or private entities, lacking professionalism, which hinders the effective
role of outsourcing services in driving the low-carbon development of
agriculture. Therefore, participation in outsourcing services does not
promote farmers’ low-carbon production.

In his work “TheWealth of Nations,”Adam Smith was the first to
systematically discuss the theory of economies of scale and division of
labor in the economic context. He argued that a rational division of
labor could enhance production efficiency and specialization. Based
on the ideal theoretical mechanism and the principles of economies of
scale and division of labor, outsourcing services have the potential to
achieve large-scale and specialized management, leading to improved
utilization of resources and the adoption of green production
technologies (Picazo-Tadeo and Reig, 2006), thus facilitating green
and low-carbon production. However, this study posits that in an
imperfect market, outsourcing services tend to facilitate the flow of
factors and shift from labor-intensive to capital-intensive processes.
With increasing labor costs, outsourcing organizations often opt for
mechanical spraying rather than manual weeding during the

TABLE 5 Average treatment effects of pesticide outsourcing services on the impact of low-carbon production behavior.

Variables Manual weeding behavior Herbicide application behavior

ATT ATU ATT ATU

Outsourced pesticide services −0.294*** (0.017) 1.807*** (0.076)

−0.405*** (0.013) 1.946*** (0.053)

Note: *, ** and *** represent significant levels of 10%, 5% and 1%, respectively.
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application process. Consequently, pesticide outsourcing services do
not effectively promote the realization of farmers’ low-carbon
production.

The findings of this study have implications for farmers in
developing countries who aim to adopt low-carbon production
practices. For instance, regions cultivating Iranian potatoes,
Southeast Asian vegetables, and Pakistani cotton (Khan et al., 2015;
Schreinemachers et al., 2020; Sookhtanlou et al., 2022) have experienced
issues related to excessive pesticide application. These economically
underdeveloped areas may also face challenges with an imperfect
outsourcing market, similar to the research region. Reducing reliance
on outsourcing or regulating the outsourcing market could help
mitigate the problem of high carbon emissions in agriculture.

However, this study has several limitations. Firstly, it solely
focuses on the impact of weeding during the application stage on
farmers’ low-carbon production. Future research could
incorporate other variables such as physical and biological
pest control, pesticide usage, organic fertilizer application, and
fertilizer usage. Secondly, this study only examines the behavior
of farmers in Northwest China using cross-sectional data. Future
studies could delve into the dynamic changes in farmers’
practices and expand the scope of research to include a
broader range of agricultural regions. Thirdly, the survey data
in this study primarily concentrates on rice, and no extensive
investigation or discussion was conducted on different crops
such as corn and wheat, necessitating further research in this
area to provide more comprehensive insights.

6 Conclusion and policy
recommendations

This study examined the influence of pesticide outsourcing services
on farmers’ behavior regarding manual weeding and herbicide
application. It utilizes an endogenous transformation model and
analyzes 450 research data from Ningxia and Shaanxi provinces.
The study finds that pesticide outsourcing services have a significant
negative impact on farmers’ low-carbon production behavior. It is
concluded that pesticide outsourcing services adversely affect farmers’
adoption of low-carbon production practices. It leads to a reduction in
manual weeding behavior and promotes excessive herbicide
application. This is attributed to the imperfect nature of the
outsourcing market, where outsourcing organizations tend to
prioritize cost-effectiveness by employing more low-cost machinery
for herbicide application, aiming to maximize their profits.
Consequently, this practice results in increased surface pollution,
which is detrimental to the development of low-carbon agriculture.
Overall, the findings suggest that pesticide outsourcing services hinder
the achievement of low-carbon production goals among farmers.

In light of these findings, we propose the following policy
recommendations to enhance farmers’ low-carbon production
behavior:

(1) Increase awareness: Currently, farmers do not widely adopt low-
carbon practices in pesticide application. It is crucial to develop
a comprehensive and objective understanding of the impact of
pesticide outsourcing services on farmers’ low-carbon
production behavior. Participating in pesticide outsourcing

services alone is insufficient to achieve low-carbon
production goals.

(2) Improve the outsourcing market: A significant portion of the
negative impact on farmers’ low-carbon production behavior
can be attributed to the shortcomings of the outsourcing market
and system. Therefore, it is recommended to continually enhance
the outsourcing market and establish measures to control excessive
outsourcing by implementing effective outsourcing contracts.

(3) Strengthen policy support: The policy support system for outsourcing
services in low-carbon agricultural production should be enhanced.
The government should introduce more policies focused on
promoting low-carbon production. This includes strengthening
supervision, providing subsidies to farmers and outsourcing
organizations, and striking a balance between asserting its leading
role and facilitating market-based service functions.

By implementing these policy recommendations, we aim to
encourage farmers to adopt sustainable and low-carbon agricultural
practices while addressing the challenges posed by pesticide outsourcing
services. This will contribute to the development of a more
environmentally friendly and sustainable agriculture sector.
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Against the background of global climate change, agricultural science and
technology play a vital role in achieving a low-carbon economy and
sustainable development. Based on the research data of agricultural science
and technology in Web of Science and China National Knowledge
Infrastructure, adopting the bibliometric method, a knowledge graph was
drawn using CiteSpace software; this paper analyzes the hotspot distribution,
structural relationship and evolution process context while also comparing the
difference between China and abroad from 1998 to 2023. The results indicate that
existing research is mainly distributed in the following core modules, namely,
agricultural science and technology, industrialization, modern agriculture, low-
carbon agriculture, etc. The evolution of the research context features three
stages: the traditional agricultural, current agricultural, and high-quality
agricultural stages respectively. Research in China and abroad demonstrates
both overlaps and differences in terms of knowledge structure, and such
differences are related mainly to the concept of low-carbon agriculture, a
variety of research perspectives, and the agricultural science and technology
system. To expand the knowledge structure, deepening the research on,
respectively, the evaluation and measurement of agrarian carbon footprint,
micro-production entities, and strengthening international agricultural science
and technology cooperation are innovative directions for future studies. This
article systematically reviews agricultural scientific research from the perspective
of a low-carbon economy, providing a reference point for the green and low-
carbon transformation of agriculture in every country.

KEYWORDS

agricultural science and technology, low-carbon economy, green development, research
hotspots, evolution

1 Introduction

As social productivity continues to advance and the population keeps increasing,
humans are causing unprecedented damage to the natural ecological environment
(Ahmed et al., 2021). In the face of an increasingly deteriorated ecological environment,
how to effectively coordinate the relationship between economic and social development and
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ecological protection has become a major issue of global concern
(Scharlemann et al., 2020). Faced with the challenges of high
resource consumption and severe environmental costs in the
current food system (Cheng et al., 2023), the leaders of many
countries have expressed their vision for achieving sustainable
development. The United Nations also considers agriculture an
important component of Sustainable Development Goals (SDGs),
making agricultural sustainability a major global initiative
(Warchold et al., 2020). Low-carbon agriculture is an important
path to promote agricultural sustainability, as it can efficiently
produce raw materials, food, feed, and fiber while reducing
energy input and greenhouse gas emissions in agriculture
(Piwowar, 2019), thereby playing a crucial role in achieving the
goals of carbon peaking and neutrality respectively.

Food security and agricultural sustainability are fundamental
issues related to human survival, and low-carbon agriculture plays
an important role in addressing them. The Chinese government has
always considered solving the food problem a top governance
priority. According to the “Statistical Yearbook of World Food
and Agriculture 2022” released by the Food and Agriculture
Organization of the United Nations, China (75 million hectares)
has the largest irrigated area in the world. China ranks first globally
in producing crops such as wheat, rice, and potatoes, as well as
agricultural products such as pork, eggs, and fish. However, due to
China’s large population base, high consumption of agricultural and
sideline products, imperfect alternative technologies for fertilizers,
and a large volume of greenhouse gas emissions from animal
husbandry, China’s agricultural carbon emissions have been
continuously increasing. The Chinese government has attached
ever more importance to carbon emissions in recent years. In
2021, the government put forward the requirement of
“accelerating green development in agriculture and promoting
carbon sequestration and efficiency improvement in agriculture”
in the “Opinions on Fully Implementing the New Development
Concept to Achieve Carbon Peak and Carbon Neutrality,” raising
the necessity and importance of low-carbon agricultural
development to a new level. In 2023, further emphasis was
placed on “comprehensively and deeply promoting green
development in agriculture and constructing an agricultural
powerhouse” in the “Opinions on Promoting Key Work of
Comprehensive Rural Revitalization in 2023”. Thanks to the
government’s emphasis on green and low-carbon agricultural
development, China’s total agricultural carbon emissions have
remained stable at 7%–8% since 2012, showing a significant
downward trend in recent years. The development of low-carbon
agriculture mainly relies on agricultural technological innovation
(Chen Q. et al., 2016). Therefore, this research reviews agricultural
technology-related literature to provide a reference for other
agricultural countries to develop low-carbon agriculture and
achieve SDGs.

Previous studies have extensively researched the Chinese
agricultural technology-related literature (Lai et al., 2019; Wang
J. et al., 2022; Zhang et al., 2023). However, these studies are limited
to either the China National Knowledge Infrastructure (CNKI) or
the Web of Science (WOS) databases respectively, lacking a
comprehensive perspective that combines both in terms of
analysis and comparison. In addition, unlike previous studies
(Chen Y. et al., 2016), this research adopts a low-carbon

economic perspective. It focuses on analyzing the research
dynamics and trends of Chinese agricultural technology research
in low-carbon agriculture, aiming to lay a foundation for future
research and outline possible innovative directions. This research
addresses the following questions: 1) analyze the characteristics of
agricultural technology research; 2) study the distribution of
hotspots in agricultural technology research; 3) sort out the
context of Chinese agricultural technology research; 4) compare
the differences between Chinese and international agricultural
technology research; 5) explore the future trends of agricultural
technology research, all five questions being based on a low-carbon
economic perspective. Therefore, this research utilizes the CNKI and
WOS core databases to analyze agriculture-related literature. It
employs Citespace software to conduct a systematic bibliometric
visualization of Chinese agricultural technology research from a
low-carbon economic perspective, comparing it with international
agricultural technology research.

2 Methods and data sources

2.1 Research methods

Bibliometrics, initially proposed by British information scientist
Alan Pritchard in 1969, is a research method used to quantitatively
analyze literature information. As one of the fundamental research
areas of bibliometrics, bibliometric analysis methods–including
statistical, citation, mathematical modeling, and co-citation
analysis, respectively–have gradually formed a core method
system that has been explored on a continuous basis by scholars
(Glänzel, 2015). It has been widely applied in publication statistics,
academic hotspot tracking, and future research directions in various
fields (Zhao and Xu, 2010), which has contributed significantly to
the development of information visualization. Information
visualization, proposed by Robertson et al., in 1989, is a
computer-based method for the visual analysis of abstract data. It
reveals the development trends, hotspots, and frontiers of scientific
research through dynamic graphics (Bederson and Shneiderman,
2004). Therefore, information visualization assists scholars in
quickly understanding and predicting the boundaries and
dynamics of scientific research, thereby exploring new research
areas that feature complex scientific information (Chen, 2006).
With the advancement of information technology and
scientometrics, information visualization techniques have been
increasingly applied to literature information mining. In terms of
mainstream information visualization analysis software, Citespace
software integrates various analysis functions such as knowledge
clustering, multivariate statistics, and co-cited literature, effectively
combining traditional bibliometrics with information visualization.
It significantly impacts information analysis and is one of the
mainstream visualization analysis software tools currently
available (Zhang et al., 2019).

2.2 Data sources and overview

This study uses the CNKI andWOS databases as data sources to
ensure the original data’s comprehensiveness, accuracy, and
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representativeness. The CNKI database selected Chinese Social
Sciences Citation Index (CSSCI) journal articles as the primary
data, with the search condition based on the subject “agricultural
science and technology” with the search period spanning from
1998 to 2023. Non-research articles such as news reports and
conference summaries were excluded, resulting in 3,315 relevant
articles. The WOS core database selected the Science Citation Index
(SCI) and Social Science Citation Index (SSCI) and set the search
topic as “agricultural science and technology”. The search period
was from 2008 to 2023, the language was English, and the document
types were articles and reviews. Duplicate articles were removed to
ensure the validity of the data, resulting in a total of 1,627 literature
records. All literature was downloaded on 4 September 2023.
Figure 1 illustrates the distribution of agricultural science and
technology publications.

Based on Figure 1, it can be observed that the annual publication
volume of agricultural science and technology research showed an
initial increase followed by a subsequent decrease between 1998 and
2023 in the CNKI database, while in the WOS database, the growth
trend wasmore significant. The period from 1998 to 2005 represented

a stable development phase for agricultural science and technology
research in China. Subsequently, there was a continuous increase in
research publication volume, with fluctuations observed from 2006 to
2012. In 2008, the annual research publication volume peaked at
244 articles. From 2013 to 2023, there was a fluctuating downward
trend in research publication volume, indicating a stabilization of
research in Chinese agricultural science and technology. In the
international context, the research publication volume of
international agricultural science and technology showed a slow
growth from 2008 to 2017, followed by a substantial increase from
2018 onwards, indicating sustained attention from international
scholars in this field. Analyzing the journal distribution in
Figure 2, the top five journals in research publication volume in
international agricultural science and technology research are Food
Policy, Heliyon, Agriculture-BASEL, Journal of Cleaner Production,
and Sustainability. In contrast, the top journals in Chinese agricultural
science and technology research are Economic Geography, Chinese
Agricultural Resources and Regional Planning, Chinese Rural
Economy, Agricultural Techno-Economics, and Agricultural
Economic Issues.

FIGURE 1
Annual publication volume of agricultural science and technology research (note: data from CNKI and WOS).

FIGURE 2
Distribution of major journals for agricultural science and technology research publications.
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3 Research hotspot distribution

Keywords are highly summarized descriptions of the core
research topics in literature. The co-occurrence relationship and
connection strength of keywords are essential bases for analyzing the
distribution of research hotspots in literature. This study adopts a
1 year time slice and uses the Pathfinder and Pruning of the Merged
Network to conduct hotspot evolution analysis and draw a
clustering map of agricultural science and technology research in
China (Li and Sun, 2014).

3.1 Hotspot keyword analysis

Table 1 reflects the evolution of the leading research hotspots
and topics in agricultural science and technology in China from
1998 to 2023 from the perspective of the low-carbon economy.
Keywords such as agricultural science and technology,
industrialization, modern agriculture, low-carbon agriculture, and
rural revitalization have high co-occurrence frequencies, reflecting
the core hotspots of agricultural science and technology research in
China from 1998 to 2023. From the perspective of co-occurrence

TABLE 1 Core hotspot keywords.

Particular
year

Keywords Frequency/
Section

Centrality Particular
year

Keywords Frequency/
Section

Centrality

1998 Agriculture 222 0.28 2004 Modern agriculture 123 0.11

1998 Agricultural science and
technology

177 0.28 2004 Agricultural
enterprise

10 0.01

1998 Industrialization 46 0.05 2004 Human resources 6 0.01

1998 Productivity 11 0.02 2007 Influencing factor 69 0.08

1998 Promoting agriculture by
applying science and technology

20 0.01 2008 Science and
technology support

8 0.01

1999 Scientific and technological
innovation

78 0.10 2011 Low-carbon
agriculture

31 0.03

1999 Sustained development 5 0.01 2011 Low-carbon
economy

5 0.01

2000 Agricultural technology
extension

9 0.01 2013 Professional farmers 2 0.01

2001 Farmer income increase 36 0.03 2016 Collaborative
innovation

9 0.01

2004 Food security 28 0.02 2018 Rural revitalization 47 0.06

TABLE 2 Three major sectors of agricultural technology supporting a low-carbon economy.

Serial
number

Cluster Embodiment Factors affecting carbon
emissions

Rationale

1 #2 farmer income increase,
#3 environmental pollution,

#5 agricultural productivity, #11 food
security

High energy consumption, high
emissions, high pollution traditional
agricultural production, resulting in
rapid growth of agricultural carbon

emissions

Economic factors: level of economic
development

The Environmental
Kuznets Curve

2 #4 industrialization, #6 modern
agriculture, #7 technology transfer,

#8 resource management

With the adjustment of agricultural
industrial structure, the improvement
of technology transfer efficiency and
the improvement of industrialization
level, the optimization of resource
utilization efficiency has become an

inevitable requirement for the
development of low carbon agriculture

Institutional factors: resource
utilization efficiency

The theory of recycling
economy

3 #0 agricultural technology, #1 high-
quality development, #9 technology

information, #10 low-carbon agriculture

Relying on digital empowerment,
building a low-carbon, safe and efficient
development of agricultural science and
technology system, accelerating the

low-carbon transformation of
agriculture

Technical factors: agricultural
technology progress and promotion

Sustainable development
theory
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relationships, the above keyword nodes are closely connected with
high co-occurrence intensity, forming clusters of hotspots in the
field of publication.

In the early stage of research, the essential keywords focused on
carbon emissions caused by the single agricultural production
mode in China. In this stage, traditional agriculture dominated
and exhibited characteristics such as low efficiency, high energy
consumption, and high pollution, resulting in increasing pressures
on resources and the environment and significant agricultural carbon
emissions. To gradually achieve the transformation and upgrading
of agricultural production from quantity to quality while solving
the problems of low quality and low efficiency in agricultural
production, it is necessary to accelerate the improvement of
agricultural production efficiency, enhance the quality of farm
products, optimize the utilization of energy resources, construct a
resource-saving and environmentally friendly agricultural production
model, and realize the transformation and upgrading from traditional
agriculture to modern agriculture. In the mid-term phase of the
research, the essential keywords mainly focused on carbon
emissions caused by extensive agricultural production methods.
Due to the lack of an established modern agricultural industry
system with automation, intelligence, and informatization, weak
agricultural infrastructure, lagging industrial development, and the
absence of core competitiveness, China’s agricultural development
still relies on an extensive mode that pursues production and speed
unilaterally. This single agricultural production mode involves
measures such as excessive use of fertilizers and pesticides,

unreasonable land use and mechanized operations, leading to
aggravated carbon emissions. Building on the technology and
innovation-driven modern agricultural industry systems became
the focus of this stage of the research. In the later stage of the
study, the essential keywords mainly focused on building a low-
carbon agricultural system through collaborative agrarian production
methods. Technological innovation in agriculture is the key to
promoting the coordinated development of farm production
and the ecological environment. By using digital means to
reconstruct traditional agricultural production methods and
industrial operation models, the research aims to effectively make
up for the shortcomings of agricultural modernization and form
a complete system for green, safe, and low-carbon development in
agriculture.

3.2 Keyword cluster map analysis

Based on the keyword clustering information in Figure 3, the 11
main keywords can be categorized into three clusters that support a
low-carbon economy in agricultural technology (as show in
Table 2).

The first cluster mainly includes #2 farmer income increase,
#3 environmental pollution, #5 agricultural productivity, and
#11 food security. Low levels of farmer income, extensive
agrarian production methods, and intense agricultural
productivity lead to problems such as high energy consumption,

TABLE 3 Agricultural carbon footprint evaluation index.

Object Calculating method Merits and Demerits Reference

Agricultural carbon
emissions

IPCC It is widely accepted and applied, with high scientificity and comparability,
but it can not reflect the whole picture of carbon emission in the production

process of agricultural system

Chen et al., 2019; Li D. et al., 2022;
Xiao X. et al., 2022

life cycle approach It can reflect the impact of the whole process of agricultural products from
production to abandonment on the environment, but it has strong

subjectivity in the delineation of different cycle boundaries, which can easily
cause measurement errors

HuangW. et al., 2022; Yu et al., 2023

Input-output method It can fully reflect the carbon emission of each input factor in the process of
agricultural production, but the amount of data required is huge, the

calculation process is complex, and the input-output table is discontinuous

Yu et al., 2020; Jiang et al., 2022

Carbon emission
coefficient method

The actual carbon emission data can be obtained directly, and the results are
open and transparent, but there are uncertainties due to data quality and

assumptions

Cui et al. (2014)

Agricultural carbon sinks Plant-based carbon
sequestration

The effects of different crop varieties, planting density, fertilization
management and other factors on carbon sink capacity can be evaluated, but
the calculation process is susceptible to climatic conditions and other factors

Wang J. et al., 2022; Bamière et al.,
2022

Soil carbon sequestration Soil carbon sequestration capacity can be assessed throughout the planting
cycle, but the assessment of soil carbon sequestration capacity is affected by

factors such as soil sampling, sample treatment and analysis

Li et al., 2021; Winkler et al., 2023

Agricultural carbon
emission efficiency

Univariate calculation It can directly reflect the carbon emission efficiency in the process of
agricultural production, but ignores the economic benefits of agricultural

production and other production environment impacts

Pang et al. (2020)

SFA The technical efficiency and allocation efficiency in the process of
agricultural production can be understood, but the reliability of the model

estimation results depends on the setting of the function form

Zhu et al. (2021)

DEA It is suitable for a variety of input-output combinations, but it cannot
directly judge the technical efficiency and allocation efficiency in the

production process

Shan et al. (2022)
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emissions, and pollution levels in agricultural production
respectively. This results in a continuous increase in agricultural
carbon emissions and prominent environmental pollution issues,
which in turn reduces farm output and, to some extent, affects food
security. The Environmental Kuznets Curve can effectively explain
the low-carbon development of agriculture in this stage, where
agricultural economic development and carbon emissions are at
the pre-turning point of the “inverted U” shape. As agricultural
economic development drives the improvement of agricultural
production efficiency, there is also an “inverted U” relationship
between agricultural production efficiency and agrarian carbon
emissions. In regions with lower agricultural production
efficiency, improving production efficiency significantly increases
carbon emission intensity, whereas in areas with higher agricultural
production efficiency, improving production efficiency effectively
suppresses carbon emission intensity (Zhu and Huo, 2022). On the
other hand, agricultural economic development is accompanied by
an increase in people’s income levels, which stimulates the desire for
improved quality of life and leads to active consumption of green
and low-carbon agricultural products, thereby driving the
transformation of agriculture towards low-carbon practices
(Yuzhen, 2021).

The second cluster mainly includes #4 industrialization,
#6 modern agriculture, #7 technology transfer, and #8 resource
management. With the adjustment of agricultural industrial
structure, the efficiency of technology transfer continues to
improve while the level of industrialization continues to increase.
Optimizing resource utilization efficiency becomes an inevitable
requirement for the development of low-carbon agriculture. On the
one hand, the transformation and upgrading of agricultural

industrial structures is a critical means to reduce agricultural
carbon emissions. Different agricultural sectors have varying
degrees of impact on carbon emissions, with crop farming and
livestock farming being the primary sources of agricultural carbon
emissions (Dong, 2016). Crop farming involves the use of high
energy-consuming machinery and agrochemicals, while livestock
production and manure discharge generate large amounts of
greenhouse gases (Dai et al., 2021). On the other hand,
compared to some agricultural countries limited by knowledge
reserves and research and development investment, frequent low-
carbon technology transfer between agricultural powerhouses has
demonstrated significant carbon reduction effects. Therefore,
promoting global sharing of low-carbon agricultural technologies
can effectively address climate change issues and mitigate the global
warming trend (Gu et al., 2020).

The third cluster mainly includes #0 agricultural technology,
#1 high-quality development, #9 technology information, and
#10 low-carbon agriculture. Agricultural technological innovation
is the key to driving the transformation and upgrading of
agricultural industrial structures. By further optimizing
agricultural technology information and accelerating the
empowerment of new technologies and methods in agricultural
production, extensive and traditional agricultural production
methods can be changed, further reducing the level of
agricultural carbon emissions, thereby achieving high-quality
development of low-carbon agriculture. In the era of digital
economy, digital technology, as a new production factor, can
effectively break through the information isolation faced by
farmers while promoting low-carbon agricultural technologies
(Huang W. et al., 2022). With the continuous development of

FIGURE 3
Co-occurrence network clustering diagram of keywords.
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digital technology, the “digitalization and decarbonization”
development model has become the only path for the
development of low-carbon agriculture (Tian, 2023). Promoting
agricultural digitization can help replace traditional agricultural
production methods by improving human capital, social capital,
and digital finance levels, providing economies of scale, economic
aggregation effects, and innovation effects for agricultural
production. This will help to build a low-carbon, safe, and
efficient agricultural technology system (Huang and Nie, 2023)
and achieve high-quality development in agriculture.

4 The evolution of agricultural science
and technology research

The evolution of research paradigms in the thematic field is
primarily reflected in the temporal changes in research content,
perspectives, and methodologies. Firstly, the keyword co-occurrence
network timeline graph mainly depicts the historical evolution
relationship between different clusters, illustrating the evolving
trends of various hot topics within the field over time. In the
timeline graph, the temporal distribution of nodes represents the
first occurrence of keywords in the overall research publications,
while the node size reflects the accumulated co-occurrence
frequency of the keyword nodes in the research publications.
Therefore, by constructing the keyword timeline graph, it is
possible to summarize the variations in hot topics in agricultural
science and technology research. Secondly, in the literature co-
citation network, highly central nodes often represent influential

or representative research works, and their research content,
perspectives, and methodologies serve as essential references for
analyzing the research evolution of the thematic field. Therefore,
based on the keyword timeline graph and high-centrality literature
from different periods, the research trajectory of agricultural science
and technology achievements from 1998 to 2023 can be organized.
As shown in Figure 4, the keyword timeline view combined with the
evolution of clusters and keywords is utilized to divide the research
process of Chinese agricultural science and technology into stages.
Overall, the development of agricultural science and technology-
related research can be divided into three phases, each characterized
by specific differences in research themes, perspectives, and
methodologies.

4.1 Development stages of traditional
agriculture

The starting phase of agricultural science and technology
research in China was from 1998 to 2003. The distribution of
keywords during this period reveals a focus on issues such as
industrialization, technological innovation, productivity, and
farmers’ income. In the early stage, China’s agricultural output
was relatively low. Due to factors such as a large population base
and rapid population growth, there was a continuous increase in the
demand for grain production in China. In particular, after the
Chinese government officially proposed the concept of “food
security”, there was an urgent need to improve agricultural
production methods, enhance the supply level of Chinese

FIGURE 4
Keyword co-occurrence network timeline diagram.
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agricultural products, thereby ensuring food security. Therefore,
research during this stage primarily revolved around the issue of
increasing agricultural product yields. For instance, Yang et al.
(2017) and many other scholars found through their research
that agricultural technological progress significantly improves
grain production, whereas resource wastage and excessive use of
fertilizers in agriculture lead to ecological damage to agricultural
resources and the environment (Zhang and Nian, 2004; Zhang,
2020). In terms of production subjects, Xiang et al. (2012) pointed
out that a lack of relevant knowledge among farmers is the reason for
the inefficient utilization of agricultural resources, while Zhou and Li
(2021) has argued that the cooperative modes among farmers hinder
the improvement of agricultural resource utilization efficiency, while
vertical cooperation can help address issues related to the harmful
effects of fertilizers, pesticides, and other factors on the agricultural
ecological environment. Overall, the development of the agricultural
industry in China faces challenges such as limited land resources,
severe water shortages, predominant small-scale farming practices,
as well as significant pollution from fertilizers and pesticides.
Consequently, the research focus has shifted towards constructing
a system and framework for sustainable agricultural development.

4.2 Development stages of modern
agriculture

With the proposal of China’s agricultural modernization strategy,
exploring the path of agricultural modernization with Chinese
characteristics has become a research hotspot during this period. It
is mainly reflected in the following aspects: interpretation from the
perspective of transformation of development modes suggests the
optimization of agricultural industrial structure (Yang, 2004; Zu,
2007); adjustment of management systems (Wang, 2007);
improvement of economic efficiency (Zhu and Dong, 2013); and the
transformation of industrial value chain from low to high, extensive to
intensive, and from high energy consumption and pollution to energy-
saving and environmentally friendly practices (Li, 2010). In terms of
elaborating on the issue of agricultural specialization and division of
labor, Yang et al. (2011), for example, argued that accelerating the
construction of new agricultural social service organizations helps meet
the needs of modern agricultural development. Xi (2007) has suggested
that the integrated development of agricultural industries can promote
the improvement of comprehensive agricultural benefits while helping
to realize agricultural multifunctionality. Jiang (2011) examines the
importance of accelerating the reform of public agricultural service
institutions and highlighting the need for the construction of
comprehensive modern agricultural service platforms. Research on
the role of agricultural support policies suggests that deepening
agricultural technological innovation policies while focusing on seed
industry support, such as the implementation of preferential support
policies for the seed industry, is crucial for seed industry revitalization
(Li and Huo, 2008). Emphasizing agricultural equipment policies,
support delivered through machinery subsidies significantly
improves agricultural production efficiency (Wang and Xiao, 2007).
Additionally, by concentrating on outsourcing and hosting agricultural
service policies, outsourcing services in agricultural production
processes can effectively enhance technology utilization efficiency
and promote grain production (Zhao et al., 2013).

4.3 Development stage of high-quality
agriculture

With the proposal of China’s rural revitalization strategy,
scholars have increasingly emphasized the importance of high-
quality agricultural development, mainly focusing on the
significance of low-carbon agriculture. The analysis of the
keyword co-occurrence network timeline indicates that keywords
such as low-carbon economy, collaborative innovation, dual-type
agriculture, and environmental regulations have become frequently
co-occurring nodes. Low-carbon agriculture is an essential approach
to achieving high-quality agricultural development, in an attempt to
ensure national food security and sustainable food supply while
promoting agricultural development with high energy efficiency,
low energy consumption, and low carbon emissions. Agricultural
technology plays a crucial role in facilitating low-carbon agriculture.
China emphasizes the establishment of a low-carbon agricultural
system characterized by source control as a priority, consumption
reduction as the main focus, carbon sink augmentation as a
supplementary measure, and circular utilization. This system
aims to enhance the efficiency of agricultural resource utilization
and promote agricultural production featuring high efficiency, low
energy consumption, low carbon emissions, and high carbon
sequestration (Li D. et al., 2022). In terms of source control,
goals for emission reduction can be achieved through developing
high-yielding, low-emission, water-saving, drought-resistant, and
high-quality wheat varieties, utilizing new types of green, efficient,
environmentally friendly, and high-quality fertilizers, as well as
promoting low-carbon, low-energy-consumption and low-
pollution poultry farming technologies (Cheng and Yao, 2022;
Samoraj et al., 2022; Zeleke et al., 2022). Consumption reduction
can be achieved by employing technologies such as big data, artificial
intelligence, and the Internet of Things to monitor meteorological
conditions, soil moisture, crop growth, and other parameters,
thereby enabling exemplary management of agricultural
production and efficient resource utilization (Zhang et al., 2022).
Carbon sink augmentation involves measures such as no-tillage
farming, straw returning, and green manure application, which can
increase soil organic matter content. The promotion of conservation
tillage techniques helps reduce soil organic matter depletion.
Comprehensive land consolidation supports the achievement of
emission reduction and carbon sink augmentation goals (Liao
et al., 2022; Zhuang et al., 2023). Regarding circular utilization,
constructing a technological support system for an agricultural
circular economy enables the resource utilization of livestock and
poultry manure, crop straw, and by-products. Additionally, such a
technological support system explores the carbon sequestration
potential and economic benefits of agricultural biomasses (Yang
et al., 2022).

5 Differences between Chinese and
international research

In the early stages of international agricultural technology
research, attention was focused on food security issues, gradually
shifting towards ecological issues while, more recently, greater
attention has been paid to low-carbon issues. The evolution of
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relevant research in China is similar. In the early stages of research,
most studies pointed out that the development of agricultural
technology is a crucial response to food security issues, such as
the promotion of improved crop varieties, the use of fertilizers and
chemical pesticides, and the transformation towards agricultural
mechanization, which can significantly improve agricultural
productivity and effectively address food security issues (Abah
et al., 2010; Sinyolo, 2020; Spanaki et al., 2021). The relationship
between agricultural technology and food security is a complex one,
and output indices cannot be the sole focus (Magrini and Vigani,
2016). With the development of information, communication, and
automation technologies respectively, scholars have begun to
explore the application of agricultural technology to enable the
high-quality development of low-carbon agriculture (Liu et al.,
2020).

5.1 Different perspectives on the concept of
low carbon agriculture

Existing research relies on low-carbon agricultural economic
theory to explain the connotations of low-carbon agriculture based
on a relatively broad understanding of the essence of low-carbon
agriculture. International studies, due to their earlier development,
actively promote interdisciplinary exchanges in economics,
management, politics, and other fields, aiming to grasp the
essence of the concept of low-carbon agriculture. The concept of
a “low-carbon agricultural economy” in China was first proposed by
Wang (2008), who defined it as an economy that minimizes carbon
emissions andmaximizes social benefits under existing technologies.
Weng et al. (2009) believe that low-carbon agriculture is consistent
with the concept of circular agriculture, both of which possess
characteristics such as low energy consumption, sustainability,
and a systemic approach. Liu et al. (2012), building on
theoretical economics, emphasize the need for a comprehensive
consideration of the relationship between economics, society, and
ecology in low-carbon agriculture to achieve sustainable agricultural
development. Chinese scholars’ understanding of the concept of
low-carbon agriculture is gradually evolving and has yet to reflect a
unified definition. Internationally, the concept of “low-carbon
agriculture” can be traced back to the Energy White Paper
published by the British government in 2003. Subsequently,
Pimentel, based on interdisciplinary theories and research
achievements in ecology and management, proposed the concept
of input reduction development, which drew significant attention to
low-carbon agriculture. Knudsen et al. (2014), combining theories
from management and political science, have argued that the
development of low-carbon agriculture involves issues such as
technological design, institutions and systems, require the state to
formulate corresponding policies to promote the transformation of
an appropriate agricultural industry structure.

5.2 Different research perspectives in
agricultural science and technology

In Chinese agricultural science and technology research, there is
a predominant focus on macro-level empirical studies, while

international studies tend to examine production entities such as
agricultural enterprises, family farms, and individual farmers,
emphasizing micro-level analysis. Chinese studies often utilize
regional data for their empirical analysis of agricultural carbon
emissions characteristics and influencing factors, as well as
performance evaluation of low-carbon agricultural development
(Xiao X. et al., 2022; Lu et al., 2023). Alternatively, qualitative
analyses are conducted on policy evaluations and improvement
recommendations related to initiatives such as “energy
conservation and emission reduction” and “low-carbon city”
pilots (Che, 2022; Jiang and Jiang, 2023), with relatively less
attention devoted to micro-level production entities in Chinese
agriculture. On the other hand, international agricultural science
and technology research mainly focuses on studying micro-level
production entities, such as farmers’ adoption of improved rice
technologies (Ambali et al., 2021), farm utilization of automated
milking systems (Schewe and Stuart, 2015), and collaborations
between enterprises and universities for innovation (Luo et al.,
2022). These studies contribute to a fundamental exploration of
relevant influencing factors and the resolution of practical issues.

5.3 Different research on the agricultural
science and technology system

The agricultural science and technology system in China is still
in need of improvement, while the international agricultural science
and technology system is relatively mature. The Chinese agricultural
science and technology system mainly includes the construction of
agricultural technology networks and an innovation system for
agricultural technology. The former consists of universities and
research institutes, technology extension organizations, and
technology transfer entities. The latter is led by the government
and supported by institutional encouragement and constraint
mechanisms, promoting technological innovation, development,
and the dissemination and application of low-carbon
technologies (Sun and Cheng, 2021). Currently, the Chinese
agricultural science and technology innovation system still faces
challenges such as decentralized organizational management of
innovation entities, low efficiency in the transformation of
scientific and technological achievements, and insufficient
investment in agricultural enterprise innovation, indicating that
the innovation system still needs improvement (Li and Mao, 2021).

In contrast, the agricultural science and technology innovation
system in the United States is based on universities, establishing an
integrated system of agricultural research, education, and
promotion. The land-grant colleges in each state apply a large
number of advanced technologies to agriculture every year,
including energy-saving and carbon-reducing technologies,
providing solid technical support for the development of low-
carbon agriculture in the United States (Zapata-Cantú and
Gonzalez, 2021). The agricultural innovation system in South
Korea is government-led, emphasizing high investment in
agricultural technological innovation, coordination between
policies and laws, and a close connection between technology
innovation projects and field applications. These measures have
effectively facilitated South Korea’s progress in becoming a leading
agricultural technology country (Zhou et al., 2021). In comparison,
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the agricultural science and technology systems of agricultural
powerhouses are more mature.

6 Research trends in agricultural
science and technology

The new generation of ubiquitous information technologies,
such as smart agriculture, artificial intelligence, and agriculture 4.0,
represent breakthrough applications in the field of agriculture. The
dissemination and application of these technologies will bring about
comprehensive changes in core technological advances,
collaborative research and development innovation, and
production organization modes in agriculture. With the
continuous advancement of technological innovation, their core
driving role in the development of low-carbon agriculture is
becoming increasingly prominent (Li and Li, 2020). Against this
backdrop, it is critical to grasp the role of the technological support
system, performance evaluation indicators, and economic
development models of low-carbon agriculture. Through the
induction and sorting of the structural relationships and trends
of China’s agricultural science and technology research hotspots
from 1998 to 2023 and by comparing these with international
research, this study reveals the following trends in future
agricultural science and technology research.

6.1 Constructing the evaluation index
system of an agricultural carbon footprint

Based on existing research, the agricultural carbon footprint
assessment index system faces issues such as inconsistent accounting
parameters and incomplete reference elements (Zhang and He,
2022). Current assessments mainly revolve around agricultural
carbon emissions, agricultural carbon sinks, and agricultural
carbon emission efficiency, with a corresponding calculation
system being established (Tian and Yin, 2022) (as show in Table 3).

The main methods for calculating agricultural carbon emissions
include the IPCC (Intergovernmental Panel on Climate Change),
input-output, life cycle assessment, and field measurement methods
respectively. However, each method has its limitations. The IPCC
method mainly utilizes relevant coefficients and macroeconomic
data to measure agricultural carbon emissions but needs to
comprehensively reflect the carbon emissions throughout the
entire agricultural production process (Chen et al., 2019; Li
J. et al., 2022; Xiao P. et al., 2022). The input-output method
mainly converts factors influencing the agricultural production
environment into economic benefits for measurement purposes,
but this method requires a high quantity and quality of data (Yu
et al., 2020; Jiang et al., 2022). The life cycle assessment method
primarily measures the environmental impact of agricultural
products throughout their entire production process, but
subjective issues arise in determining life cycle boundaries
(Huang X. et al., 2022; Yu et al., 2023). The emission factor
method directly calculates the carbon dioxide equivalent
generated during the entire life cycle of agricultural products.
However, it is subject to uncertainty due to data quality and
assumptions (Cui et al., 2014).

Regarding methods for calculating agricultural carbon sinks,
there are two main types: crop carbon sink and soil carbon sink. The
crop carbon sink method calculates the total carbon sink of crops
through water content and carbon absorption rate, but it is easily
affected by climatic conditions (Bamière et al., 2022; Wang Y. et al.,
2022). The soil carbon sinkmethod is based on detecting soil organic
carbon content and can establish models that predict soil carbon
sequestration capacity, but external factors can also influence it (Li
et al., 2021; Winkler et al., 2023).

Regarding methods for calculating agricultural carbon emission
efficiency, there are two main types: single-factor approach and
multi-factor approach. The single-factor approach commonly uses
carbon emission intensity to reflect carbon emission efficiency
intuitively but neglects economic benefits (Pang et al., 2020). The
multi-factor approach includes stochastic frontier and data
envelopment analysis respectively. The stochastic frontier analysis
incorporates agricultural carbon emissions as input factors for
measurement, but the estimation results of the model are
influenced by the functional form chosen (Zhu et al., 2021). Data
envelopment analysis treats agricultural carbon emissions and
carbon sinks as undesirable outputs and can be applied to
various input-output combinations. However, it cannot
distinguish between technical efficiency and allocative efficiency
during the production process (Shan et al., 2022).

6.2 Increasing the research on micro-
production subjects

At present, academic research on low-carbon agriculture
mainly focuses on large-scale farming households, with
relatively less research on small farming households. However,
small farming households play a significant role in China’s
agricultural production. Therefore, in the pursuit of the “double
carbon” goal of agricultural development, the importance of small
farming households cannot be ignored, and research on their role
in low-carbon agriculture development should be strengthened.
Farming households of different scales have varying investment
and operating capabilities. When small farming households
transition from production to low-carbon operations, they tend
to prefer labor-intensive low-carbon technologies based on low-
risk preferences with limited economic benefits (Zhao and Zhou,
2021). In addition, it is difficult to measure the carbon emissions of
small farming household production processes, which limits their
ability to participate in carbon market transactions and receive
effective incentives from carbon emission trading rights policies.
The generally lower education level of small farming households
makes it challenging for them to learn and apply low-carbon
agriculture technology (Guo et al., 2015). Despite many issues,
rapid development in agricultural technology allows for specialized
division of labor in agricultural production processes. Small
farming households can participate in socialized division of
labor, such as agricultural production trusteeship and
production service outsourcing, thus lowering the threshold for
participation in low-carbon operations (Ran et al., 2023).
Therefore, future research should focus on the role and co-
occurrence of small farming households in the development of
low-carbon agriculture.
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6.3 Strengthening international cooperation
in agricultural science and technology

The severe climate change and the sudden outbreak of COVID-
19 have had a significant impact on the global economy, leading
countries to recognize the importance of open cooperation and
collective participation in addressing global crises. Strengthening
international cooperation in agricultural technology not only helps
leverage the comparative advantages of agricultural science and
technology across countries while enhancing innovation capacity,
it also improves the core competitiveness of the agricultural industry
and reduces the technological gap between agricultural powers.
Currently, international cooperation between agricultural research
institutions faces critical issues such as funding shortages, the need
for optimized collaboration models, and the need for talent
development (Yu and Du, 2021). In terms of funding, it is
necessary to strengthen international exchanges and cooperation,
improve financial subsidy policies for international agricultural
cooperation, and support the smooth “going global” of
agricultural science and technology (Guan and Hu, 2019). In
terms of collaboration models, focusing on agricultural
technology cooperation, establishing national modern agricultural
demonstration zones, and gradually developing agriculture-industry
chain collaboration can effectively utilize agricultural resources and
fully exploit the value of land and labor productivity (Cabral et al.,
2023). Regarding talent development, constructing a sound talent
training system, establishing a normalized mechanism for scientific
and technological exchanges, and conducting diversified activities
such as scientific and technological education, popular science
promotion and research conferences can effectively promote the
cultivation and construction of agricultural science and technology
talents (Yao and Wu, 2022).

7 Discussion

This study is based on an analysis of Chinese agricultural
science and technology research from the perspective of a low-
carbon economy using the Citespace visualization analysis
method. A total of 3,315 CSSCI journal articles from the
CNKI database and 1,627 SSCI journal articles from the WOS
database were analyzed. The study compared Chinese and
international research in this field and provided an outlook
regarding future research trends. The research findings
indicate that Chinese agricultural science and technology
research is characterized by a focus on agricultural technology
as its foundation and is guided by sustainable development
principles in order to construct a modern agricultural
production system. The evolution of this research can be
divided into stages including traditional agricultural, modern
agricultural, and high-quality agricultural development
respectively. While there are similarities between Chinese and
international agricultural science and technology research,
differences exist in terms of the study of low-carbon
agriculture, perspectives on agricultural science and
technology research, and the agricultural technology system.

Previous studies on Chinese agricultural science and
technology research have primarily focused on analyzing

research hotspots and evolutionary trends based on CNKI
sources (Lai et al., 2019; Wang Y. et al., 2022), overlooking
the progress of international research achievements and
without developing a comprehensive perspective. Chen Q.
et al. (2016) examined research articles related to agricultural
science and technology innovation from the WOS database,
analyzing the differences between domestic and international
agricultural science and technology innovation to a certain
extent. However, due to the limitations of a single database,
their research need to be extended. Both domestic and
international literature research has yielded abundant results
and developed innovative knowledge structures and frontiers.
Therefore, this study combines the CNKI and WOS databases to
analyze the research dynamics and evolutionary trends of
Chinese agricultural science and technology research from the
perspective of the low-carbon economy. It also provides a more
comprehensive analysis of the differences between domestic and
international agricultural science and technology research,
offering a significant reference value for other agricultural
countries to develop agricultural science and technology to
support a low-carbon economy.

This study found that the overall scale of research
publications in China is much larger than that of international
publications, which is consistent with Chen’s (2019) study while
reflecting the high level of attention paid by the Chinese academic
community to the theme of low-carbon agriculture. However, the
study also reveals that the volume of internationally relevant
literature in the CNKI database is relatively small, indicating a
need to strengthen the exchange of agricultural science and
technology research between China and other countries. In
addition, the study identifies the stage-specific characteristics
of Chinese agricultural science and technology research, with
different stages focusing on different targets such as the early
promotion of agricultural productivity, mid-term emphasis on
developing green modern agriculture, and the current stage
which aims to support the low-carbon transformation of
agriculture. Furthermore, the study provides a comprehensive
and systematic review of measurement methods for agricultural
carbon emissions, carbon sinks, and carbon emission efficiency,
as well as identifying the influencing factors of carbon emissions
and relevant theories of low-carbon agriculture, thereby
deepening the exploration of the essence of low-carbon
agriculture.

There are some limitations to this study. Firstly, due to the
majority of selected literature on low-carbon agriculture being
concentrated in the field of economics, there needs to be more
interdisciplinary coverage of politics, ecology, and other fields,
resulting in certain biases in the research content. Secondly, the
study remains at a theoretical level of analysis and requires more
specific interpretations at the practical level. Future research should
concentrate on empirical studies on agricultural science and
technology research. Lastly, the Citespace software has limitations
in terms of the intelligent identification of keywords and subject
terms, requiring manual analysis and merging by researchers, which
may affect the accuracy of the results generated. To enhance the
reliability and comprehensiveness of agricultural science and
technology research, it is necessary to expand the sample size of
the literature and introduce a multiplicity of analysis methods.
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8 Conclusion and implications

This research utilizes data from the CNKI and WOS core
databases, combining bibliometrics and information
visualization methods, to summarize and analyze the
distribution and structural relationship of research hotspots in
agricultural technology from the perspective of a low-carbon
economy between 1998 and 2023. It also compares Chinese and
international research and offers an outlook on future research
trends. The results indicate the following: 1) the overall quantity
of agricultural technology research in China experienced an
initial increase followed by a decline, with related research
gradually maturing. Highly cited journals mainly originate
from the fields of agricultural economics and scientific
research management. The critical research topics focus on
agricultural technology, industrialization, modern agriculture,
and low-carbon agriculture, thus highlighting the
characteristics of building a modern agricultural production
system based on agricultural technology, one guided by the
concept of sustainable development; 2) from the perspective of
supporting a low-carbon economy with agricultural technology,
relevant research can be divided into three major areas based on
theoretical foundations and factors influencing carbon
emissions. These areas include: the economy as the core factor
leading to the high-speed growth of carbon emissions in
traditional agricultural production, institutions as an essential
means to address agricultural carbon emissions, and technology
as the key to accelerating the transformation to low-carbon
agriculture; 3) the development trajectory of agricultural
technology research in China can be divided into three stages:
the stage of traditional agricultural development from 1998 to
2003, which led to severe ecological damage while addressing
food security through technological advancements; the stage of
modern agricultural development from 2004 to 2010, which
focused on the modernization of characteristic Chinese forms
of agriculture; and the stage of high-quality agricultural
development from 2011 to 2023, which relied on digital
empowerment to build an efficient, low-energy consumption,
and low-carbon emission agricultural development model; 4) the
evolution trajectory of agricultural technology research in China
is similar to that of international research, but there are
differences in terms of the research on the connotations of
low-carbon agriculture, agricultural technology research
perspectives, and agricultural technology system research
respectively.

Based on these findings, we propose the following policy
recommendations to promote the development of low-carbon
agriculture in China: 1) increase investment in agricultural
technology. China needs to increase investment in agricultural
technology and mobilize private investment through market
mechanisms by encouraging enterprises, farmers, and the general
public to participate actively in agricultural emission reduction
efforts; 2) optimizing agricultural subsidy policies. China should
adopt appropriate policy tools for different agricultural production
entities by significantly increasing green subsidies for small farmers
based on actual needs. This will incentivize small farmers to
enthusiastically meet their carbon reduction responsibilities; 3)
strengthen international cooperation in agricultural technology.

China needs to deepen scientific and technological cooperation in
the field of low-carbon agriculture with countries participating in the
“Belt and Road” initative. By leveraging the comparative advantages
of agricultural technology in different countries, China can enhance
its innovation capacity in agricultural technology, improve the core
competitiveness of its agricultural industry, and reduce the
technological gap between China and other agricultural
powerhouses.
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The effect of technological
innovations, urbanization and
economic growth on
environmental quality: does
governance matter?

Hayat Khan1 and Itbar Khan2*
1School of Economics and Management, Zhejiang University of Science and Technology, Hangzhou,
China, 2College of Economics, Shenzhen University, Shenzhen, China

Climate change has become a major challenge in recent decades as a result of
rapid economic growth due to increased energy use and a rise in urbanization.
Environmental damage induced by energy use, urbanization, and economic
growth can be overcome by technological advancement and good
governance. This study examines the effect of urbanization, technological
innovations, and economic growth on carbon dioxide emissions in the Belt
and Road initiative countries from 2002 to 2022. By using GMM model, the
results show that, technological innovations and foreign direct investment raise
carbon dioxide emissions however, research and development enhance
environmental quality. This study also found that urbanization has a nonlinear
relationship with carbon emission where effective governance exert a moderating
role in this association. This study provides important policy suggestions for BRI
countries.

KEYWORDS

urbanization, technological innovations, governance, environmental quality, economic
growth

1 Introduction

Global warming and climate change have become important issues in recent decades
Zhou, Eom et al. (2013). Economic growth harms the environment due to energy use and
carbon emissions. Environmental deterioration has been increased due to rise in carbon
emissions and climate change. Population expansion accelerates environmental degradation,
whereas economic growth slows down environmental degradation Adem, Solomon et al.
(2020). Severe weather increases with the global mean surface temperature. Throughout the
past decade, global warming has been linked to winter warming and spring cooling Shao
(2017). Urbanization also affects carbon emissions. Cities produce most greenhouse gas
emissions and help reduce carbon emissions. Urbanization boosts the economy, energy use,
and carbon emissions. Urbanization and industrial restructuring drives energy use and
carbon emissions. This study examines technological innovations, urbanization and carbon
emissions, which are significant issues for sustainable development and the low-carbon
economy. Globalization accelerates urbanization, which affects carbon emissions.
Urbanization and carbon emissions have been studied for a decade. Past studies show
that urbanization raises carbon emissions. Urbanization requires rapid urban area growth,
declining urban population density, and increasing the daily travel distance of urban people
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Glaeser and Kahn (2004). Hence, private car use rises which in turn
increasing carbon emissions. Sadorsky (2014) uses the Stochastic
impacts of population, wealth, and technology regression
(STIRPAT) model to analyze demographic features and pollution
using data from over 80 countries collected over the past two
decades. Chen, Jia et al. (2008) examined 45 major cities, argues
that urbanization reduce per capita carbon emissions due to low
population density and inadequate infrastructure and public transit
utilization. Muñoz, Zwick et al. (2020) found that urbanites had the
lowest carbon footprints in 2020. Zhang and Li (2020) found that
urbanization reduces carbon emissions by creating economies of
scale and non-fossil energy use. Few studies on urbanization
investigate nonlinear effect on CO2 emissions in previous
literature. According to Martínez-Zarzoso and Maruotti (2011),
metropolitan population density and carbon emissions have a
U-shaped relationship. According to this study, it assumes that
urbanization and carbon emissions are non-linear and examines
urbanization’s importance.

It is also been stated by other researchers that urbanization directly
impacts carbon emissions. Ali, Bakhsh et al. (2019) found that
urbanization reduces carbon emissions and does not negatively affect
environmental protection. Sun and Huang (2020) found an inverted
U-shaped association between urbanization and carbon emissions
efficiency in 30 Chinese provinces between 2000 and 2016. Analyzing
the indirect consequences of urbanization on carbon emissions,
particularly government policy actions, helps in reducing
environmental damage. Voluntary corporate climate governance is
not enough to decarbonize. National governments must combine
direct and indirect climate initiatives to significantly reduce carbon
emissions Lister (2018). Consequently, carbon emissions markets
need more government intervention. This study evaluates effective
government and urbanization-related carbon emissions. Cities
produce most greenhouse gas emissions and help reduce carbon
emissions. Urbanization boosts the economy, energy use, and carbon
emissions. Urbanization and industrial restructuring drive energy use
and carbon emissions. Globalization accelerates urbanization, which
affects carbon emissions. Advancement in technology also effect the level
of economic growth, and carbon emission. Technological innovations,
Urbanization and carbon emissions have been studied for a decade.
However, this study answers the following questions that have not been
done before.Howurbanization effect environmental quality? is there any
nonlinear association between urbanization and carbon dioxide
emission? How technological advancement response to
environmental degradation? What is the effect of good governance in
urbanization and carbon emissions reduction? To answer these
questions, this study examines technological innovations,
urbanization and carbon emissions, a significant issue for sustainable
development and the low-carbon economy.

This study examines how urbanization affects the ecology of Belt
and Road countries. This study examines the direct and indirect
effects of urbanization on environmental quality in Belt and Road
countries. This study also includes technological innovations and
research and development in reducing carbon emission. The study
focuses on how Belt and Road institutions promote environmental
quality. This study creates these questions: Urbanization affects BRI
countries’ CO2 emissions? Is the BRI urbanization and
CO2 emissions relationship is U-shaped? What is the effect of
technological innovations and research and development in

reducing carbon emission. Does governance moderate
urbanization-CO2 emissions? The study is necessary because Belt
and Road countries aim to address economic, social, and governance
issues while taking advantage of globalization’s potential. This study
uses BRI countries, which are mostly emerging or developing
countries. This study examines how urbanization affects carbon
emissions and institution expansion (including the effectiveness of
governance). This study improve technological innovations,
urbanization, economic growth, institutional development, and
environmental policy in the sample countries by examining the
relationship between urbanization and carbon emissions.

The study is structured as follows; Part 2 discusses past research
literature, Section 3 describes methodologies, Section 4 discusses the
results, and Section 5 concludes the study.

2 Literature review

2.1 Technological innovations and carbon
dioxide emission

Several studies have made extensive use of econometric
approaches to investigate the ways in which new technologies
affect carbon emissions in a variety of nations and areas. Needs
in terms of approach, technology, or service are satisfied by
innovations Maranville (1992). Technology has the effect of
increasing productivity but also increasing carbon emissions. Suki
et al. (2022) conducted research on Malaysia to investigate
environmental quality and new technologies innovations. Using
bootstrapped ARDL model demonstrates that the environmental
effect in Malaysia can be mitigated by the use of alternative forms of
energy and technological innovations. The Environmental Kuznets
Curve was bolstered by this study’s findings. A panel cointegration
method for analysis was used by Demircan Çakar et al. (2021) to
investigate the relationship between technical progress and
CO2 emissions in Mediterranean countries from 1997 to 2017.
The study found that the adoption of new economic strategies
resulted in lower CO2 emissions. Chen et al. (2020) investigated
how the introduction of new technologies influenced the
CO2 emissions produced by China’s transportation sector
between the years 2001–2016. They discovered that the
innovation signal may have an effect on the carbon dioxide
emissions from the transportation sector. They also demonstrate
that technological innovation indicators had similar effects across
intensities, which suggests that common technology-based
techniques for reducing emissions should be used together.
During the years 2009 and 2018, Niu (2021) conducted research
on China’s thirty provinces’ levels of technological innovation and
CO2 emissions. Analyses using the fixed-effect model, it is possible
that technological innovations will both cut carbon emissions and
help the Chinese economy.

2.2 Economic growth, urbanization, and
carbon dioxide emission

Economic growth and environmental quality are linked with the
urbanization. Urbanization takes place when the majority of the
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population that is capable of working relocates to a city. The most
significant socioeconomic shift occurring across the globe,
particularly in less developed countries is urbanization Gu
(2019). Urbanization is a direct result of economic and social
advancement. The urbanization leads to the expansion of society.
The growth of the regional economy is stimulated and supported by
the development of cities, which serve as economic centers for their
regions. China’s urbanization fascinates people around the world
Chen et al. (2016). Urbanization exacerbates environmental
difficulties. Growing research on the relationship between
urbanization and carbon emissions has an impact on low-carbon
cities Xu et al. (2018). Yet, this body of literature is fragmented.
Carbon emissions increase as a result of urbanization, but they also
decrease. The emissions of carbon dioxide are increased with
urbanization. The consequences of urbanization on the economy,
land, and people, as well as carbon emissions, have been the subject
of research Zhang and Xu (2017). Each component of urbanization
has an effect on carbon emissions. It implies that there is a
relationship similar to the Kuznets curve between economic
urbanization and carbon emissions. Urbanization causes more
increases in carbon emissions than economic expansion Zhang
et al. (2021). Emissions of carbon dioxide rose along with the
region’s population, gross domestic product (GDP), built-up area,
and urban road area. Long-term urbanization and carbon emissions
are shown to be cointegrated through the use of heterogeneous panel
cointegration. According to the findings of credible studies,
urbanization in Granger leads to higher levels of carbon
emissions (Wang et al. (2016). Urbanization in a region results in
both direct and indirect carbon emissions from households. With
each additional percentage point of urbanization, household direct
and indirect carbon dioxide emissions increase by 2.9% and 1.1%,
respectively; Sheng and Guo (2016) showed, with the assistance of
mean group (MG), pooled mean group (PMG), and dynamic fixed
effects (DFE), that rapid urbanization leads to an increase in both
short-term and long-term carbon emissions. Wang et al. (2021)
discovered that urbanization leads to lower levels of carbon
emissions; however, industrialized economies have disconnected
these two factors. According to Ma et al. (2019) China’s urban
agglomerations are unrelated to the country’s overall economic
growth. The rise in population and the spread of urbanization
both work together to cut a region’s carbon emissions Sun and
Huang (2020). China’s urban agglomerations are unrelated to the
country’s overall economic growth. The population, economic, and
spatial effects of urbanization on carbon emissions were analyzed by
Huo et al. (2021) in 30 Chinese provinces between the years
2000 and 2015. Urban population and building footprint affect
carbon emissions from urban buildings.

2.3 Carbon dioxide emission, technological
progress, and economic growth

The advent of the digital age has brought about profound
changes in business, industry, and the economy. The growth in
industrial output can be attributed to new technology, which have
made production more straightforward, streamlined supply
chains, and digitized business processes. The engine of
economic expansion is innovation. Both economic growth and

emissions of greenhouse gases are influenced by innovation. Many
countries have different advantages when it comes to invention
based on innovation indices, economic growth, financial sectors,
and other aspects Janoskova and Kral (2019). Between the years
1996 and 2018, a spatial econometric model was utilized in order to
investigate the correlation between technological innovation and
carbon dioxide emissions in 96 different countries. Carbon
emissions are unaffected by technological advances.
Nonetheless, the results of this study demonstrated that
technological advancement led to a significant reduction in
emissions in high-income countries that are also large
contributors to pollution. According to the data, R&D
contributes to a rise in global emissions. Countries that are
more globalized see a greater impact from innovation on
emissions. Mensah et al. (2018) investigated the relationship
between technological advancement and reduced emissions in
28 OECD countries from 1990 to 2014. While the majority of
the sample nations saw higher emissions as a result of economic
growth, a handful of the nations experienced decreased emissions
as a result of innovation. They were unable to provide evidence in
support of the environmental Kuznets curve. The use of renewable
energy led to a decrease in CO2 emissions, whereas the use of
nonrenewable energy led to an increase. In addition, research and
development are green practices. The writers are of the opinion
that innovation helps to lower carbon emissions and makes the
environment better. The research also discovered that different
countries have varying levels of innovation and carbon emissions.
According to Santra (2017), the BRICS countries environmental
innovation brought for a reduction in carbon emissions from
2005 to 2012. The findings indicate that related technologies
contribute to the growth of BRICS countries. According to the
findings of their research, environmentally friendly technologies
can help governments cut emissions of carbon dioxide. These
gadgets increase production while simultaneously lowering energy
use and CO2 emissions.

Both the consumption of energy and the emission of carbon
have an impact on economic growth Al-Mulali and Sab (2012). The
consumption of energy leads to an increase in both economic
development and CO2 emissions. Jalil and Feridun (2011)
analyzed the relationship between economic growth and use of
energy and found that financial development is beneficial to
economic expansion. Bakhsh et al. (2021) uses the generalized
method of moments estimation to investigate the connection
between foreign direct investment (FDI) inflows and four
indicator variables of carbon dioxide emissions in 40 Asian
countries between the years 1996 and 2016. Carbon dioxide
emissions are greatly cut when there is an increase in foreign
direct investment. According to Aïssa et al. (2014), economic
growth was spurred on by both international trade and the use
of renewable energy. Raihan and Tuspekova (2023) Dynamic
Ordinary Least Squares (DOLS) technique was used to analyze
time series data from 1990 to 2021. According to the results of
the DOLS estimation, a one-percentage-point increase in economic
growth is associated with a 0.24% increase in CO2 emissions.
Furthermore, increasing the use of renewable energy by 1% is
related with a reduction in CO2 emissions of 0.81 percent over
the long run, as indicated by the coefficient of renewable energy use
being negative and statistically significant.
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2.4 Governance and environmental quality

The quality of the public service, civil servants, and their
independence from political pressures; policy formulation and
implementation; and the government’s credibility with respect to
its policy pledges determine its effectiveness Kaufman (2011).
Urbanization affects government efficiency and carbon emissions.
Urbanization has improved the system, technology, and population,
boosting government efficiency. Smart cities improve local
government efficiency. Yet, urbanization, migration from rural to
urban areas, economic and social construction, and innovation will
enhance governance standards for economic systems, social
mechanisms, related laws and regulations, and urban building.
Governments must become more efficient. Urbanization
gradually meets people’s basic needs, improves living standards,
and raises welfare satisfaction, which requires better government
services. Urbanization and governance efficiency are poorly studied.
This study assumes that urbanization improve government
efficiency in formulating legislation and regulations, monitoring
markets, enforcing laws, implementing policies, and providing
services.

Sustainability, resource conservation, and environmental
protection require government efficiency. The study found that
government governance and economic welfare can reduce carbon
emissions Ronaghi et al. (2020). Effective administration is still the
most significant component in lowering harmful emissions, even
though countries that import commodities may produce higher
emissions. Consequently, governments are crucial to urbanization-
related carbon emissions. Government efficiency helps governments
adopt sustainable and environmental policies. Implementing
sustainable policies, compliance measures, acceptable regulations,
and increasing the costs of illegal activity can achieve this
(Jayachandran (2015). Government efficiency may affect carbon
emissions. Efficient government balances urbanization and carbon
output.

Government laws effect carbon emissions and environmental
quality Esty and Porter (2005). The market economy relies on
government regulation, which also helps increase the efficiency of
the market. Carbon emissions can be reduced through governance,
which includes government approvals, tax policies, market systems,
laws, and regulations. Past research has shown that countries have
very different approaches to reducing carbon emissions, and that
these differences, together with the fact that national decisions are
the driving force behind all aspects of government Halkos and
Tzeremes (2013). It is possible that the government will institute a
carbon emissions mechanism in order to direct market economic
activities. Businesses can cut their carbon emissions by adhering to
the regulations. Carbon-defying businesses can find assistance in
loopholes. Governance of the market helps to reduce market failures
and increases carbon efficiency Jalilian et al. (2007, Dehdar et al.
(2022) studied the effect of technology and government policies on
carbon emissions in 36 OECD countries from 1994 to 2015 using
OLS and quantile regression. results indicated that Gross Domestic
Product (GDP), fossil fuel consumption, industrialization and
taxation to GDP intensify CO2 emissions. In contrast,
urbanization (% of the total population), environmental patents,
and environmental tax as a percentage of total tax reduce CO2 gas
emissions. Kazemzadeh et al. (2023) investigate the nexus between

economic growth, institutional quality, urbanization and energy
consumption on carbon emissions. The model results shows that
model allows for exploring sufficient conditions and identifying the
optimal combination of variables that increase or decrease the
ecological footprint.

2.5 Economic growth, energy consumption
and carbon emissions

Same like governance, technological innovations and
urbanization, several other factors effect carbon dioxide emission.
For instance, Kazemzadeh, (2022a) used data of 16 emerging
economies from 1990 to 2014 and estimated resources, export
quality and energy efficiency on ecological footprint by using
quantile regression. The findings shows that According to the
SBM-DEA model, Turkey and Hungary ranked higher, whereas
China and India ranked lower in terms of resources and energy
efficiency. According to quantile regression, resources, energy
efficiency, and trade openness lower the ecological footprint.
GDP, consumption of fossil fuels, and population, on the other
hand, all contribute to a worsening of the environmental footprint.
Weili, (2022a) studied the effect of carbon emissions, energy use and
economic growth on innovations in 181 countries of the world from
1980 to 2019. The findings shows that carbon dioxide and economic
growth increase technological innovations while the inflow of FDI
decrease innovations output. Energy consumption also negatively
affects innovation indicators except for research and development.
Raihan and Tuspekova (2022) studied the nexus between energy
consumption, forest and industrialization with carbon emissions in
Russian. Using ARDL model, the findings shows that energy
consumption and industrialization raise carbon emissions in
Russia. Kazemzadeh, (2022b) explore the effect of energy
transition on carbon emissions in five countries from 2006 to
2020 using panel quantile regression. The findings shows that
brain drain, trade openness, and economic growth increase CO2

emissions per capita. At the same time, the energy transition, energy
efficiency, and urbanization mitigate the environmental degradation
in this group of countries. Koengkan et al. (2023) studied energy
transition and environmental degradation in 18 Latin American an
Caribbean countries. Using nonlinear ARDL model and found that
economic growth in both the short-and long-run have an increase of
0.6994 and 0.3192, respectively, and the variable public capital stock
in the short-run has an increase of 0.0176 in CO2 emissions.
However, the positive and negative asymmetry of the variable
ratio of renewable energy in the short-and long-run has a
decrease of −0.1320 (on positive variations) and −0.1131 (on
negative variations) in the short run and −0.0364 (on positive
variations) and −0.0783 (on negative variations) in the long run-
on CO2 emissions. Moreover, Koengkan and Fuinhas (2021) studied
the effect of gender inequality on environmental degradation in
14 European union countries from 1991 to 2016 using moments
quantile and fixed effect model. The findings shows that gender gap
pay and energy consumption increase the CO2 emissions in the EU.
However, the economic growth, globalization and urbanization
deepening do not increase the environmental problem. Batool
et al. (2022) investigate the relationship between economic
growth (GDP), financial development (FD), and energy
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consumption (ENC) in South Asian countries for the period
1991–2020, Panel co-integration procedures are used for
empirical purposes. However, the long-run results of the Pooled
Mean Group (PMG) reveal that the impact of financial development
(FD) and economic growth (GDP) on energy consumption (ENC) is
positive and considerable. Based on the Granger causality results of
the Vector Error Correction Methodology (VECM), the
Conservation Hypothesis holds between economic growth (GDP)
and energy consumption (ENC) in the South Asian Region in both
the short and long run. Furthermore, the findings suggest that there
is a two-way causal relationship between financial development
(FD) and energy use. Likewise, Karimi Alavijeh et al. (2022)
studied the effect of agriculture development on carbon dioxide
emission in 15 developing countries from 2004 to 2020 using
quantile regression. Results show that the agricultural value
added is positive and significant in all quantiles except the 0.3,
0.4, and 0.5 quantiles, and it becomes more in higher quantiles.
Moreover, energy consumption and trade openness are the most
robust influential variables. Koengkan et al. (2022) explore the
battery electric vehicles and plug in hybrid electric vehicles on
carbon emissions in 29 EU countries from 2010 to 2020. The
results show that BEVs and PHEVs are capable of mitigating
CO2 emissions. However, each type of technology has a different
degree of impact, with BEVs being more suited to minimizing CO2

emissions than PHEVs. We also found a statistically significant
impact of economic development (quantile regression results) and
energy consumption in increasing the emissions of CO2 in the EU
countries in model estimates for both BEVs and PHEVs. Angelov
(2023) studied US recession in 2023 and its economic implications.
The authors employed economic models to assess the livelihood of
recession. Using Keynesian Cross and IS-LM model, the findings
shows the significance of timely and targeted stimulus, the need for
coordinated monetary and fiscal policies and the long term
structural reform importance. Muhammad, (2023a) studied the
Butterfly effect and its implication for resilience in complex socio
ecological systems. This study aims to uncover the nonlinear
dynamics, tipping points, and feedback loops that magnify or

reduce the consequences of modest perturbations in complex
systems by scrutinizing case studies and applying mathematical
modelling. Furthermore, it investigates how understanding the
Butterfly Effect might influence techniques for increasing the
resilience of socio-ecological systems, such as adaptive
management, scenario planning, and community participation.
The study also investigates the ethical and governance
implications of complex systems’ unpredictability and
interdependence. It emphasizes the importance of inclusive
decision-making procedures that take into consideration varied
viewpoints and values. Chatterjee and Bhandari (2023) studied
the livelihood strategies dimensions for the inhabitants of several
occupational groups at Sundarbans, associated opportunities
through sustainable livelihood framework. The study concludes
that with the recommendation of Mangrove regeneration at
Sundarbans. Udoh et al. (2023) explore the impact of particulate
emission damage, natural resources, growth in agriculture land and
population growth on output per worker in Nigeria. Using ARDL
model, the findings shows that output per worker increased with an
increase in the explained variables used in the study. The findings
shows that sustainable growth can be achieved through the
reduction of human activities that deplete the environment. Asad
et al. (2022) examine the manager’s perception about Green Human
Resource Management and its practices in the corporate sector of
Khyber Pakhtunkhwa (henceforth, KP), Pakistan. The study shows
that shows that on average 63 percent of the managers do green
practices and 38 percent do not, 64 percent of managers do eco-
friendly practices in their industries while 53 percent of managers do
not, and 42 percent of managers are working to expand the sphere of
green HRM practices but 57 percent of managers do not work as
such to expand green HRM practices in their organization. Raihan
and Voumik (2022) investigated the dynamic effects of financial
development, renewable energy utilization, technical innovation,
economic growth, and urbanization on carbon dioxide (CO2)
emissions in India. Using time series data from 1990 to
2020 using an Autoregressive Distributed Lag (ARDL) model,
this study assesses short and long-run dynamics. The results of

FIGURE 1
The effect of urbanization on carbon dioxide emission.
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the ARDL short- and long-run analyses revealed that financial
development, economic expansion, and urbanization have a
positive and significant effect on CO2 emissions in India. In
contrast, the short- and long-term coefficients for renewable
energy utilization and technical innovation are both negative and
statistically significant, implying that increasing these variables will
result in decreased CO2 emissions. Khan and Liu (2022) studied the
financial availability and innovation link with environmental and
firm performance. The results show that suitable financial resources
have contributed to the performance of financial instruments, but
they also play a significant part in environmental performance.
Muhammad, (2023b) conducted a study on Using Laplace series and
partial integration in valuing environmental assets and estimating
Green GDP. The study concludes with suggestions for future
research to further explore the potential of the proposed method
and its impact on sustainable development. Ozoadibe and Obi
(2023) studied green building practices and energy facility in
public libraries in Rivers State. The findings revealed that Rivers
state libraries can preserve archives with renewable energy and green
building practices, such as solar power, passive ventilation, native
landscaping, water-efficient fixtures and regulated humidity.
Muhammad, (2023c) evaluate the potential for adapting the
meritocracy, pragmatism, and honesty (MPH) model to the
Nigerian context with the aim of promoting economic
development in the country. He results of the study suggest that
adopting the MPH model in Nigeria could lead to increased
economic growth, improved competitiveness, and reduced
poverty and inequality. Raihan (2023a) Using the most up-to-
date annual data between 1990 and 2019, this study investigated
the evidence of the Environmental Kuznets Curve and the Pollution
Haven Hypothesis in Bangladesh. The empirical results indicated
that the country has an inverted U-shaped Environmental Kuznets
Curve and the adverse impact of foreign direct investment on the
environment confirmed the validity of the Pollution Haven
Hypothesis in Bangladesh. Jamil and Rasheed (2023) used
260 Pakistan stock exchange-listed firms data from 2011 to
2020 and estimated impact through Regression least square

method and GMM. The results of Regression least square and
GMM confirmed that the Corporate social environment and
environment friendly Co₂ emission have high significant positive
impact on Organizational Performance. Social capital role as
mediator is highly positive significance that enhances employee’s
social, environment Co₂ emission activity and firm outcomes;
Indicate corporate social environment, eco-friendly Co₂ emission
and social capital have intangible potential Capital of a firm and
their significant impact on organizational performance. Raihan
(2023b) conducted a review of tropical blue carbon ecosystem for
climate change mitigation by considering economic significance of
ecosystem services rendered by blue carbon habitats associated with
governance mechanism and conservation approaches to address
climate change mitigation through ecosystem. The study reviewed
forms of governance and shows that there is potential for future
implementation to reduce ecological issue.

3 Methodology

3.1 Empirical models

This study examines the effect of technological innovations and
economic growth on carbon emissions by introducing governance
and urbanization into themodel in the Belt and Road countries from
2002 to 2022. This time is chosen based on the availability of data of
the variables. The sample selection is based on the economics, social
and institutional characteristics of the belt and road initiative
countries. The data has been collected from the world bank
database, world development and world governance indicator.
Holtz-Eakin and Selden (1995), Martínez-Zarzoso and Maruotti
(2011) and Holtz-Eakin and Selden (1995) used this indicator for
data collection. Data were analyzed using STATA version 15. This
study specifies the baseline model presented in Equation (1) while
Equation (2) shows the nonlinear association of the variables.
Equation (3) present the interaction term of governance and
urbanization.

TABLE 1 Variables description and Symbols.

Variables description Symbols Source

carbon dioxide emissions (metric tons per capita) ENV WDI

Patent application residents PAR TIVT WDI

Research and development expenditure RD WDI

Fixed telephone subscription per 100 people FTS WDI

Urbanization taken as total population UBN WDI

Education attainment compulsory EDU WDI

Per capita gross domestic product GDP WDI

Foreign direct investment inflow %GDP FDI WDI

Government effectiveness (estimate) GVR WGI

Labor force LBF WDI

saving (Net saving) SVN WDI

Note: WDI, and WGI, are world development indicator and world governance indicator respectively.
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ENVit � β0 + β1TIVTit + β2FTSit + β3UBNit + β4EDUit + β5GDPit

+ β6FDIit + β7GVRit + β8LBFit + β9SVNit + εit

(1)
ENVit � β0 + β1TIVTit + β2FTSit+β3UBNit + β4 UBN( )2it + β5EDUit

+ β6GDPit + β7FDIit + β8GVRit + β9LBFit + β10SVNit + εit

(2)
ENVit � β0 + β1TIVTit + β2FTSit+β3UBNit + β4 UBN( )2it + β5EDUit

+ β6GDPit + β7FDIit + β8GVRit + β9LBFit + β10SVNit

+ β11 UBN*GVR( ) + εit

(3)

ENV represent environment where CO2 is used to proxy for
environmental quality. CO2 is measured in metric tons per capita.
TIVT represent technological innovation proxy by patent
application (PAR) and research and development expenditure
(RD). FTS is infrastructure proxy by fixed telephone
subscription/100 people. Urbanization is represented by UBN,
which is measured by the proportion of the urban population in
total population. EDU is education, GDP is per capita gross
domestic product represent economic growth, FDI is foreign
direct investment inflow, GVR is governance proxy by
government effectiveness, LBF is labor forces while SVN is
saving. To capture the nonlinear effects of urbanization on
carbon emissions, this study also includes the squared term of
urbanization into the econometric estimates, which is specified in
Equation (2). In addition to an evaluation of the nonlinear effects of
urbanization on carbon emissions, this study also addresses the
interaction term between government effectiveness and
urbanization. Figure 1 shows the relationship between variables.
Table 1 shows the variables description, symbols and data sources.

Carbon dioxide emissions are taken as a Metric ton per capita.
Recently, Raheem et al. (2020) and other researchers have employed
this proxy Khan, (2021a). It is a widely held belief that higher levels
of carbon dioxide emissions result in a decline in the quality of the
environment in a given country. According to Li et al. (2019), a
growth in urban population is likewise associated to an increase in
carbon dioxide emission Khan, (2021b). The process of urbanization
involves the movement of people from rural to urban areas and the
change of an agricultural economy to an industrial economy
Muhammad et al. (2020). When there is a growth in
urbanization, there will also be an increase, in the number of
emissions as a result of increased industrialization, production by
residents, and improvements in the inhabitants’ standard of living.
On the other hand, some people believe that the increase in
urbanization and resulting population agglomeration leads to an
increase in the efficiency of energy usage and a contribution to the
realization of economies of scale Solarin and Lean (2016); Canh et al.
(2019); Ghisellini and Ulgiati (2020); Nguyen et al. (2018); Nguyen
et al. (2018). Numerous studies in the prior literature suggest that an
increase in urbanization leads to a high level of output and an
increase in carbon emissions Khan, (2022b). The indicator of a
region’s social wellbeing is enhanced in this study effort to
incorporate the component of educational attainment. This facet
relates to the delivery of public services: The transformation of urban
residents’ energy consumption or other activity patterns is
inextricably linked to the enhancement of public services, which
may or may not have a direct impact on carbon dioxide emissions

but is closely related to the transformation of those patterns. For
example, if individuals have a better awareness of the negative
consequences of carbon emissions on them, the local government
is more likely to take additional actions to cut emissions. We
examined how technology advancement impacts environmental
quality. According to multiple studies, innovation increases
emissions, however we believe this effect might be positive or
negative depending on the country. Pollution control costs enable
nations and businesses to innovate in order to compete on the
market Dangelico and Pujari (2010). Tight environmental
regulations drive cleaner production via innovation, hence
boosting environmental performance. Sharif et al. (2023) contend
that energy-efficient technologies and energy innovation can have
an impact on climate change. Technological innovation in
economics is difficult to measure due to the fact that in the past,
researchers have employed proxies such as R&D expenditure
Maradana et al. (2019); Knott and Vieregger (2018); Patent
Applications residents Maradana et al. (2017); Wusiman and
Ndzembanteh (2020); licensing; and new product development.
This study employs two indicators to evaluate innovations. First,
R&D expenditure as a proportion of GDP Kwon et al. (2022).
Human, material, and monetary resources are needed for
scientific research and experimental development Knott and
Vieregger (2018). The second proxy is the number of patent
applications per one thousand residents Wusiman and
Ndzembanteh (2020); Rodríguez-Pose and Wilkie (2019).
Innovation explains changes in emissions Su and Moaniba
(2017). A proxy for the infrastructure based on the number of
people per hundred having a fixed telephone line Weili, (2022b).
According to the conclusions of a study, infrastructure upgrades,
notably in the sector of telecommunications, stimulate economic
growth Canning and Bennathan (2000). Wheeler and Mody (1992)
highlighted that the success of multinational investors depends on a
dependable infrastructure. As a result, the infrastructure will have an
immediate impact on the number of IEDs that are introduced. The
impact of infrastructure on the degree of economic activity and
environmental quality.

The per capita gross domestic product is used as a measurement
of economic growth Aritenang, 2021, Hamdaoui, Ayouni et al.
(2021); Khan, (2022a). According to the research, higher levels of
economic growth are associated with increased levels of pollution
and carbon dioxide emissions Ozcan et al. (2018, Khan, (2021b).
Similarly, previous studies have indicated that a rise in economic
expansion is associated with an increase in carbon emissions and a
deterioration in the quality of the environment. It has been
demonstrated by Krueger and Grossman (1995) that the level of
income per capita is a significant factor in determining the amount
of carbon emissions produced. There has been a great deal of studies
done in the past that demonstrated the Environmental Kuznets
Curve by using the square terms of GDP per capita Stern (2004). The
environmental Kuznets Curve demonstrates that economic growth
has a positive influence on carbon emissions; however, once a
country reaches a certain level of development, emissions begin
to decline. This happens after a country has reached a certain level of
development. In order to investigate the nonlinear influence of per
capita growth on carbon dioxide emissions, this study incorporates
the quadratic function of economic growth, which was not included
in the previous research.
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A sizeable number of academics investigate, too, how the effect
of international direct investment on carbon emissions can be
understood. The level of foreign direct investment can have
either a positive or a negative impact on the amount of carbon
emissions produced by a country; however, this impact is always
dependent on the level of foreign direct investment. The Pollution
Halo and Pollution Haven effects are the most common outcomes
that can be caused by foreign direct investment. The Pollution
Haven hypothesis contends that rising levels of foreign direct
investment will lead to higher levels of carbon dioxide emissions
and a deterioration in environmental quality. On the other hand, the
Halo hypothesis maintains that increased levels of foreign direct
investment will reduce carbon emissions and lead to an
improvement in environmental quality. In earlier theoretical
frameworks, it was hypothesized that energy-intensive businesses
would prefer to construct their operations in countries that had less
stringent environmental regulations Walter and Ugelow (1979).
However, more recent viewpoints suggest that increased foreign
direct investment brings advanced technologies as well as improved
environmental management, thereby leading to an improvement in
the quality of the environment Birdsall and Wheeler (1993). We
include foreign direct investment in the model so that we can
investigate the effect that it has on the level of environmental
quality in countries along the Belt and Road.

The effectiveness of the government reflects the political
independence of civil workers and the quality of bureaucracy. It
demonstrates the dependability of government policy pledges and the
excellence of public services. It further undermines the adaptable
management of public authorities. Effectiveness of government refers
to the caliber of civil officials, the formulation of policies, and their
execution. Mehlum et al. (2006) suggested that resource-rich nations
can leverage their abundant supply to generate rapid economic
growth if their institutions function properly. Strong governance
and robust institutions are required for sustained and consistent
economic growth. Natural resources typically bring disputes and
issues to a country and have a detrimental impact on the country,
but this negative impact can be turned into a good impact by ensuring
that the country’s institutions are of high quality. Brewer (1993)
addressed many sorts of government actions that might directly and
indirectly influence the economic level of a nation via their effects on
market imperfections. It can be viewed as a choice between utilization
today and utilization tomorrow, as it is a strategy to build wealth
through time and improve the standard of living of many people in
the future. Anthony-Orji et al. (2017) discovered that long-term
consumer savings positively impact economic growth. Before doing
formal analysis, this study employs the cross-sectional dependence
test, the second-generation panel unit root test, and the cointegration
test. This study employs Westerlund panel cointegration as its
cointegration test. This test accepts the no cointegration null
hypothesis and demonstrates that there is no long-term connection
between the variables. After conducting these early tests, we continue
to formal analysis utilizing static and dynamic panel models. These
estimators consist of OLS, the fixed effect model, the two-step
difference, and the two-step system generalized technique of
moments (GMM). The GMM model was introduced by Arellano
and Bond (1991) which is regarded as the most recent application of
the theme, and the majority of studies that deal with panel data focus
on this estimate. To address the heterogeneity issue, the study first

employs static models, OLS, and fixed effect. These static estimators
are used to compare the findings of the current investigation with
those of previous studies, as well as with the results of dynamic
models. It will address the issue of endogeneity related with the study
variables by employing GMMmodels Kinyondo et al. (2021). System
GMM models account for grouping equation variances on a
horizontal plane. The instruments indicated in the model have a
changeable delay value in the difference equation. In addition, the
horizontal equation and first-difference instruments are variables that
are investigated. The simulation ofMonte Carlo by Blundell and Bond
(1998) demonstrates that the SGMMmodel provides the best accurate
estimation of this challenge. The over-identifying restriction test was
replaced with the Sargan and Hansen tests, and the sequence
correlation tests of Arellano and Bond were also employed. The
majority of these test findings verified our research predictions.
Acceptance and effectiveness of the instruments are indicated by
Hansen test values. The serial correction test determines whether or
not the hypothesis is supported by the second serial correlation of
residuals. In the regression results, the coefficients were confirmed and
heteroskedasticity was examined. Foreign direct investment is the
dependent variable in the GMM equation, which may be expressed as
follows:

ENVit � β0 + β1CO2i,t−1 + β2Yi,t + β3Xi,t + εi,t (4)
In Eq. (3), ENV represent environmental degradation proxy by

carbon dioxide emission, Y is the explanatory variables used in study
and X represent the control variable, CO2i,t−1 is the first lag of carbon
dioxide emission is used as an explanatory variable tomeasure the effect
of the previous year’s emission on the current carbon emissions while ε
is the error term. The subscripts in the equation specify (i = 1. . . N) and
(t = 2002. . . 2019) index country and time respectively.

This analysis employs a Belt and Road Initiative country panel
dataset. To perform this type of research, panel data is preferable to
other types of data, such as time series or cross-sectional data, because
panel data offers numerous major advantages Hsiao (2005). Panel data
provides and enhances estimation efficiency, typically with a greater
degree of freedom. This study employs static and dynamic models for
panel data to determine the relationship between research variables in
nations along the “Belt and Road” by analyzing research data. Apply an
alternative model to the data, such as a static simple ordinary least
squares estimator. In addition to basic least squares estimators, other
estimators for panel data, such as fixed-effects models and dynamic
models, were employed in this study. Generalized method of moment
(GMM), wherein GMM includes two types of estimators, difference
GMM and System GMM, designed by Holtz-Eakin and Rosen (1990);
Blundell and Bond (1998) provides correct and consistent estimates in
panel data analysis. In addition, the dynamic panel model includes a
component of the Sargan test for over-identification constraints, the
Arellano-Bond test for second-order serial correlation, and the unit root
test for panel data to determine data stationarity. Other models, such as
OLS and fixed effects other than GMM estimators, were used in the
current study for comparison purposes only. The primary focus was on
GMM models, particularly the two-system GMM, to examine the
relationships between the study variables, as simple methods such as
ordinary least squares estimation raise different econometric issues.
When there are dependent variables left out of regression, these
concerns can immediately become relationship concerns. In
terminological error, the presence of fixed effects of temporal factors
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may also be related to descriptive variables, and there may be
endogeneity difficulties between independent and descriptive
variables. These descriptors can also be associated with the term
error. As discussed previously, endogeneity can be a concern, so
research must use instrumental variables, such as IV estimators, to
eliminate this issue. Nonetheless, when employing weak instruments
such as IV, fixed effects can be just as biased and inconsistent as those of
conventional minimum square estimators. To avoid these issues
connected with OLS and fixed effects estimators, the current
investigation will employ the dynamic estimator difference GMM of
Arellano and Bond (1991) instead of the simple estimators discussed
previously. The time-invariant indicator is then ranked using a
differenced GMM estimator, which transforms the regression using
the initial difference of the dependent variable and the independent
variable to help eliminate country-specific effects. In the difference
GMM, the lagged dependent variable is compared to its previous level,
hence eliminating autocorrelation issues. Yet, the metric lag level may
account for inadequate instruments in the first difference regressor,
which appears to diminish efficiency.

Thus, this study employs the dynamic models created by
Blundell and Bond (2000) which contain difference and system
GMM models, in order to boost the level of efficiency. The system
GMM model yields a system of two equations and one difference
equation, the second of which is still at the level of Kurul and Yalta
(2017). Then, the second equation variable is derived from its
specific variable, and the first difference is identified by the
related unique lag level. GMM estimations are also separated into
one step difference GMM and one step system GMM. This study
employed two-step difference GMM and two-step system GMM
because the two-step GMM beat the one-step GMM in automated
communication and treatment of homosexuality. In addition, the
two-stage estimator employs the optimal weight matrix.

The following model is presented as the regression model of the
present study;

yi,t � α+βYi,t−1 +ϒXi,t−1 + ηi+єi,t
In the regression model above, the dependent variable is

represented by “y”, where X represents the vector of the
explanatory variable, η in the study represents the country fixed-
effect time invariant, while є is the error term. In addition, the
subscripts “I" and “t" are the country and time, respectively. The
dependent variable in the equation above is lagged, and here we have
country-specific fixed effects. Omission country-specific fixed effects
related to panel data estimators leads to inconsistent and biased
Ordinary Least Squares (OLS) estimators on the levels, and
explanatory variables on different right-hand sides may be
endogenous. For the purpose of the simultaneity problem,
explanatory variables for the endogeneity problem in the
regression model have to be controlled. To solve such a
concurrency problem, the initial values should be taken as the
instrument of explanatory variables Levine and Zervos (1998).
All models of the study explain in detail as following.

4 Results and discussions

This section presents the results and discussions. Section 4.2
presents the panel unit root tests results while section 4.3 presents

the results on the effect of income inequality, and institutional
quality on carbon emissions.

4.1 Results of the panel unit root tests

Prior to carrying out an official analysis, it is essential to
check and see whether or not the values of the previous variables
have remained the same. Because of this, second-generation unit
root tests have been used in order to investigate whether or not
the variables are stationary. This is a direct result of the previous
point. The second generation of tests is based on the presumption
that each series in the sample has been arbitrarily sectioned off
into cross sections. This presumption is what allows the tests to
function. The average cross-sectional intervals and the first
difference of a single series are utilized in the second
generation of tests, which results in an improvement in ADF.
This is done in order to filter out the cross-sectional correlation
that is caused by a single common component, as was indicated
by the previous sentence Pesaran (2007). When defining the unit
root in the panel for each region or country, the uniformity of a
null hypothesis is the method that is utilized. This is done in
order to compare the null hypothesis to contradictory
alternatives that allow for differences between geographical
areas or countries. The CIPS and CADF tests of the second
generation are used whenever an examination of data
stationarity is carried out. The evidence that all of the
research variables are stable at the level of the first difference
is provided by the panel unit root test.

The panel unit root test is superior to other unit root tests used
for individual time series are superior because it combines evidence
from cross-sectional data with information from the series that are
being tested. This gives it greater power and ability than other unit
root tests. This provides an advantage for the test in comparison to
other unit root tests. The results of the tests that were run on all of
the study variables that were used in all of the nation-specific models
are presented in the following table. At the first level of significance,
each of the researched aspects was tested, and the findings revealed
that each of the variables was significant. Similar to the way that
second-generation tests do, first-generation tests determine whether
or not the variables being studied are stationary at levels or first-
order differences. First-generation tests, on the other hand,
concentrate on the level of the variable. This investigation’s
findings from all of the panel unit root tests unmistakably
revealed that the data series were stationary, and as a result, the
null hypothesis of the p-value given the unit root test was rejected as
a result. Table 2 contains the findings of the panel unit root test for
each variable, as well as a sample of the countries that were used for
the research.

4.2 Model results on the effect of
technological innovation on carbon
emissions

In the following section, the study investigate the impact that
technological innovations, economic growth and urbanization has
had on the amount of carbon emissions produced in each of the
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countries that are part of the Belt and Road. In the beginning, the
analysis of the data that had been obtained began with the
application of descriptive statistics. The purpose of descriptive
statistics is to make the process of data interpretation less
complicated by delivering an easily consumable summary of the
data via graphical or numerical methods. This can be accomplished
by the use of descriptive statistics. The purpose of statistical methods
was to define the data by locating the value that was most
representative of the whole set of data. Not only were there
measurements taken to determine the central tendency, but there
were also measurements taken to determine the spread of the data.
These included the standard deviation, the highest and lowest
possible values, as well as the range of values. The metrics of
spread reveal how dispersed the data are as well as how similar
or different the data are from one another. In addition to discussions
and various other types of data presentation, tabulations were
utilized in order to summarize the descriptive data that was
collected. In spite of this, the only reason for using descriptive
statistics is to provide a description of the data. They remove any
possibility of deducing anything from the facts or making any
assumptions based on those facts. This suggests that descriptive
statistics require being supplemented by other methods of data
analysis in order to be fully adequate.

The descriptive statistics for the variables that were utilized in
the analysis can be found in Table 3, whereas the correlation matrix
for the variables can be found in Table 4.

Table 4 presents the direct effect that urbanization has on carbon
dioxide emissions, Table 6 presents the nonlinear relationship that
exists between urbanization and carbon dioxide emissions, and
Table 7 presents the findings regarding the transformative effect
that governance has on the relationship that exists between
urbanization and carbon dioxide emissions. The names of the
variables are listed in column 1 of each of the tables that follow;
the results of the OLS model, the fixed effect model, the difference
GMMmodel, and the systemGMMmodel are listed in columns 2, 3,
4, and 5, respectively. As was mentioned in the section devoted to

techniques, the GMM, and more particularly the two-step system
GMM model, is the primary focus of our attention because it is the
estimator that is the most accurate. In order to determine whether or
not the instrument is valid, both the Hansen and Sargan tests as well
as the autocorrelation test were carried out. Both the Arellano and
Bond test of serial correlation and the Sargan test of over-
identification restriction are applied in this process. The Hansen
test takes the place of the Sargan test after it has been completed. The
findings of the majority of these applied tests were in agreement with
the hypotheses that were proposed in this study. The Hansen test
value is an indicator of whether or not the instruments can be trusted
and are valid. With the use of serial correlation tests, one can
ascertain whether or not the hypotheses regarding the serial
correlation of residuals of the second order are supported. These
tests are carried out on the model data that is given in the paragraphs
that immediately follow each table.

The direct influence that urbanization has had on carbon
emissions, when joined with other variables that explain the
phenomenon, is presented in Table 5 Although OLS, FE,
difference GMM, and system GMM models are used for analysis,
system GMM is the primary focus of this work, as is discussed in the
methods chapter. Other models, such as difference GMM, are also
applied. In every model, the generated urbanization coefficient is
positive and statistically significant, suggesting that urbanization
raises the amount of carbon dioxide emissions and lowers the quality
of the environment in the countries that are a part of the belt and
road. To be more specific, the parameters in the two-step system
GMM model imply that carbon dioxide emissions will increase by
0.003% for every percentage point increase in urbanization in the
countries along the belt and road. The findings indicate that
urbanization in the countries that were studied resulted in higher
levels of carbon dioxide emissions and contributes to the
deterioration of the environment. Our findings, which are
consistent with those of Al-Mulali et al. (2015) indicate that
urbanization leads to an increase in the emission of carbon
dioxide in the nations of Europe. In yet another investigation,
Aye and Edoja (2017) came to the conclusion that population
has both a positive and a negative impact on the amount of

TABLE 2 Panel Unit Root test results.

CIPS CADF

Variables I(0) I(1) I(0) I(1)

CO2 −1.657 −3.565 *** −0.284 −3.821***

PAR −2.345* −2.887*** −2.326** −3.476**

RD −3.766*** −5.053*** −2.441*** −5.274***

FTS −3.463*** −2.893*** −3.231** −3.725***

UBN −1.629 −2.402*** −2.547*** −2.110**

EDU −1.820 −4.212*** −1.575 −2.622***

GDP −3.631*** −5.147 *** −3.044*** −4.279***

FDI −2.878*** −6.065*** −2.381*** −5.244***

GVR −2.453*** −3.863*** −2.210** −2.725***

LBF −1.801 −4.212*** −1.645 −2.532***

SVN −1.442 −3.502*** −1.354 −2.228***

Note: **, *** shows significance level at 5 percent and 1 percent respectively.

TABLE 3 Descriptive statistics.

Variable Mean Std. Dev Min Max

CO2 4.472 3.421 0.002 15.047

PAR 17.34 12.2 1.001 1400.0

RD 0.78 0.819 0.035 4.92

FTS 17.369 13.376 0.472 51.49

UBN 54.233 15.857 17.19 92.401

EDU 74.905 27.133 0.541 99.582

GDP 3.584 3.828 −13.75 17.13

FDI 4.318 6.386 −41.081 60.46

GVR 0.034 .644 −1.33 1.321

LBF 3.420 1.23 225.00 8.90

SVN 22.715 8.016 −8.290 47.42
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carbon dioxide that is released into the atmosphere. According to
the findings of yet another investigation Anwar et al. (2020)
urbanization has a significant bearing on the production of
carbon dioxide.

In the vast majority of models, the estimated education has a
negative value and a significant impact, demonstrating that
increasing levels of education in belt and road countries leads to
lower levels of carbon dioxide emissions and better overall
environmental quality. To be more specific, the two-step system
GMM model predicts that an increase in the percentage of the
population in belt and road countries who have completed
secondary education will result in a 0.001% reduction in carbon
dioxide emissions. As the data have shown, a high level of
educational attainment is absolutely necessary in the sample
countries if there is to be any improvement in the standard of
the environment.

The findings indicate that the estimated coefficient of innovation
proxy by patent application is positive and statistically significant
across all models. This suggests that patent applications increase
carbon dioxide emissions and reduce environmental quality in the
countries that are part of the belt and road. The coefficients of the
two-step system GMMmodel suggest, in particular, that an increase
of one percent in innovation in the countries along the belt and road
will result in a 2.5 percent rise in carbon dioxide emissions. In the
event that there are distinguishing improvements that lead to
invention and, consequently, patenting. According to Ausubel
(1991), climatic change and diffusion cannot occur without
significant developments in several technical achievements.
Environmental innovations, as stated by He, Pan et al. (2017),
help to lessen the impact of environmental problems. Zhou et al.
(2016) Laws that require inventors and investors to gain patent
awards via patent application in order to protect invented
inventions. Patent applications are submitted in order to
safeguard invented inventions. Getting patents for energy goods
is an example of energy technology innovation performance
activities that also promotes energy technology. This suggests
that increased innovation can help reduce carbon emissions by
improving energy efficiency and gaining access to renewable energy

sources such as solar technology. Despite this, our findings regarding
the influence of patent applications on carbon emissions point in a
positive direction. Countries along the Belt and Road should work to
strengthen their patent systems, as this will make it easier to enhance
environmental quality. This innovation proxy was also used by
Chuzhi and Xianjin (2008) and Khan, (2021a), and they discovered
similar results. According to the findings of numerous studies,
patents also have a beneficial effect on carbon emissions.
However, the outcome of our study goes against the findings of
Chien, (2021a) who used quantile regression and patent application
as proxies for innovation and came to the conclusion that it brings
about a reduction in carbon emissions in Pakistan.

In the model with a fixed effect, the estimated coefficient of
research and development is significantly negative, while in the
model with an ordinary least squares regression, it is notably
positive, and in the models with a difference and a system
GMM, it is insignificant. This research focuses on the results of
system GMMmodels, and as a consequence, our findings reveal that
expenditures on research and development have a minor impact on
carbon emissions. In a similar vein, the infrastructure coefficient is
shown to be positive but rather insignificant across all estimators.
This suggests that infrastructure in the belt and road countries does
not have a significant impact on the amount of carbon dioxide
emissions.

The majority of models forecast positive and statistically
significant economic growth, which increases carbon dioxide
emissions and lowers environmental quality in belt and road
countries. The two-step system GMM model coefficients show
that a percent increase in economic growth in belt and road
countries will increase carbon dioxide emissions by 0.03 percent.
Economic growth in the sample countries increases carbon dioxide
and environmental impact. This result matches Khan, (2022a).
Usman et al. (2020) say economic growth increases ecological
footprint. Our findings contradict Khoshnevis Yazdi and
Shakouri, (2017). According to Raza and Shah (2018) economic
expansion reduces G7 countries’ CO2 emissions. Their analysis also
shows that economic growth in G7 nations boosts carbon emissions
and environmental degradation. However, Aye and Edoja (2017)

TABLE 4 Correlation matrix.

CO2 UBN EDU PAR RD FTS GDP FDI GVR SVN LBF

CO2 1.000

UBN 0.431 1.000

EDU 0.431 0.163 1.000

PAR 0.056 −0.029 −0.06 1.000

RD 0.531 0.615 0.142 0.074 1.000

FTS 0.361 0.428 0.361 −0.028 0.591 1.000

GDP −0.120 −0.153 −0.057 0.132 −0.230 −0.072 1.000

FDI 0.063 0.038 0.157 −0.033 −0.034 0.104 0.192 1.000

GVR 0.526 0.551 0.255 −0.053 0.624 0.342 −0.104 −0.057 1.000

SVN 0.351 0.068 −0.135 0.442 0.175 −0.044 −0.011 −0.161 0.152 1.000

LBF −0.021 −0.134 −0.239 0.853 0.002 −0.234 0.136 −0.047 −0.131 0.474 1.000
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found that economic growth increased carbon dioxide emissions.
Economic expansion may reduce carbon emissions because Belt
and Road countries are developing and emerging economies
focused on production, industrialization, trade, foreign direct
investment, and other economic activity. Yet, production and
industrialization increase energy demand, causing a carbon
emissions dilemma.

Foreign direct investment raises carbon dioxide emissions and
decreases environmental quality in belt and road countries. The
two-step system GMM model coefficients show that a one percent
increase in foreign direct investment in belt and road countries will

increase carbon dioxide emissions by 0.03 percent. Foreign direct
investment increases carbon dioxide emissions and environmental
damage in the sample nations. Foreign direct investment increases
carbon emissions, although innovation moderates this relationship
Bakhsh et al. (2021). Abid et al. (2022) found comparable results to
ours that FDI negatively affects carbon emissions and supports the
pollution halo hypothesis.

In other scenarios, government efficacy affects carbon
emissions positively and adversely. In fixed effect and system
GMM, government effectiveness increases carbon dioxide
emissions, but in difference GMM, it decreases carbon dioxin

TABLE 5 Model Results of technological innovations, R&D, urbanization and CO2.

Variables list OLS Fixed effect DGMM SGMM

Patent application 2.130 0.001*** 0.0001*** 2.450**

(3.220) (4.310) (0.0001) (2.570)

Research & Development 0.743*** −1.233*** 1.523 0.029

(0.20) (0.23) (3.125) (0.036)

Urbanization 0.047*** 0.142*** 0.232*** 0.001***

(0.015) (0.023) (0.219) (0.001)

Education 0.014** −0.015*** −0.036*** −0.0001***

(0.012) (0.022) (0.0674) (0.001)

Fixed telephone subscription 0.000** 0.013 0.013 0.001**

(0.022) (0.012) (0.105) (0.0001)

Economic growth −0.032 0.010*** 0.041** 0.032***

(0.033) (0.007) (0.013) (0.002)

FDI 0.027 0.008* 0.002** 0.001**

(0.028) (0.005) (0.012) (0.001)

Governance 0.290 0.390** −1.233* 0.015*

(0.397) (0.196) (1.445) (0.025)

Labor force −8.860 −1.120 −3.830* 5.661

(1.280) (1.780) (3.120) (1.060)

Saving 0.123*** −0.028** −0.032* −0.001*

(0.036) (0.011) (0.065) (0.003)

CO2i,t−1 0.318*** 0.950***

(0.304) (0.0111)

Constant −3.436** −1.548 −0.090

(1.561) (1.674) (0.126)

Observations 163 163 160 160

R-squared 0.468 0.434

Number of id 29 15 29

AR1 0.03 (0.968) −2.11(0.045)

AR2 −0.22(0.833) −0.49 (0.554)

Sargan test 108.72(0.327) 127.87(0.850)

Note: Standard errors in parentheses, ***p < 0.01, **p < 0.05, *p < 0.1.
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emissions. The OLS model coefficient is positive and
insignificant, showing that government policies have no
impact on carbon emissions.

Savings reduce carbon dioxide emissions and increase
environmental quality in belt and road countries in most models,
except OLS. The two-step system GMM model shows that a one
percent savings increase in belt and road countries will reduce

carbon dioxide emissions by 0.001%. Data show that sample
countries must save to enhance the environment. In most
models, labor force has little impact on carbon emissions.

4.2.1 Results of the nonlinear model
The findings of a nonlinear connection between components

regarding the influence of urbanization on carbon emissions are
displayed in Table 6. This connection investigated how urbanization
influences the amount of carbon emissions produced. The
urbanization coefficient that is generated is positive and
statistically significant in every single model, which suggests that
urbanization raises the amount of carbon dioxide emissions and
lowers the quality of the environment in the countries that are a part
of the belt and road. To be more specific, the coefficients in the two-
step system GMM model show that an increase of one percent in
urbanization in the countries along the belt and road will result in an
increase of 0.018% in carbon dioxide emissions. This information
was derived from the relationship between urbanization and carbon
dioxide emissions. According to the findings, urbanization in the
countries that were investigated led to increased levels of carbon
dioxide emissions, which contributes to the deterioration of the
environment.

However, the coefficient of urbanization square reveals that once
the level of carbon emissions reaches a certain threshold,
urbanization begins to have a negative impact on carbon
emissions. This is the situation when the predetermined limit has
been attained.

In the vast majority of models, the estimated education has a
negative value and a significant impact, demonstrating that
increasing levels of education in belt and road countries leads to
lower levels of carbon dioxide emissions and better overall
environmental quality. To be more specific, the two-step system
GMM model predicts that an increase in the percentage of the
population in belt and road countries who have completed
secondary education will result in a 0.001% reduction in carbon
dioxide emissions. As the data have shown, a high level of
educational attainment is absolutely necessary in the sample
countries if there is to be any improvement in the standard of
the environment.

The derived coefficient of innovation proxy by patent
application is positive and statistically significant in the majority
of models. This finding indicates that patent applications increase
carbon dioxide emissions and worsen environmental quality in belt
and road countries.

The estimated coefficient of research and development is
consistently and significantly negative across the vast majority of
models. This finding is also supported by statistical evidence.
According to the findings, increasing the amount of money spent
on research and development in nations along the belt and road
lowers carbon dioxide emissions and raises the level of
environmental quality in the sample countries. Anser et al.
(2021) state that countries in Europe were able to reduce their
carbon emissions as a result of increased research and development.
It is possible for operations in the industrial sector to be improved as
a result of government spending on research and development in
this area. This might include the enhancement of processes as well as
the investigation of energy combinations that are both more efficient
and better for the environment. More spending on research and

TABLE 6 Results of the nonlinear model.

Variables OLS FE DGMM SGMM

Patent application 2.170 0.001*** 0.002* 2.090**

(3.260) (5.700) (0.001) (1.370)

Research &
Development

1.722*** −1.138*** −0.974** −0.096*

(0.318) (0.239) (1.658) (0.152)

UBN 0.283*** 0.106** 13.89** 0.018**

(0.181) (0.105) (5.558) (0.028)

UBN2 −0.022*** −0.001** −0.099** −0.001***

(0.0037) (0.001) (0.041) (0.000)

Education 0.023** −0.012** −0.558** −0.003**

(0.019) (0.013) (0.239) (0.005)

Infrastructure −0.023 0.014 0.192* 0.001*

(0.032) (0.016) (0.099) (0.005)

GDP −0.037 0.012** 0.0494* 0.046***

(0.052) (0.002) (0.027) (0.012)

FDI 0.022 0.004 0.062* 0.011*

(0.067) (0.006) (0.066) (0.014)

GVR −0.073** 0.387* 9.564* 0.104*

(0.206) (0.192) (4.578) (0.107)

SVN 0.133*** −0.024** −0.017 0.0007

(0.016) (0.017) (0.088) (0.001)

LBF −1.520 −2.050 1.730 −5.592

(1.370) (1.800) (1.340) (1.455)

CO2i,t−1 0.521** 0.947***

(0.343) (0.021)

Constant −9.155*** −0.713** 0.494***

(2.465) (2.947) (0.835)

Observations 163 163 112 160

R-squared 0.497 0.435

Number of id 29 15 29

AR1 −0.86(0.391) −2.07(0.039)

AR2 −0.69(0.488) −0.69(0.488)

Sargan test 109.88(0.235) 136.02(0.732)

Note: Standard errors in parentheses, ***p < 0.01, **p < 0.05, *p < 0.1.
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development will allow for improvements to be made to industrial
operations, products, and processes, as well as the achievement of
the ideal energy mix that improves environmental quality.
According to Jiao et al. (2018), research and development are
essential tools for reducing emissions of greenhouse gases;
therefore, businesses should raise the amount of effort they put
into research and development in order to cut their levels of carbon
dioxide emission. Nonetheless, our findings suggest that emissions
are increased as a result of research and development.

In a manner parallel to this, the infrastructure coefficient is
significant and positive, indicating that the growth of infrastructure
in the countries along the belt and road significantly contributes to
an increase in the amount of carbon dioxide emissions. The two-step
system GMM model predicts that a one percent increase in
infrastructure in the sample countries will result in a 0.002% rise
in emissions. This information was derived from the GMM. The
GMM model served as the source for the aforementioned
information.

The vast majority of models have speculated that the coefficient
of economic growth will be positive and significantly correlated with
the rate of growth of the economy. This suggests that economic
growth will result in increased emissions of carbon dioxide and will
reduce the overall quality of the environment in the countries that
are part of the Belt and Road Initiative. To be more specific, the
coefficients in the two-step system GMM model show that an
increase of one percent in economic growth in the countries
along the belt and road will result in a change of 0.04 percent in
the amount of carbon dioxide emissions. This information can be
found in the table below. According to the findings, an increase in
economic growth in the countries that were investigated leads to an
increase in the amount of carbon dioxide produced as well as
damage to the environment. This is the case in all of the countries.

The findings demonstrate that the computed coefficient of
foreign direct investment is positive and statistically significant,
which indicates that foreign direct investment increases carbon
dioxide emissions and degrades environmental quality in
countries that are part of the belt and road. The research
indicates that increasing levels of foreign direct investment
inflows are to blame for increasing levels of environmental
degradation and emissions of carbon dioxide in the countries
that served as samples. Our findings are comparable to those of
(Zafar et al., 2020), who contend that FDI increases carbon
emissions. However, our findings contradict the findings of
Bakhsh et al. (2021) who also discovered that foreign direct
investment increases carbon emissions. To put it another way,
the similarities between our findings are significant. On the other
hand, the calculated coefficient of trade openness is found to be
positive and significant in a variety of GMMmodels, which suggests
that trade openness leads to an increase in CO2 emissions. This
conclusion can be drawn from the fact that the coefficient is found to
be positive and significant. In contrast to this finding, the OLS fixed
effect models find that it is significant and negative, indicating that
increased trade openness leads to lower levels of carbon emissions.
The findings run counter to the conclusions of both of these studies
Khan et al. (2020). In a manner analogous to this, the coefficient of
government efficiency is found to be positive across the board with
the exception of the OLS model. This suggests that the effectiveness
of governments has a positive effect on the emission of carbon

dioxide in a variety of models, such as the estimated coefficient in
system GMM, which is positive and statistically significant. In
addition, the coefficient of government efficiency is found to
have a positive value in all models (with the exception of OLS),
which suggests that governments are generally effective.

TABLE 7 Results on the interaction effect of governance on CO2 emission.

Variables OLS FE DGMM SGMM

Patent application 3.200 0.0001*** 0.0003* −3.170

(3.320) (5.70) (0.000) (2.390)

RD 2.281*** −1.335*** −1.661 0.222***

(0.268) (0.240) (5.604) (0.072)

UBN 0.148** 0.079** −3.956 0.001**

(0.189) (0.116) (7.921) (0.004)

UBN2 −0.002* 0.0023 0.042 −1.250*

(0.001) (0.003) (0.066) (4.900)

Education 0.023** −0.017** −0.210** −0.021**

(0.000) (0.012) (0.253) (0.001)

Infrastructure −0.031 0.016 −0.033* −0.042**

(0.053) (0.013) (0.197) (0.011)

GDP −0.023 0.007** 0.048*** 0.059***

(0.051) (0.017) (0.016) (0.003)

FDI 0.031 0.008 0.016* 0.013*

(0.017) (0.005) (0.017) (0.041)

GVR 4.108** −0.272 −10.13 0.232***

(1.623) (1.177) (10.54) (0.129)

Interaction −0.073** 0.011 0.182 −0.081***

(0.018) (0.020) (0.188) (0.013)

SVR 0.124*** −0.029** −0.074 0.005

(0.026) (0.012) (0.074) (0.001)

LBN −1.220 −8.660 −8.880 2.721

(1.260) (1.830) (6.410) (9.311)

CO2i,t−1 0.324*** 0.950***

(0.298) (0.010)

Constant −6.091** −0.591** 0.001***

(2.694) (2.963) (0.001)

Observations 163 163 112 160

R-squared 0.518 0.436

Number of id 29 15 29

AR1 −0.01(0.566) −2.12(0.035)

AR2 0.54(0.320) −0.73(0.532)

Sargan test 102.13(0.332) 213.40(0.247)

Note: Standard errors in parentheses, ***p < 0.01, **p < 0.05, *p < 0.1.
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The estimated coefficient of saving is shown to be both negative
and positive across all of the models, whereas the estimated
coefficient of labor force is shown to be insignificant. The data
support these conclusions. When a country has a larger work force
and greater gross savings, it has a stronger capacity to manufacture
things, which leads to an increase in the amount of carbon emissions
produced. This in turn leads to an increase in the global temperature.

4.2.2 Results of the interaction effect of
governance on CO2 emission

Governance in belt and road countries is shown to have a
transformative effect on carbon emissions in Table 7. In the
countries that make up the belt and road, urbanization is
responsible for increased emissions of carbon dioxide and a
decline in the quality of the surrounding environment. According
to the coefficients of the two-step system GMM model, an increase
of one percent in urbanization in countries along the belt and road
will result in an increase of 0.001% in carbon dioxide emissions. The
sample nations’ urbanization rates are higher, which in turn results
in higher CO2 emissions and worsening environmental conditions.

Since the urbanization square demonstrates that the calculated
coefficient is in the negative, we can deduce that urbanization leads
to a lower overall level of carbon dioxide emissions.

In the countries along the belt and road, increased levels of education
lead to lower levels of carbon dioxide emissions and higher overall
environmental quality. According to the GMM model with a two-step
system, a reduction in carbon dioxide emissions of 0.001% can be
achieved in belt and road countries with an increase in schooling of
one percent. According to the findings, education is absolutely necessary
in the sample countries in order to improve the environment.

According to the findings, the filing of patents leads to an
increase in carbon dioxide emissions and a decline in the quality
of the environment in countries along the belt and road.

The coefficients for research and development can be either
positive or negative, depending on the model. Although both the
fixed effect and OLS coefficients are negative, the system GMM
coefficient is large and positive, indicating a positive impact on
carbon emissions. On the other hand, the OLS and fixed effect
coefficients are negative. According to Sheng and Guo, (2019)
research, innovation helps reduce carbon emissions in the Khan,
(2021a) used a comparable innovation metric and arrived at
comparable findings. Additionally, it seems that patents
contribute to an increase in carbon emissions. The claim made
by Chien, (2021b) that the application of patents reduces Pakistan’s
emissions is not supported by our evidence.

In GMM models, the infrastructure coefficient is negative,
whereas in OLS and fixed effect models, there is no such coefficient.

The vast majority of models project positive and statistically
significant economic growth, which will lead to an increase in
carbon dioxide emissions and a decrease in the quality of the
environment in countries along the belt and road. According to the
coefficients of the two-step system GMM model, an increase of one
percent in economic growth in countries along the belt and road will
result in an increase of 0.02 percent in carbon dioxide emissions. The
amount of carbon dioxide produced and the impact on the
environment increased as the sample countries’ economies grew. In
line with the findings of Sharif et al. (2019) economic growth is the
primary factor in the production of carbon emissions and the

deterioration of the environment Okere et al. (2021). It is possible
that the countries along the Belt and Road will be able to lower their
carbon emissions as a result of their rising economic growth, which is
intended to improve living standards, put an end to poverty, and
balance out income disparities. However, industrialization, which leads
to a greater demand for energy, may be the cause of both economic
expansion and environmental deterioration.

Carbon dioxide emissions are increased, and the quality of the
environment is degraded, in belt and road countries that receive
foreign direct investment. In the sample countries, increases in both
carbon dioxide emissions and environmental damage are caused by
increased levels of foreign direct investment. Our findings are
consistent with those of Mert and Bölük (2016). Additionally,
decreases in carbon emissions resulted from increases in foreign
direct investment, lending support to the pollution halo theory.
According to the findings of Zhu et al. (2016), Asian foreign direct
investment helps reduce the rate of environmental degradation.
There is a possibility that developing and least developed countries
will be included in the sample countries. These countries are still
attempting to stimulate economic growth by luring significant
amounts of foreign direct investment, even if it comes at the
expense of the environment. Countries that are the recipients of
foreign direct investment may becomemore polluted if they produce
a high volume of carbon dioxide. Increasing levels of pollution and
carbon emissions in host countries as a result of increased levels of
foreign investment are consistent with the pollution haven theory.
According to Zafar et al. (2020), increased levels of carbon dioxide
emissions are a consequence of increased levels of foreign direct
investment. Our findings run counter to those that were found by
Bakhsh et al. (2021).

In OLS and two system GMM models, the coefficient of the
interaction term between governance and urbanization is
negatively significant, indicating that governance plays a
transformational role in the link between urbanization and
carbon emissions.

Similarly, the coefficient of saving is positive, negative, or
insignificant across all models, whereas the labor force is
insignificant across all models.

5 Conclusion

This investigation focuses on three primary goals: the direct
effect that urbanization, along with other explanatory and control
variables on emissions; the nonlinear relationship that urbanization
has with emissions; and the interaction effect of governance plays in
the relationship between urbanization and carbon emissions. OLS,
fixed effect, two-step difference GMM, and two-step system GMM
models were used in this study to conduct the analysis of panel data
collected from 39 belt and road countries between the years
2002 and 2022. In this study, unit root tests of the second
generation are used. These tests assume that all variables are
stationary at level or at the first difference. In a similar vein, the
results of the models regarding the direct effect of urbanization on
carbon emissions reveal that urbanization has a positive and
significant influence on carbon emissions, and that an increase in
urbanization in the belt and road countries contributes to the
deterioration of the environment. Carbon emissions is related to
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patent applications, economic growth, foreign direct investment,
and the efficiency of the government, despite the fact that research
and development and cost savings have a negative influence on
carbon emissions.

The findings of a model that investigated the nonlinear influence
of urbanization on carbon dioxide emissions suggest that urbanization
significantly raises carbon dioxide emissions, while the square term of
urbanization yields negative and significant coefficients. These
findings were derived from an examination of the relationship
between urbanization and carbon dioxide emissions. The findings
indicate that an increase in urbanization initially causes a high carbon
emissions discharge and a decline in the quality of the surrounding
environment, but that carbon emissions levels begin to decline once
they reach a predetermined threshold. As a consequence, the findings
show that an increase in urbanization has the potential to reduce
global warming. In a similar vein, patent applications, infrastructure,
economic growth, direct foreign investment, and governance all have
a positive impact on carbon emissions, whereas spending on
education and research and development have a considerable
reduction in carbon dioxide emissions.

The findings of the model that investigated the moderating effect of
government efficacy on the association between urbanization and
carbon emissions indicate that urbanization has a positive
correlation with carbon emissions; however, the square term
produces negative coefficients. This suggests that government
efficacy has a moderating effect on the association between
urbanization and carbon emissions. Similarly, patents, economic
growth, foreign direct investment, and governance are all connected
with higher levels of carbon emissions, but education and infrastructure
are associated with lower levels of carbon emissions. The fact that the
interaction term coefficient between urbanization and government
effectiveness had a negative significance suggests that governance has
a transformative influence on the effect that urbanization has on the
reduction of carbon emissions in countries that are taking part in the
belt and road project.
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Collaborative integration or policy
diversification: the influence of
policy synergy on regional green
development

Yanjun Chang and Shuai Wang*

School of Economics and Management, Shanghai Institute of Technology, Shanghai, China

Enhancing the green and high-quality development of urban in China and
exploring the synergistic effects of multiple policy implementations is the key
to effectively playing the leading role of policies. To explore the synergistic effects
and driving mechanisms of dual policies on regional green development, this
study selected panel data from 30 provinces in China from 2008 to 2020.
Employing Multi-period difference-in-differences and Mediation effects
models, the research systematically explores the synergistic effects of these
dual-pilot policies on urban green and high-quality development. The findings
of this study reveal a significant improvement in the level of urban green
development under the influence of the dual-pilot policy. After conducting a
series of rigorous tests for robustness, this conclusion remains valid. This
improvement is primarily attributed to the stimulation of technological
innovation capabilities and the optimization of industrial structures within the
cities. Compared to the carbon emissions trading city single pilot and free trade
zone city single pilot, the dual pilot effect of carbon emissions trading and free
trade zone city is stronger. The carbon emissions trading city pilot and free trade
zone city pilot have a synergistic effect on regional green and high-quality
development. This research provides valuable theoretical insights to guide the
planning of pilot cities, facilitating the realization of both high-quality economic
development and sustainability objectives.

KEYWORDS

pilot free trade zone, carbon emission trading, green high-quality development,
synergistic effect, dual-pilot

1 Introduction

Reducing the negative impact of environmental pollution on economic growth is crucial
for promoting sustainable urban development. Opting for an eco-friendly path is an
unavoidable decision for economic growth, societal wellbeing, and the health of our
surroundings (Shen et al., 2023). This approach aligns with the core principles of many
international policies established in recent times (Ramzan et al., 2023). In the wake of
economic reforms and increased openness, the outdated model of resource-intensive
development has resulted in significant challenges related to environmental
contamination. The path of green development serves as both the impetus for China’s
progression toward an ecologically civilized society and a pivotal lever for reshaping the
economic growth model (Xu et al., 2022). China explicitly outlined the objective of fostering
widespread green production and lifestyle by 2035, facilitating a fundamental improvement
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in the ecological environment and substantially realizing the goal of
building a beautiful China. In November 2022, in response to global
climate change, China proposed, “It must be propelled by scientific
and technological advancements, facilitating the transition and
enhancement of energy resources, industrial composition, and
consumption patterns, ultimately fostering the advancement of
both green economics and societal progress”. Exploring new
pathways that harmonize development and protection. The green
transformation of the economy is an inevitable choice for resolving
the ecological challenges within China’s pursuit of high-quality
economic development. Supporting high-quality development
with high-level ecological and environmental protection and
making green the most distinctive foundation of high-quality
development is the ultimate goal of China’s green development.

After years of economic reform and development, China’s
economy has ascended to the world’s second-largest. However,
environmental pollution and deteriorating ecological conditions
have become prevalent because of its economic development
mode and stage constraints. China’s economy has entered a
phase of high-quality development, making achieving high-
quality economic growth a focal point for government
departments at all levels. Confronted with escalating
environmental pressures, China has been actively promoting pilot
projects encouraging regions to implement carbon emissions
reductions. To curtail environmental pollution, foster regional
carbon emissions reductions, stimulate low-carbon economic
growth and achieve Green High-quality Development (GHD), the
National Development and Reform Commission introduced the
“Notice on Launching Pilot Work for Carbon Emissions Trading” in
November 2011. This policy specified that Beijing and seven other
provinces and cities would serve as pilot areas for carbon emissions
trading, with gradual implementation commencing at the end of
2013. The establishment of the carbon emissions trading market
represents a noteworthy innovation within China’s institutional
framework aimed at tackling climate change and environmental
pollution and fostering high-quality economic development through
market-oriented mechanisms. The implementation of this policy
has the potential to stimulate technological innovation among
businesses while simultaneously mitigating environmental
pollution and greenhouse gas emissions, facilitating the
transformation and upgrading of industrial structures.
Furthermore, it can accelerate the transition of regional economic
development models, transitioning from reliance on factors to
embracing innovation as a driver, ultimately leading to the
achievement of high-quality regional economic growth.

Furthermore, within the context of the relevant green
development policies, researchers have also determined that the
pilot initiatives within free trade zone municipalities exert a more
pronounced influence on the promotion of sustainable urban
development and the management of environmental pollution.
Under the economic situation of increasing economic pressure,
blocked export of enterprises and increasingly serious anti-
globalization tendency, there are certain contradictions between
expanding import and export trade, accelerating economic
development and environmental protection. Current policies
should aim to achieve an equilibrium between fostering trade
expansion, promoting economic growth, and preserving the
environment. The pilot policies of free trade zones represent a

significant decision for China to deepen reforms further, enhance
trade openness, and promote economic growth. To strengthen the
ecological and environmental protection efforts within free trade
zones, in May 2021, the Ministry of Ecology and Environment and
eight other departments jointly formulated the “Guiding Opinions
on Strengthening Ecological Environment Protection in Free Trade
Pilot Zones to Promote High-quality Development.” This document
explicitly outlines measures to establish low-carbon pilot zones,
construct ecological and environmental security zones, and set up
model areas for international environmental cooperation.
Therefore, within the context of adhering to a strategy of mutual
benefit and win-win cooperation, as well as China’s goal of achieving
high-quality development, the impact and effects of the free trade
zone pilot policies on regional GHD hold significant practical
significance.

Both the free trade zone pilot and carbon emission trading pilot
can effectively support the enhancement of regional green
development, constituting integral components of China’s
ecological and environmental market construction. However,
achieving a deeper integration of mechanisms, policies, and
standards between the two to realize synergistic benefits in
pollution reduction, carbon mitigation, and efficiency
enhancement requires a further deepening institutional design.
Considering the potential synergistic effects of combining these
two policies and whether it can lead to more significant benefits
from a policy coordination perspective, it is likely to open up new
avenues for advancing regional high-quality development. Hence,
this study aims to address the following questions: Does the
combined use of the free trade zone policy and carbon emission
trading policy have a better synergistic effect on regional green
development? What are the specific mechanisms behind this effect?
Are there differences in the effects of implementing a single policy
versus implementing both policies in coordination? Which situation
is more conducive to promoting cities’ GHD? Exploring these
questions will effectively assist policymakers in enhancing
regional green development and high-quality growth.

Given this, the potential incremental contributions of this paper
can be outlined as follows: In terms of research perspective, this
paper studies the synergistic effect of carbon emission trading city
pilot policies and free trade zone city pilot policies on regional GHD.
Although a few kinds of literature have studied the effects of the
construction of free trade zone pilot cities and the construction of
carbon emission trading markets on regional green development,
this paper further considers whether there may be synergies between
the two policies. This approach is a beneficial attempt to respond to
the country’s “exploring a new path of synergy between
development and protection,” it also reasonably supplements the
existing research results. From the research methods, this paper
considers the implementation time of the dual-pilot policies and the
differences in the implementation cities. It adopts the multi-period
difference-in-differences method to obtain the net effect of the
impact of the establishment of the dual-pilot cities on regional
GHD, avoiding the measurement error caused by endogenous
problems. From the selection of indicators, this paper reflects the
level of GHD by constructing an evaluation index system for
regional GHD. In terms of index selection, follow the
connotation of high-quality development proposed by China and
select evaluation indicators that align with China’s national
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conditions from the five aspects of “innovation, coordination, green,
openness, and sharing.” In contrast to the conventional approach of
employing the SBM model to assess urban green total factor
productivity through input and output considerations, this study
places a heightened focus on the fresh paradigms and demands
associated with China’s high-quality economic development in the
contemporary era. From the research significance, this paper can
provide a reference for improving the regional green development
mode by analyzing the synergy of multi-policy implementation
effects. Meanwhile, it brings enlightenment to implementing
future environmental policies by considering the synergy between
policies.

The subsequent organization of this paper is outlined below.
In Chapter 2, an in-depth examination of existing literature is
presented. Chapter 3 outlines the theoretical analysis and
research hypotheses. The introduction of the pertinent model
formulation and research hypotheses can be found in Chapter 4.
Moving on to Chapter 5, an exposition of the empirical findings
and analytical discussion is provided. Chapter 6 then conducts a
more profound investigation into the article’s subject matter.
Finally, Chapter 7 offers conclusive insights and policy
suggestions.

2 Literature review

This study primarily focuses on research related to urban GHD
and evaluating the impact of relevant pilot policies. Recent literature
closely related to these topics has been categorized into three main
sections for review.

2.1.1 Measurement of green high-quality
development

Green High-quality Development is China’s new development
stage and strategic goal. Taking the five development concepts of
“innovation, coordination, green, openness and sharing” as the
guiding ideology, it is also a process of continuously improving
total factor productivity (TFP). Due to its rich connotation, a unified
evaluation index system has not yet been formed. Early scholars
adopted the traditional total factor productivity method to measure
the level of high-quality development (Liu et al., 2021). However,
this process does not take into account factors such as resource
investment and the environment and cannot fit in with the new
development concept of green development. The method of green
total factor productivity was then derived to incorporate energy
consumption and environmental pollution issues into the total
factor productivity accounting system. It aims to measure the
balance between economic growth and environmentally
sustainable development to reflect the green and high quality of a
country or region. At the same time, in order to conduct an in-depth
analysis of GHD, when measuring green development, it is
decomposed into green technical efficiency and green technical
progress for in-depth discussion (Wang et al., 2021; Cheng and
Jin, 2022). It provides a more in-depth discussion of the factors
affecting green development. However, GHD covers all aspects of
the economy and society. In addition to focusing on “quantitative”

growth, it also pays more attention to “quality” improvement, which
needs to be evaluated from many aspects.

In recent years, scholars have delved deeper into the study of
GHD. Some argue that innovation, factor supply, organizational
systems, policy environment, and governance level are essential
drivers of GHD (Yang et al., 2022; Song et al., 2022). Others propose
that a single metric is insufficient for measuring GHD, advocating
for constructing indicator systems based on multiple dimensions
such as innovation, coordination, green development, openness, and
sharing (Zheng and He, 2022; Li and Liu, 2023; Li et al., 2023)
pointed out that the fusion of economic growth and green
development as the fundamental essence of the contemporary
economic system. Building upon the essence of China’s novel
development concept, they devised a gauge of the Chinese
economy’s high-quality developmental stage. Subsequently, they
employed the principal component analysis method to quantify
the extent of China’s high economic high-quality development. Li
and Wang (Li and Wang, 2023) redefine the connotation of GHD
from the inside and outside of the city and provide a new perspective
on the definition of GHD. Incorporate manufacturing-related
indicators into the GHD evaluation index system to make it
more comprehensive and compensate for existing research’s
shortcomings. Although scholars have different definitions of
GHD, the connotations of various definitions are relatively
consistent, indicating that GHD is a relatively comprehensive
concept. Compared with the earlier method of using input-
output indicators to measure regional GHD, constructing an
indicator system for measurement can better reflect the
development needs of different regions at a specific stage.

2.1.2 Effectiveness of free trade zone policy

The pilot free trade zone is a test field for exploring a new round
of system reform and innovation after China’s economic system
reform enters the deep-water area. Since the China (Shanghai) Free
Trade Zone was officially listed in September 2013, after several
rounds of expansion, China has formed a new pattern of high-level
regional opening up. In institutional innovation, each pilot trade
zone insists on bold experimentation, bold breakthrough, and
independent reform. Extensive efforts have been devoted to the
realms of investment and trade liberalization, the facilitation of
financial services to the real economy, and the transformation of
government functions, resulting in notable accomplishments. It has
explored an open model with institutional innovation as the core
and has become a benchmark and model of openness in the new era.
Promoted an important change in the concept of government
management and became a pioneer in system innovation.
Actively benchmark international high-standard investment and
trade rules and become a linker and practitioner of international
advanced rules (Chen et al., 2018). However, the original intention
of establishing the free trade zone is not only institutional innovation
but also to enhance the advancement of China’s economy through
comprehensive reform trials and institutional innovation aimed at
fostering high-quality development. The central development
concept within China’s Pilot Free Trade Zone is “green
development.” It aligns with the principle highlighted in the
“Guiding Opinions on Reinforcing Ecological and Environmental
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Preservation in Pilot Free Trade Zones” released by China’s Ministry
of Ecology and Environment, indicating that the concept of green
development should permeate every facet of constructing pilot free
trade zones. The Pilot Free Trade Zone will cultivate a contemporary
environmentally-friendly service sector, promote sustainable
manufacturing, build an eco-aware supply chain, and foster
future-oriented green trade practices.

During the early stages of the reform and opening-up era,
scholars predominantly focused on researching the regional
economic growth resulting from the free trade zone policy.
The researchers have discovered that free trade zones play a
pivotal role in invigorating innovation and bolstering businesses’
competitive edge. The free trade zone policy has promoted
regional economic growth by promoting foreign direct
investment, upgrading industrial structure, and technological
innovation (Aloise and Macke, 2017; Zhuo et al., 2021).
Following the introduction of the green development concept,
the functional orientation of the free trade zone policy extends
beyond mere economic growth, placing greater emphasis on the
harmonious progress of both economic advancement and
environmental preservation. In recent years, exploring the
impact of free trade zone policies on high-quality regional
development has gradually become an emerging research field,
competing to become a hot spot in the academic circle. Relevant
foreign scholars have also explored the influence of free trade
zone policies on green development from different perspectives.
Wang et al. (Wang et al., 2022) used the data from China’s
provinces to find that the free trade zone policy can promote
regional GHD. The main way is to promote the rational
development of regional industrial structure and improve
innovation ability. Jiang et al. (Jiang et al., 2021) used the
input-output method based on the micro-data of enterprises.
They used the green total factor productivity to measure the
quality of economic development to study the net effect of
establishing the Shanghai Pilot Free Trade Zone on the green
total factor productivity of municipal enterprises in Shanghai.
The findings indicate that owing to technological advancements,
the free trade zone in Shanghai has contributed to the
enhancement of the overall green productivity of local
businesses. Bi et al. (Bi et al., 2023) observed, through data
analysis conducted at the prefecture-level city level in China,
that free trade zones, functioning as “green zones” for executing
planning initiatives and institutional reforms, contribute
positively to the advancement of environmentally friendly and
sustainable urban development. They also find that free trade
zones are the main channel for enhancing regional green
development by fostering foreign direct investment and
facilitating upgrades in industrial structure, thereby
establishing a connection between free trade zones and
enhancing green total factor productivity.

2.1.3 Effectiveness of carbon emission
trading pilot policy

To promote regional GHD, curbing severe carbon emissions
is necessary to mitigate their negative effects and address
environmental pollution at the source (Chen et al., 2020).

Since introducing the EU’s carbon trading market, market-
based mechanisms featuring carbon quotas and prices have
proven effective in reducing emissions by restricting corporate
carbon emissions and incentivizing carbon mitigation efforts.
This approach has been imitated by more and more countries
(Ding et al., 2019). Taking a cue from the European Union’s
experience, China initiated pilot carbon emissions trading
policies in 2011, with subsequent launches taking place at the
close of 2013 and beyond. Studies have shifted toward
understanding the policy’s impact on the economic system.
The policy has so far involved seven provinces in China. The
implementation of this policy has made scholars’ research
gradually turn to the impact of this policy on the entire
economic system. Several studies have shown that carbon
trading pilots reduce energy consumption and enable
corporate innovation (Zhang et al., 2019; Zhang et al., 2022;
Shi et al., 2022). Fu et al. (Fu et al., 2023) found that carbon
emissions trading is important to promote GHD. As a quota-
based market-driven environmental regulatory policy, the carbon
emission trading policy induces enterprises to carry out green
innovation behaviors by transforming enterprises’
environmental responsibilities into conscious behaviors. It will
lead to a significant increase in the quantity and quality of green
technological innovations of enterprises, which will affect the
development of green innovation in the region. Xiao et al. (Xiao
et al., 2021) found that in addressing climate change and
promoting high-quality development, carbon emission trading
policies significantly increased total factor productivity at the
firm level. This has brought new opportunities for
comprehensively promoting the high-quality development of
enterprises. Another example is that Chang and Wang (Chang
and Wang, 2023) conducted an analysis of the carbon market’s
influence on green-balanced development and put forward that
China’s carbon emission trading system has notably enhanced
the state of green-balanced development. Meanwhile, it
additionally advances the alignment between environmentally
conscious economic growth and equity in the environmental
domain, offering a viable route encompassing both efficiency and
fairness for the pursuit of green development.

It can be seen from the existing literature that although the
current literature has laid a good theoretical foundation for the study
of pilot policies and green economic development, there are still
areas to be improved. First, the policy effect is only evaluated from
the perspective of pilot cities in free trade zones or pilot cities of
carbon emissions trading, and there is a lack of research on the
effectiveness of combining policies in pilot cities in free trade zones
and pilot cities of carbon emissions trading; The assessment of
quality development predominantly gauges the quality of economic
growth through the lens of input and output. However, these
measurement methods have certain defects, mainly because the
measurement is one-sided and limited, not comprehensively
representative, and cannot reflect the GHD of a country or
region according to the actual situation. More batches of pilot
samples are taken into account, resulting in the policy’s
effectiveness not being well-reflected. This article studies the
synergistic effects of multiple policies from the perspective of
high-quality economic development, providing a reference for the
formulation of China’s macroeconomic and environmental policies.
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3 Theoretical analysis and research
hypotheses

3.2 Theoretical analysis

3.2.1 Synergistic effects of dual-pilot city
construction on GHD

High-quality and sustainable development is an inevitable
choice for future urban development. When promoting green
development, we should not only pay attention to economic
growth but also the protection of environmental development. In
the present phase, the carbon emission city pilot initiative in China
has reached a pivotal juncture marked by practical implementation
and profound progression. Dong et al. (Dong et al., 2022)
highlighted that the design of policies for piloting citywide
carbon emission reduction is rooted in urban progress. These
policies enable a variety of focused management strategies during
their implementation, seamlessly integrating carbon emission
objectives into urban development indicators and policy
guidelines. Chen and Lin (Chen and Lin, 2021) also confirmed
the role of carbon trading mechanisms in promoting energy
conservation and emission reduction. It has been observed that
the low-carbon urban pilot policy utilizes information technology to
improve the efficiency of resource allocation and utilization within
urban areas. Guo et al. (Guo et al., 2023) verified that the carbon
emissions trading policy not only significantly improved the
innovation capability of the cities where the policy is located but
also promoted the improvement of the innovation capabilities of
surrounding cities, which brought certain reference value to the
improvement of China’s regional green development. Meanwhile, in
developing and constructing free trade zones, the proposal of green
free trade zones can also effectively promote high-quality regional
development by promoting the optimization of regional industrial
structure and the development of green innovation capabilities
(Zhou et al., 2022). The creation of a free trade zone can
enhance green technology innovation, total factor productivity,
and environmental protection investment in micro-enterprises
through technological, competitive, and resource allocation
mechanisms. This, in turn, promotes the green development of
micro-industries (Li et al., 2023).

Policy coordination is an important area of current research
hotspot, which is mainly reflected in the mutual promotion effect of
policy coordination and cooperation (Kwon, 2018). Under the same
promotion effect, the effect of a single policy is much lower than that
of a combination of policies (Tang and Wang, 2018). Regarding the
focus of this study, in contrast to a single pilot policy, the dual pilot
policy is collectively dedicated to promoting green development,
potentially leading to more pronounced effects on high-quality
urban development. In urban construction in China’s free trade
zones, the green development orientation is more about putting
forward sustainable development measures from the top design. At
the same time, the carbon emission city policy focuses on controlling
actual pollution sources and applying green technologies. Therefore,
becoming a free trade zone city based on carbon emission cities can
effectively improve urban technology and bring impetus to the city’s
green development. For the pilot cities of carbon emissions,
pollution emissions may not only come from domestic pollution
sources but may also be caused by domestic and foreign trade. The

Pollution Paradise Hypothesis believes that trade liberalization will
cause heavily polluting enterprises to transfer from developed
countries to developing countries, which will lead to the
deterioration of the environment in developing countries (Liu
et al., 2018). The implementation of the green free trade zone
policy can significantly reduce the impact of this aspect through
measures such as legal constraints and negative list implementation.
Considering the distinct emphases of pilot policies for carbon
emissions trading cities and free trade zone cities, it is essential
to account for policy heterogeneity when coordinating dual-pilot
initiatives comprehensively. Under the dual-pilot policy, with the
help of policy formulation and green technology development, the
government has the capacity to control excessive energy
consumption and pollutants, encourage environmentally friendly
manufacturing and production practices, and realize the objective of
safeguarding the environment through low-carbon measures (Chiu
et al., 2012; Zhu et al., 2021). Therefore, there may be a synergistic
effect between the carbon emission trading city pilot policy and the
free trade zone city pilot policy, which will have a huge positive
impact on the city’s GHD goals. Based on this, it is proposed the
following hypotheses:

Hypothesis 1: The coordinated development of dual-pilot policies
is conducive to promoting regional GHD.

3.3 Mechanism analysis

The influence of the combined impact of the urban pilot policy
in free trade zones and the carbon emissions trading policy on
achieving regional green and high-quality development is
demonstrated through the synergistic effect of policies and their
supplementary mechanisms. The first is the synergistic effect
superposition mechanism of the dual pilot policies. Promoting
the realization of regional GHD and continuously enhancing
regional innovation capabilities are indispensable prerequisites
(Yang et al., 2022). Given the pronounced carbon intensity of
China’s economy and energy infrastructure, promoting green
innovation is seen as a vital pathway toward achieving carbon
neutrality (Ma et al., 2021). The development of green free trade
zones is conducive to the city’s pursuit of high-quality economic
development driven by technological progress and technical
efficiency improvements. On the one hand, the innovative
development strategies and related institutional arrangements or
innovative measures promoted by the free trade zone will increase
the accumulation of overseas talents, technology, and scientific and
technological capital, thereby promoting the improvement of urban
innovation capabilities (Li et al., 2021). On the other hand, from the
perspective of stock, the original city’s innovation capability will
determine, to a certain extent, the city’s ability to digest, absorb and
re-innovate advanced foreign technologies (Hao et al., 2021).
Therefore, urban innovation capability may be the intermediate
channel through which innovation elements triggered by
institutional innovation in free trade zones converge to
technological progress or technological efficiency improvement.

One of the main purposes of the carbon emissions trading pilot
policy is to promote enterprises to adopt low-carbon technologies
and cleaner production methods to reduce carbon emissions. To

Frontiers in Environmental Science frontiersin.org05

Chang and Wang 10.3389/fenvs.2023.1281357

76

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1281357


achieve this goal, companies often need to engage in technological
innovation to find more environmentally friendly and efficient
solutions. As a formal government environmental regulation,
carbon emissions trading policy will promote the improvement
of urban green technology innovation levels from a guidance and
support level. Carbon trading policies can encourage companies to
actively reduce carbon emissions and reduce emissions reduction
costs by improving production efficiency, optimizing resource
allocation, and focusing on the use of clean energy (Yang et al.,
2020). As the “Porter Hypothesis” states, environmental regulations
can prompt companies to innovate green technologies and achieve
the dual benefits of carbon emission reduction and economic
development (Wang et al., 2019). Therefore, in theory, carbon
trading policies can induce companies to develop non-carbon
negative technologies with lower carbon emission levels and zero
carbon emissions, as well as carbon negative technologies that offset
and absorb necessary carbon emissions in the production process to
reduce purchases or Absorb carbon emissions. This policy effectively
fosters the advancement of environmental protection technology
and encourages green innovation within the city, subsequently
contributing to the promotion of regional green and high-quality
development.

Under the superimposed effect of the two policies, the city can
draw on the advantages of both policies at the same time. First, both
the free trade zone policy pilot and the carbon emissions trading
pilot policy have introduced market mechanisms to encourage
companies to adjust their behavior based on market demand and
economic incentives. The free trade zone policy pilot has attracted
high-tech and high-value-added industries through market
competition, while the carbon emissions trading pilot policy
encourages companies to adopt low-carbon technologies to
reduce carbon costs. The synergy between the two promotes
technological innovation under market guidance and makes cities
more competitive. Pilot free trade zone policies have attracted
international companies to the city, creating opportunities for the
spread of knowledge and technology. At the same time, the carbon
emissions trading pilot policy encourages companies to adopt low-
carbon technologies and promotes cooperation and technology
sharing between domestic and foreign companies. The synergy
between the two accelerates the pace of urban technological
innovation through technology diffusion and collaboration. Cities
derive advantages from the dual-pilot policy. By employing
government investment strategies in science and technology, the
supply of innovative resources can be augmented, thereby
amplifying innovation spill-over effects. Based on the signal
transmission theory, the dual-pilot policy can generate a dual
reputation effect, leading to the concentration of talent capital
and the dissemination of knowledge spillover effects. Therefore,
the dual-policy synergy can promote the development of urban
technological innovation at multiple levels, such as market
orientation, policy support, and technology dissemination. This
synergy promotes cities to accelerate green and high-quality
development and provides a solid theoretical basis for sustainable
urban development. Given this premise, the article proposes the
second research hypothesis:

Hypothesis 2: Dual-pilot policies facilitate regional GHD by
enhancing urban green technological innovation capabilities.

The second aspect involves the complementary mechanism of
the dual pilot policies. Industrial structural adjustment is one of the
important ways to transform China’s current green development,
which can effectively promote the reduction of pollutant emissions
and the positive transformation of growth momentum (Zhang et al.,
2022). Specifically, the process of local governments implementing
carbon emission city pilot policies is essentially using market
incentive tools to solve government environmental governance
issues. By employing market mechanisms to drive the
advancement of low-energy and low-pollution emerging
industries, the objective of optimizing and upgrading the city’s
traditional, resource-intensive industrial structure can be attained
(Liu et al., 2023). In addition, under the influence of the carbon
emission pilot city pilot policy, the government’s macro-control
efforts have increased. The production and management costs of
high-energy-consuming enterprises have increased, and their profit
margins have shrunk, making it difficult for some enterprises to
survive in the pilot areas. High energy-consuming companies will be
forced to adjust their production structures due to environmental
governance measures such as local government sewage charges and
environmental taxes. In this way, it helps alleviate the impact of
rising production costs on corporate viability and subsequently
allows for the rational adjustment of the overall industry’s
industrial structure (Chen and Wang, 2023).

Additionally, free trade zone policy pilots can achieve the effect
of improving green development by adjusting the industrial
structure of regional cities (Yan et al., 2022). At the macro level,
relevant departments will adjust the city’s industrial structure in the
Green Free Trade Zone Policy Pilot Zone. For example, relevant
policy documents require the creation of advantageous low-carbon
industries based on regional industrial characteristics and the
promotion of traditional agriculture, traditional industries, and
service industries to actively upgrade to ecological agriculture,
low-carbon industries, and modern service industries (Yang et al.,
2022). At the micro level, the policy dividends of free trade zones can
attract non-pilot enterprises to enter and form industrial
agglomeration development. Green development positioning can
restrain high-emitting and high-polluting enterprises. The free trade
zone guides the transformation and upgrading of high-polluting
enterprises and promotes the rationalization of industrial structure
by formulating corresponding regulations on corporate green
development. It will improve the rationalization of the industrial
structure, allow excess resources to flow to shortage sectors, and
achieve a reasonable allocation of production factors among various
industries. It improves the efficiency of resource allocation, avoids
resource waste, and helps transform the economic growth model
from extensive to intensive, thus promoting the development of the
green economy.

The implementation of the dual policy pilots of the free trade
zone policy pilot and the carbon emissions trading pilot policy has
introduced market mechanisms, which can encourage enterprises to
adjust their business strategies more flexibly to adapt to market
demand. When companies face more international competition in
free trade zones, they will be more inclined to adopt environmentally
friendly, low-carbon production methods to reduce costs and
improve competitiveness. At the same time, carbon emissions
trading policies will encourage companies to reduce carbon
emissions and further promote the transition to low-carbon
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industries. The synergistic effect of these two policies can help
accelerate the optimization of the industrial structure and guide
resources and investment into more environmentally friendly and
sustainable industrial fields, thereby enhancing the high-quality
development of the regional economy. The synergistic effect of
policies accelerates market-driven industrial restructuring and
makes cities more adaptable to the needs of low-carbon and
green development. According to the above, the article presents
the third research hypothesis:

Hypothesis 3: Dual-pilot policies facilitate GHD by optimizing
urban industrial structures.

4 Model construction and variable
selection

4.1 Model construction

4.1.1 The Difference-In-Differences method
The Difference-In-Differences (DID) method is a common

approach in empirical research for evaluating the effects of
policies. Its core lies in using two different calculations to
eliminate the influence of endogenous factors on explanatory
variables. Specifically, it focuses on the changes before and after
the policy intervention for both treated and untreated individuals,
where the difference in these changes represents the impact of the
policy intervention (Yu and Zhang, 2021). Since 2013, China has
approved the establishment of six batches of pilot areas for free trade
zones, with the fifth and sixth batches established in 2019 and 2020,
respectively. Based on the effectiveness of the policy
implementation, this paper included them in the control
group. Additionally, starting at the end of 2013, China officially
launched carbon emissions trading market pilot programs in seven
provinces: Beijing, Shanghai, Tianjin, Guangdong, Hubei,
Chongqing, and Fujian. It lays a robust foundation for
conducting an in-depth quasi-natural experiment to scrutinize
the effects of the pilot policies in free trade zones and carbon
emissions trading on regional high-quality development.

Given that the free trade zone and carbon emissions trading pilot
policies were not implemented concurrently, this paper employs a
widely applicable multi-period DIDmethod to estimate the effects of
dual-pilot policies on urban green development. By controlling for
other factors and referencing the research methods of Zhang and
Zheng (Zhang and Zheng, 2023), we examine if there exists a
noteworthy disparity in carbon emission reduction outcomes
between pilot and non-pilot areas before and after the
implementation of the dual-pilot policies. The multi-period DID
model constructed in this paper includes both city-fixed effects and
year-fixed effects and is as follows:

GHDit � β0 + β1Treati × Postt + β2Controlit + ηi + γt + εit (1)
Among the variables in the equation, the subscripts i and t

correspond to the city and year, respectively. Variable GHDit

represents the dependent variable, indicating the level of regional
Green High-quality Development. The variable Treati × Postt
serves as the core explanatory variable, denoting the multi-period

difference-in-differences variable. Variable Controlit represents
control variables that influence GHD. Variable ηi denotes city-
specific fixed effects, controlling for individual factors affecting
regional GHD that do not vary over time. Variable γi represents
time effects, accounting for time-related factors affecting all regions.
Variable Ɛit represents the error term. The value rule for variable
Treati × Postt is as follows: If a city simultaneously satisfies being
both a carbon emissions policy pilot city and a free trade zone pilot
city in the current year and subsequent years, the variable takes the
value of 1; otherwise, it takes the value of 0. β1 is the core coefficient
most concerned by this paper, which represents the net effect level of
the establishment of the dual-pilot policy on the GHD of cities. If
β1 > 0 and is statistically significant, it indicates that the dual-pilot
policies significantly enhance the regional GHD level,
demonstrating the dual-pilot policies’ effectiveness.

4.1.2 The mechanistic model of the role of
industrial structure and technology innovation
capability

To verify the potential mechanisms through which the dual-
pilot policies affect regional GHD, as discussed earlier, we examine
whether the mediating variables of technological innovation
capability and industrial structure optimization play a role
between the dual-pilot policies and regional GHD. Drawing on
the research by Feng et al. (Feng et al., 2022), this study constructs
the following model to analyze the mediating effects:

GHDit � α0 + α1Treati × Postt + β2Controlit + ηi + γt + εit (2)
INTERit � β0 + β1Treati × Postt + β2Controlit + ηi + γt + εit (3)
GHDit � h0 + h1Treati × Postt + h2INTERit + β2Controlit + ηi

+γt + εit (4)
Based on the previous, the potential marginal contribution of

this study lies in the following aspects: First, INTERit represents a
series of intermediary variables, each being substituted by variables
related to the industrial structure and innovation capability. The
definitions of other variables hold the same significance as those in
the baseline regression model. Should α1 be significant in Equation
3, and it indicates that the establishment of the Free Trade Zone has
an impact on urban economic development. If both coefficients β1
and h1 are statistically significant, the existence of mediating effects
is confirmed. If both h1 and h2 are statistically significant and
h1 < h2, it indicates that there is a partial mediation effect.
Conversely, if h2 is statistically significant, while h1 is not, it
indicates that there is a complete mediating effect.

4.2 Variable description

4.2.1 Explained variable
This study employs the Green High-quality Development Index

(GHD) to reflect the level of regional green development. The
research emphasizes the balance between economic growth and
sustainability in regional development. To comprehensively reflect
the level of regional green development, this paper draws upon the
approach of Li et al. (Li et al., 2021), constructing a GHD index
system that aligns with the context of China. Specifically, guided by
China’s high-quality development principles, the index system is
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formulated from five dimensions: urban innovation, green practices,
coordination, openness, and shared benefits. Additionally, in
selecting openness indicators, the functional characteristics of the
Free Trade Zone policy are incorporated, enhancing the inclusion of
both domestic and foreign trade data. Finally, the entropy weight
method calculates the city GHD index. Meanwhile, in calculating the
comprehensive index, this paper uses the entropy weight method for
the calculation to avoid possible errors in human subjective
calculation. In the selection of innovation indicators, we use
innovation environment, technology trading activities, and patent
application level to represent. In the establishment of coordination
indicators, we select the degree of coordinated development of
industrial structure, the degree of economic structure
development, and the level of urbanization to represent. In the
selection of green development indicators, industrial wastewater
discharge intensity, industrial exhaust emission intensity, per capita
park and green area of the city, and unit energy consumption were
selected to represent. In the selection of open indicators, GDP
growth rate, per capita disposable income growth rate,

dependence on domestic trade, proportion of foreign investment,
dependence on foreign trade, and marketization level were used to
represent. Finally, in the establishment of shared indicators, we
selected the proportion of labor remuneration to people’s livelihood
fiscal expenditure, unemployment rate, and urban-rural income
difference level to measure. The calculation method
corresponding to specific indicators is shown in Table 1.

In calculating the comprehensive index, this paper uses the
entropy weight method for the calculation to avoid possible errors in
human subjective calculation. The specific calculation process is
outlined as follows. The selected city’s raw data undergo a
dimensionless treatment in the first step.

As for the positive indicators, the calculation is defined as
Equation 5:

Zλij � Xij −Xmin( )/ Xmax −Xmin( ) (5)

For the negative indicators, the calculation formula is expressed
as Equation 6:

TABLE 1 Green high-quality development index.

Primary Secondary Measurement method Indicator
attributes

Indicators Indicators

Innovation
Development

Innovation environment The full-time equivalent of R&D personnel in industrial enterprises above the
designated size

+

Technology transaction activity The ratio of technology transaction volume to GDP +

Patent application level The ratio of patent licenses to the year-end resident population +

Coordinated
Development

Industrial structure coordination The ratio of the added value of the tertiary industry to GDP +

Economic structure coordination The ratio of the added value of the tertiary industry to that of the secondary
industry

+

Urbanization rate The ratio of the urban population to the total population +

Green Development Industrial wastewater discharge intensity The ratio of wastewater discharge to GDP -

Industrial waste gas emission intensity The ratio of main pollutant emissions in exhaust gas to GDP -

Per capita parks and green areas in the
city

The ratio of urban green space area to the total population of the region at the end
of the year

+

Unit energy consumption The ratio of comprehensive energy consumption to GDP -

Domestic Trade GDP growth rate Regional GDP growth rate +

The growth rate of per capita disposable
income

The ratio of per capita disposable income growth rate to GDP growth rate +

Dependence on domestic trade The ratio of total retail sales of social consumer goods to GDP +

International Trade The proportion of foreign investment The ratio of total foreign investment to GDP +

Dependence on foreign trade The ratio of total imports and exports to GDP +

Marketization degree The ratio of private and individual employment to total employment +

Shared Development The proportion of labor remuneration The ratio of labor remuneration to GDP +

The proportion of people’s livelihood
financial expenditure

The proportion of local fiscal expenditure on education, medical and healthcare,
housing security, social security, and employment in local fiscal budget expenditure

+

Unemployment rate Urban registered unemployment rate -

The income difference between rural and
urban areas

The ratio of farmers’ per capita net income to urban per capita disposable income +
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Zλij � Xmax −Xλij( )/ Xmax −Xmin( ) (6)

The second step involves calculating the weight of the j indicator
for the i year.

Pλij � Zλij/∑
h

λ�1
*∑
m

i�1
Zλij (7)

The third step entails calculating the entropy weight for the j
indicator.

Ej� −k∑
h

λ�1
*∑
m

i�1
*Pλij ln Pλij (8)

Among them, k� 1/ ln(h*m)
The fourth step involves calculating the weight for the j

indicator.

Dj� 1−Ej (9)

Wj � Dj/∑
n

j�1
*Dj (10)

The fifth step entails calculating the comprehensive index.

GHDij � ∑
30

i�1
*Wj*Xλij (11)

Where i denotes the province, and j signifies the measurement
index. Ultimately, we compute the regional GHD, which falls within
the range of 0–1. A higher index value indicates a greater level of
GHD, while conversely, a lower value suggests a lower development
level.

4.2.2 Explanatory variable
The explanatory variable pertains to whether the city qualifies as

a dual-pilot city for both carbon emission trading and free trade zone
policies. Upon the fulfillment of both criteria, the variable is assigned
a value of 1. To clarify, this requires the city to hold the status of a
dual-pilot city for both Carbon Emission Trading and Free Trade
Zone Policies. Moreover, the year must correspond to the year in
which the dual-pilot policy was implemented and beyond.
Conversely, when the variables cannot satisfy the conditions
above simultaneously, the value is assigned as 0. Likewise, the
assignment principles for variable Treati × Postt in the context
of individual pilot policy assessments for free trade zones and carbon
emission trading are outlined as follows: If a city is designated as a
pilot city, the variable is set to 1 for both the current and
forthcoming years and 0 otherwise.

4.2.3 Control variables
Drawing on the research of Zhang (Zhang et al., 2022), Jiang

et al. (Jiang et al., 2020) and Yu et al. (Yu et al., 2021), the following
variables are selected as control variables: Level of economic
development (pgdp): expressed as the logarithm of per capita
gross regional product. Financial development level (lnfinance):
measured by the ratio of the loan balance of financial institutions
at the end of the year to regional GDP; government intervention
(govern): measured by taking the logarithm of the ratio of regional
fiscal expenditure to GDP. Human capital (human): represented by
the per capita education level in each region). Capital investment

(investment): expressed as the proportion of foreign investment in
GDP. Openness (open): Expressed by the logarithm of foreign direct
investment.

4.2.4 Mediator variables
The selected mediating variables in this study are Technological

Innovation Ability (TIA) and Rational Structure of Production.
(RSP) The selection of the innovation capability indicator draws
on the approach of Ayvaz and Över (Ayvaz and Över, 2023). The
measurement employs the proportion of internal R&D expenditures
to GDP across various provinces. Innovation often demands
ongoing research and development activities, and R&D
expenditure directly reflects a region’s level of resource allocation
towards scientific research, technological development, and
innovation. Subsequently, the indicator for rationalizing the
structure of production is determined. Changes in the industrial
structure reflect the degree of coordination between industries, the
concentration of the industrial structure, and the rationality and
effectiveness of resource allocation. This rationalization
simultaneously indicates the level of coordination between
industries and the efficient utilization of resources. It serves as an
indicator for assessing the coupling between factor input and output
structures. By adjusting the industrial structure, regions can reduce
reliance on limited resources, achieving a balance between economic
development and resource conservation. In line with the
methodology outlined by Zheng et al. (Zheng et al., 2021), use
the Theil index to quantify this indicator. The Theil index effectively
captures the dispersion of a variable across subgroups while
considering their relative sizes. It provides insights into the
concentration and distribution of resources within the industrial
structure, thus reflecting the extent to which the production
structure has been rationalized.

4.2.5 Data sources
In this study, we utilize panel data from 30 Chinese provinces

spanning the years 2008–2020. Among them, for the sake of data
integrity, this paper does not take samples from Hong Kong, Macao,
Taiwan, and Tibet into account. The data collected in this article
come from the official website of the National Bureau of Statistics of
China, the statistical yearbooks of various provinces, the CSMAR
database, the “China Energy Statistical Yearbook,” and the “China
Industrial Statistical Yearbook.” Everyone can openly obtain the
data used in this article through the official website (http://www.
stats.gov.cn). The samples with missing individual data were

TABLE 2 Descriptive statistics.

Variables N Mean Std Min Max

GHD 390 0.3279 0.1128 0 .1771 0.7804

pgdp 390 10.6865 0.5316 9.0852 12.0130

lnfinance 390 10.63717 0.5,303,759 9.179,572 12.01303

human 390 9.0528 0.9829 6.7639 12.7820

investment 390 0 .9241 0 .9968 0 .1418 7.3793

govern 390 3.1524 0.3970 2.3004 4.3285

open 390 5.3729 1.6741 −1.2203 7.7219
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supplemented by linear interpolation. Table 2 describes the
associated data’s specific indicator variables and descriptive
statistics.

5 Empirical analysis

5.1 Benchmark regression

We conduct benchmark regression analysis based on Model (1)
to assess the influence of the dual pilot policy on regional GHD.
Table 3 presents the baseline regression outcomes. Columns (1)–(3)
incorporate control variables in the analysis. Subsequently,
empirical analysis is conducted while exclusively controlling the
year-fixed effect, then the city-fixed effect, and both cases
simultaneously. Columns (4)–(6) represent the results of
repeating the steps above without considering the influence of
control variables. Notably, regardless of the scenario, the
regression coefficient of the primary explanatory variable is
consistently and significantly positive. The outcome demonstrates

that the dual-pilot policy involving both the free trade zone city pilot
and the carbon emission trading city pilot has a significantly positive
impact on regional GHD. When considering control variables and
the dual fixed effects, the net effect of the dual-pilot policy on GHD
is approximately 2.4%, signifying a substantial promotion of the
city’s green development. Therefore, hypothesis 1 is affirmed.

5.2 Parallel trend test and dynamic effect
analysis

The prerequisite for employing the DID (Difference-in-
Differences) method is to fulfill the parallel trend assumption.
In essence, when there is no policy intervention, the trajectory of
the dependent variable should follow a similar pattern in both the
treatment group and the control group. Consequently, this study
applies the approach outlined by Beck et al. (Beck et al., 2010) and
utilizes event study analysis (ESA) to formulate a dynamic
hypothesis testing model for verification. The pertinent
models established are as follows:

TABLE 3 Benchmark regression results.

Variables (1) (2) (3) (4) (5) (6)

GHD GHD GHD GHD GHD GHD

Treati × Postt 0.0244* 0.0310*** 0.0240*** 0.0209*** 0.1886*** 0.0617***

(0.0126) (0.0070) (0.0068) (0.0074) (0.0252) (0.0102)

pgdp −0.1313*** −0.0225 −0.0013 — — —

(0.0239) (0.0173) (0.0176) — — —

lnfinance 0.2718*** 0.0940*** 0.0826*** — — —

(0.0263) (0.0176) (0.0276) — — —

human 0.0542*** −0.0038 −0.0064 — — —

(0.0047) (0.0046) (0.0067) — — —

investment −0.0000 −0.0330*** −0.0334*** — — —

(0.0026) (0.0042) (0.0041) — — —

govern 0.0355*** 0.0038 0.0416** — — —

(0.0135) (0.0121) (0.0172) — — —

open 0.0067** 0.0107*** 0.0111*** — — —

(0.0029) (0.0025) (0.0023) — — —

Control variable YES YES YES NO NO NO

City-fixed effect NO YES YES YES NO YES

Year-fixed effect YES NO YES YES YES NO

Constant −1.6952*** −0.4379*** −0.6163*** 0.2992*** 0.2992*** 0.3249***

(0.1184) (0.0402) (0.2061) (0.0040) (0.0191) (0.0017)

R2 0.8258 0.6263 0.6853 0.5844 0.1695 0.0930

N 390 390 390 390 390 390

Note: ***, **, * denote significant at the 1%, 5%, and 10% levels, respectively.
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GHDit � β0 +∑
N

−M
φtPolicyit + β2Controlit + ηi + γt + εit (12)

Among these variables, Policyit represents the policy dummy
variable. When a city implements a dual-pilot policy in a specific
year, its value is set to 1. The meanings of the remaining variables
align with those in the baseline regression equation. It is
important to note that due to limited data availability for the
7 years before and 6 years after policy implementation, these
periods were combined. In particular, this study consolidates
data from the 7 years preceding policy implementation into a
seventh period and data from the 6 years following policy
implementation into a sixth period. In this configuration, N
takes on the value of 6, while M is designated as 7.

Furthermore, to ensure the robustness of the experimental
results, this study adopts the approach proposed by Wang et al.
(Wang et al., 2022), taking the year before policy implementation
as the base year. The results of the parallel trend test shown in
Figure 1 indicate that the corresponding coefficients for the
7 years before and 6 years after the construction of the dual-
pilot cities did not pass the significance test. The result implies
that during this period, the changing trends in the levels of GHD
between the treatment and control groups adhere to the parallel
trend assumption.

From the perspective of dynamic effects, the promotion effect
on the core explanatory variables is not obvious within 2 years
after the construction of the dual-policy pilot cities. However,
from the third year to the sixth year, the coefficient of the core
explanatory variable was always positive and passed the
significance test. The result shows that there may be a lag in
the policy effect of the dual-pilot cities, and the obvious
promotion effect appears in the third year after the pilot. It
can be seen from the trend chart that the promotion effect on the
core explanatory variables is increasing year by year. Therefore,
on the whole, the dual-pilot policy has significantly improved the
level of urban green development. However, this effect has a
certain time lag, and the positive and significant effect does not
appear until the third year after implementing the policy.

5.3 Placebo test

When applying the DID method, certain unobservable urban
characteristics that change over time may influence the baseline
regression results. However, there are variations in characteristics
among each city, and it is not practical to include all potential
control variables that could affect the benchmark regression results
in the model aggregation. Therefore, this study employs a placebo
test to mitigate potential interference from unobservable or omitted
variables. This methodology is referenced in the work of Li et al. (Li
et al., 2016). Specifically, the placebo test involves randomly selecting
an equivalent number of placebo-treated units from the sample as in
the experimental group. The remaining entities are then assigned as
the control group. Subsequently, multiple interactions are formed
based on the experimentally chosen placebo-treated units and the
year corresponding to the dual-pilot implementation. With all other
control variables held constant, these interaction terms are
incorporated into the baseline regression model for analysis.
Figure 2 and Figure 3 describe the distribution results of the

FIGURE 1
Parallel trend test.

FIGURE 2
Placebo test with 500 regressions.

FIGURE 3
Placebo test with 1,000 regressions.
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regression coefficient of Treati × Postt after repeating the above
experiment 500 and 1,000 times, respectively.

The figures show that most regression coefficients cluster
around zero and conform to a normal distribution. Most
regression outcomes do not exhibit statistical significance. In
contrast, the coefficient estimates from the baseline regression are
positioned in the tail of the normal distribution, indicating that they
represent low-probability events within the placebo test. This
evidence allows us to reject the hypothesis that the baseline
estimation results are driven by unobservable factors, further
enhancing the credibility of the baseline regression outcomes.

5.4 Robustness test

(1) The propensity score matching difference-in-difference method
(PSM-DID)

The disparities between dual-pilot cities and non-pilot cities in terms
of the economic scale, degree of openness, and financial development
could directly impact the estimation of policy effects in this study. Given
the potential for sample selection bias to affect the effectiveness of policy
assessment, this paper employs a combination of Propensity Score
Matching (PSM) and Difference-in-Differences (DID) methods to
enhance the similarity between the experimental and control groups
to increase the reliability of baseline regression results. Specifically, this
study employs control variables as covariates and uses the dual-pilot
policy status as a dummy variable. Covariate matching uses a radius
matching approach, retaining samples within a common value range.
Within this common value range, the samples are further subjected to a
multi-period difference-in-differences (PSM-DID) model to identify the
true impact of the dual-pilot policies onGHD in the pilot cities after PSM.

The results of the matched standard deviation are illustrated in
Figure 4. Following the matching process, a noticeable reduction in
the standard deviation is observed, with the majority of values falling
within a 10% range. It implies that, after matching the samples based
on their propensity scores, the experimental and control groups are
more comparable, meeting the requirement for comparability. Table 4
presents the estimation results based on the PSM-DIDmethod using a

radius-matching approach. It can be observed that, both before and
after adding control variables, the estimated coefficient for the variable
Treati × Postt remains positive at the 1% and 5% significance levels,
consistent with the baseline regression results. It once again proves
that establishing dual-pilot cities contributes to improving regional
green development.

(2) Lag the explanation variable

To further verify the robustness of the experimental results, this
article conducted a time lag analysis on policy dummy variables.
Table 5 shows the results of robustness tests lagging the explanatory
variables for one to three periods. The regression results show that
after adding control variables and controlling city-fixed effects and
year-fixed effects, the estimated coefficient of Treati × Postt is still
positive at the 1% significance. And the coefficient value increases
gradually with the lag time increasing. It shows that the
establishment of dual-pilot policy cities will help improve the
level of regional green development. This effect has a time trend
effect. That is, as time goes by, the positive effect of the policy
continues to increase gradually.

FIGURE 4
Comparison of standard deviation before and after matching.

TABLE 4 Regression results of PSM-DID test.

Variables (1) (2)

GHD GHD

Treati × Postt 0.0176** 0.0230***

(0.0083) (0.0076)

pgdp −0.0056

(0.0178)

lnfinance 0.0904***

(0.0279)

human −0.0053

(0.0067)

investment −0.0337***

(0.0041)

govern 0.0458***

(0.0173)

open 0.0109***

(0.0023)

Control variable NO YES

City-fixed effect YES YES

Year-fixed effect YES YES

Constant 0.2962*** −0.6721***

(0.0040) (0.2069)

R2 0.5705 0.6766

N 384 384

***, **, * denote significant at the 1%, 5%, and 10% levels, respectively
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5.5 Mechanism inspection

This paper evaluates the impact of the dual-pilot policy on the
regional green development level through the multi-period
difference-in-differences method and a series of robustness
tests. It confirms that the dual-pilot policy is conducive to
promoting the GHD of the pilot cities. However, it is worth
considering what kind of intermediate mechanism the dual-pilot
policy project promotes the GHD of the city. By exploring its
internal mechanism, it can gain an in-depth understanding of the
relationship between the dual-pilot policy program and the GHD
of the city’s inner relationship. With the help of the mechanism
analysis of the theoretical part, the intermediate transmission
mechanism is verified from the two paths of technical effect and
structural effect.

The mechanism’s effectiveness is verified through the
mediation effect model constructed above. Table 6 shows the
regression results of the mediation effect. It can be seen from
the table that the coefficients of Treati × Postt in columns (2) and
(4) are both positive at the significance level of 1% and 5%, which

shows that the dual-pilot policy can significantly improve the city’s
technological innovation capabilities and rationalize the industrial
structure. For the intermediary variable of technological
innovation ability (TIA), combined with the intermediary effect
theory mentioned above, it can be seen that the coefficient of TIA
in column (3) is positive at the 5% significance level, which shows
that the intermediary effect exists. The estimated coefficient of
Treati × Postt (0.0240) in column (1) is significantly greater than
the estimated coefficient of Treati × Postt (0.0192) in column (3),
which shows that the mediation effect is partial. In the same way, it
can be seen that there is also a partial mediation effect on the
intermediary variable of industrial structure rationalization.
Furthermore, it can be seen through a calculation that the
proportions of technological innovation capability and
industrial structure optimization mechanisms are 19.98% and
19.15%, respectively. The results show that the dual-pilot policy
city has a similar mediating effect on promoting urban GHD,
technological innovation ability and industrial structure
rationalization, but the effect of technological innovation ability
is more prominent.

TABLE 5 Test results of lagged effects.

Variables (1) (2) (3)

lag 1 lag 2 lag 3

GHD GHD GHD

Treati × Postt 0.0222*** 0.0233*** 0.0309***

(0.0072) (0.0073) (0.0076)

pgdp −0.0030 −0.0062 −0.0055

(0.0186) (0.0186) (0.0183)

lnfinance 0.0964*** 0.0804** 0.0822**

(0.0313) (0.0341) (0.0375)

human −0.0087 −0.0120 −0.0095

(0.0073) (0.0077) (0.0078)

investment −0.0340*** −0.0291*** −0.0226***

(0.0047) (0.0049) (0.0053)

govern 0.0518*** 0.0564*** 0.0730***

(0.0193) (0.0208) (0.0213)

open 0.0105*** 0.0097*** 0.0071**

(0.0026) (0.0028) (0.0030)

Control variable YES YES YES

City-fixed effect YES YES YES

Year-fixed effect YES YES YES

Constant −0.7581*** −0.5597* −0.6532*

(0.2482) (0.2894) (0.3365)

R2 0.6698 0.6443 0.6250

N 360 330 300

Note: ***, **, * denote significant at the 1%, 5%, and 10% levels, respectively.
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6 Further analysis

The above analysis has validated the impact of the dual-pilot
policy in city pilots on urban GHD. This section will delve deeper
into exploring the synergistic effects of carbon emissions trading city
pilot policies and free trade zone city pilot policies. Specifically, we
aim to determine whether the dual-pilot policy involving both
carbon emissions trading cities and free trade zone cities is more
effective than a single pilot policy.

6.1 Policy effects of individual free trade
zone city pilot

The first is to consider the effectiveness of the single policy of the pilot
free trade zone. Based on the construction of the benchmark model, this

paper establishes amodel suitable for testing the effectiveness of the single
free trade zone policy. The specific model is as follows:

GHDit � φ0 + φ1DID1 + φ2Controlit + πi + ρt + τit (13)
Among them, DID1 represents the policy dummy variable, it

represents the dummy variable of the single free trade zone policy.
The coefficient φ1 represents the impact of implementing a single
free trade zone policy on the green and high-quality development of
cities. πi represents individual fixed effects. ρt represents individual
fixed effects. τit is the error term. Table 7 lists the regression results
of testing the effect of a single free trade zone policy on urban GHD.
Columns (1) and (2) are the regression results of whether control
variables are added to the model for double fixed effects. It can be
seen that the coefficients of the core explanatory variables in both
cases are positive at the 10% and 1% significance levels. Columns (3)
and (4) are the regression results of lagging the free trade area policy

TABLE 6 Mediating effect analysis.

Variables (1) (2) (3) (4) (5)

GHD TIA GHD RSP GHD

Treati × Postt 0.0240*** 0.0036*** 0.0192*** 0.0492** 0.0194***

(0.0068) (0.0006) (0.0071) (0.0193) (0.0066)

TIA 1.3318**

(0.6370)

RSP 0.0934***

(0.0184)

pgdp −0.0013 0.0003 −0.0017 0.0668 −0.0076

(0.0176) (0.0015) (0.0175) (0.0502) (0.0171)

lnfinance 0.0826*** −0.0032 0.0869*** −0.1545** 0.0970***

(0.0276) (0.0023) (0.0275) (0.0785) (0.0268)

human −0.0064 −0.0001 −0.0063 −0.0068 −0.0057

(0.0067) (0.0006) (0.0066) (0.0190) (0.0064)

investment −0.0334*** −0.0006* −0.0325*** 0.0003 −0.0334***

(0.0041) (0.0004) (0.0041) (0.0118) (0.0040)

govern 0.0416** −0.0027* 0.0452*** 0.0263 0.0392**

(0.0172) (0.0015) (0.0172) (0.0488) (0.0166)

open 0.0111*** 0.0009*** 0.0099*** 0.0051 0.0106***

(0.0023) (0.0002) (0.0024) (0.0066) (0.0023)

Control variable YES YES YES YES YES

City-fixed effect YES YES YES YES YES

Year-fixed effect YES YES YES YES YES

Constant −0.6163*** 0.0455*** −0.6768*** 1.0337* −0.7128***

(0.2061) (0.0174) (0.2071) (0.5865) (0.1999)

R2 0.6853 0.6822 0.6893 0.4782 0.7075

N 390 390 390 390 390

Note: ***, **, * denote significant at the 1%, 5%, and 10% levels, respectively.
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variable for period 1 and period 2. It can also be seen that the
regression coefficients of the core explanatory variables in these two
cases are still positive at the 1% significance level, which indicates
that a single free trade zone policy can still promote urban GHD.
However, judging from the magnitude of the coefficient change,
there is no significant change, which shows that the single free trade
zone policy will not greatly impact cities’ GHD.

6.2 Policy effects of individual carbon
emissions trading city pilot

The second is to test the effectiveness of a single carbon
emissions trading pilot policy. Similarly, following the above
model construction method, construct a model suitable for the

effectiveness test of a single carbon emissions trading policy, as
shown below:

GHDit � ω0 + ω1DID2 + ω2Controlit + πi + ρt + τ it (14)
Among them, DID2 represents the policy dummy variable, it

represents the dummy variable of the single carbon emissions
trading pilot policy. The coefficient ω1 represents the impact of
implementing a single carbon emission trading policy on the
green and high-quality development of cities. The significance of
other variables is consistent with the explanation in the model
model (13). The test outcomes are presented in Table 8 below.
Similarly, the table demonstrates that, under all circumstances,
the carbon emission trading pilot policy significantly enhances
the GHD of cities. However, it is worth noting that as the
explanatory variable’s time lag increases, the coefficient

TABLE 7 Policy effects of individual free trade zone city pilots.

Variables (1) (2) (3) (4)

GHD GHD GHD GHD

DID1 0.0074* 0.0113***

(0.0044) (0.0039)

L.DID1 0.0113***

(0.0043)

L2.DID1 0.0134***

(0.0049)

pgdp −0.0053 −0.0078 −0.0123

(0.0179) (0.0189) (0.0189)

lnfinance 0.0810*** 0.0974*** 0.0835**

(0.0278) (0.0317) (0.0346)

human −0.0035 −0.0059 −0.0096

(0.0067) (0.0072) (0.0076)

investment −0.0347*** −0.0349*** −0.0293***

(0.0042) (0.0047) (0.0049)

govern 0.0455*** 0.0555*** 0.0602***

(0.0172) (0.0193) (0.0209)

open 0.0115*** 0.0103*** 0.0094***

(0.0024) (0.0026) (0.0028)

Control variable NO YES YES YES

City-fixed effect YES YES YES YES

Year-fixed effect YES YES YES YES

Constant 0.2992*** −0.5953*** −0.7536*** −0.5595*

(0.0040) (0.2072) (0.2495) (0.2911)

R2 0.5782 0.6815 0.6668 0.6413

N 390 390 360 330

Note: ***, **, * denote significant at the 1%, 5%, and 10% levels, respectively.
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progressively diminishes. In other words, while the sole carbon
emission trading pilot policy positively impacts the GHD of
cities, this effect gradually diminishes over time.

6.3 The synergistic effect of the dual-pilot
policy

Finally, this paper further examines and proves that dual pilots
are more effective than single pilots. Refer to the method of Zhang
et al. (Zhang and Fan, 2023), and the specific operation is as follows:
eliminate the samples that are neither carbon emissions trading
policy pilot cities nor free trade zone pilot cities, and keep the
samples that are already carbon emissions trading city pilots or free
trade zone pilot cities. Meanwhile, the coefficient ofDID3 represents

the net effect of a single pilot city becoming a dual-pilot city on
urban GHD. The model constructed to measure the synergistic
effect of dual policies is as follows:

GHDit � θ0 + θ1DID3 + θ2Controlit + πi + ρt + τit (15)
Among them, the coefficient θ1 represents the impact of

implementing the dual pilot policy on the green and high-quality
development of cities. The significance of other variables is
consistent with the explanation in the model (13). The results are
shown in Table 9. Columns (1) and (2) are the regression results
without adding control variables and adding control variables,
respectively. Columns (3) and (4) are the explanatory variables
lagged by 1 Phase and lag 2 trial results. The results show that
no matter the situation, the transformation of a single-pilot city into
a dual-pilot city has a significant role in promoting the GHD of the

TABLE 8 Policy effects of individual carbon emissions trading city pilot.

Variables (1) (2) (3) (4)

GHD GHD GHD GHD

DID2 0.0131** 0.0122*

(0.0066) (0.0063)

L.DID2 0.0183***

(0.0066)

L2.DID2 0.0123*

(0.0067)

pgdp −0.0015 −0.0046 −0.0075

(0.0179) (0.0187) (0.0189)

lnfinance 0.0800*** 0.0977*** 0.0759**

(0.0283) (0.0316) (0.0347)

human −0.0068 −0.0109 −0.0123

(0.0069) (0.0075) (0.0080)

investment −0.0334*** −0.0331*** −0.0285***

(0.0042) (0.0047) (0.0050)

govern 0.0442** 0.0493** 0.0531**

(0.0174) (0.0194) (0.0210)

open 0.0106*** 0.0099*** 0.0093***

(0.0024) (0.0026) (0.0029)

Control variable NO YES YES YES

City-fixed effect YES YES YES YES

Year-fixed effect YES YES YES YES

Constant 0.2992*** −0.5898*** −0.7268*** −0.4866*

(0.0040) (0.2098) (0.2483) (0.2915)

R2 0.5796 0.6772 0.6678 0.6360

N 390 390 360 330

Note: ***, **, * denote significant at the 1%, 5%, and 10% levels, respectively.
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city. Compared with the single use of the carbon emissions trading
policy or the free trade zone policy, the coefficients of the core
explanatory variables have increased significantly compared with
the previous coefficients. The results still show a gradual increase
after a lag of 2 periods, which shows that the dual-pilot is more
effective than just a single pilot policy effect.

Based on the preceding analysis, this study identifies the
following observations: Primarily, the city-specific pilot policy
for carbon emissions trading and the single-city pilot policy for
free trade zones both contribute to the advancement of urban
GHD. Secondly, it is evident that the dual-pilot policy yields
superior effectiveness compared to its single-pilot counterpart.
Specifically, the combination of the single-city pilot policy for
carbon emissions trading and the single-city pilot policy for free
trade zones manifests a synergistic effect on the promotion
of GHD.

7 Conclusion and policy suggestions

The Chinese government has introduced a series of policies to
promote high-quality and sustainable economic development.
Among them, the carbon emission trading policy primarily aims
to eliminate emissions of pollutants from highly polluting
enterprises at the source, directly impacting green development.
Meanwhile, the policy for free trade zones responds to the goal of
achieving GHD, proposing a new functional orientation for green
free trade zones. This initiative strengthens its impact on economic
development and prioritizes green development, serving as a
significant driving force for promoting urban GHD. This study
differs from the previous investigation of a single policy, focusing on
the synergistic effect mechanism of the dual pilot policies of carbon
emission cities and free trade zone cities. The results indicate, firstly,
that policy synergy significantly promotes urban GHD, exhibiting

TABLE 9 Comparative analysis of dual-pilot and single-pilot.

Variables (1) (2) (3) (4)

GHD GHD GHD GHD

DID3 0.0211*** 0.0238***

(0.0076) (0.0065)

L.DID3 0.0227***

(0.0070)

L2.DID3 0.0237***

(0.0070)

pgdp 0.0064 0.0090 0.0096

(0.0215) (0.0235) (0.0234)

lnfinance 0.0946*** 0.1068*** 0.0795*

(0.0329) (0.0389) (0.0425)

human −0.0218*** −0.0225** −0.0252***

(0.0082) (0.0092) (0.0095)

investment −0.0426*** −0.0450*** −0.0407***

(0.0041) (0.0048) (0.0050)

govern 0.0409** 0.0507** 0.0526**

(0.0187) (0.0209) (0.0217)

open 0.0095*** 0.0083** 0.0076**

(0.0032) (0.0036) (0.0037)

Control variable NO YES YES YES

City-fixed effect YES YES YES YES

Year-fixed effect YES YES YES YES

Constant 0.3389*** −0.6397*** −0.8084*** −0.5381

(0.0050) (0.2365) (0.2924) (0.3408)

R2 0.5961 0.7504 0.7297 0.7277

N 247 247 228 209

Note: ***, **, * denote significant at the 1%, 5%, and 10% levels, respectively.
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more prominent performance compared to single-policy pilot
projects. Secondly, the dual-pilot policy is mainly used to
promote the improvement of regional innovation capabilities and
the rationalization of industrial structure to improve regional GHD.
These two approaches are partially intermediate in realizing
urban GHD.

The research findings have important policy implications for
China’s dual-carbon goals. Firstly, the government should consider
the coordinating effects of a series of policy measures. While
examining individual policies, attention should also be paid to
the synergies among other related policies, thereby greatly
enhancing the effectiveness of policy implementation. Secondly,
emphasis should be placed on the enhancement of innovation
capabilities. Technological innovation is a crucial driver for
carbon reduction and achieving urban GHD. Given the dual
externalities of environmental and social benefits based on
technological innovation, policy support should be intensified to
stimulate the green innovation momentum of market entities.
Increasing support for relevant policies is necessary for cities
with strong green innovation development, encouraging them to
leverage their advantages and vigorously engage in green
technological innovation. For cities with weaker foundations,
additional investment in innovation capital should be increased
based on policy guidance.

Furthermore, optimizing and upgrading urban industrial
structures is crucial. The rationalization of the industrial
structure was found to be a significant pathway for the dual pilot
policies to enhance urban green and high-quality development.
Therefore, it is necessary to increase support for tertiary
industries, such as producers and high-end services in urban
development. Vigorously develop and cultivate green
environmental protection industries and promote the
development of industries to green. The industrial structure is
not only transformed and upgraded in quantity but also can
match the high-quality economic development and truly provide
industrial structural support for the high-quality economic
development. Meanwhile, it is necessary to speed up the
elimination of backward production capacity and strengthen the
governance of industries with excess production capacity.
Transformation and upgrading should be accelerated, especially
for industries with heavy environmental pollution and high
resource consumption.

Despite our efforts to comprehensively elaborate on the
relationship between the dual-policy pilot projects and urban
GHD, this study still carries certain limitations. Firstly, although
we have adopted indicators that comprehensively reflect GHD in
constructing the indicator system, some crucial indicators might still
be overlooked. Secondly, constrained by data completeness, this
paper relies on reliable data at the provincial level in China without
covering more detailed prefectural and municipal levels. Data at the
municipal level may better reflect the realities of the policies. Future

research should aim to collect and analyze more detailed prefecture-
level data. It will better capture differences between regions and the
actual impact of policies. And help policymakers better understand
the nature of the problem. Meanwhile, it should further refine and
develop key indicators, including finding and introducing new
indicators to cover aspects that may have been overlooked. And
to better reflect the complexity of regional green development.
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Research on the impact path
of China’s environmental
protection investment on green
development—based on the
perspective of industrial
structure upgrading

Mengyao Guo and Yiniu Cui*

School of Economics, Yunnan University, Kunming, China

As a special category of investment, environmental protection investment can
provide important funds and technological support for a region, achieve green
production, and promote green development. This article uses a benchmark
regression model based on panel data from 30 provinces in China from
2007 to 2020 to analyze the impact of environmental protection investment
on the level of green development. It specifically examines the effects of urban
environmental infrastructure investment, industrial pollution control investment,
and completion of environmental protection acceptance projects on the level of
green development. It also explores how different regions can make use of
environmental protection investment according to local conditions.
Additionally, due to the spatial spillover effect of environmental protection
investment, this article introduces the spatial Durbin model to study the
spillover effects. Furthermore, in order to effectively promote green economic
development through environmental protection investment, it is necessary to
upgrade the industrial structure. Therefore, this article also uses the mediation
effect model to explore the relationship between environmental protection
investment, industrial structure upgrading, and the level of green development.
The research findings are as follows: 1) environmental protection investment can
promote the development of green level; 2) the various components of
environmental protection investment have different effects on the level of
green development. Urban environmental infrastructure investment has a
promoting effect on the level of green economic development, while industrial
pollution control investment and completion of environmental protection
acceptance projects have a restraining effect; 3) environmental protection
investment has a positive spillover effect in spatial terms, promoting the green
development of surrounding areas while driving the local green development
level; 4) as an important driving force for promoting green economic
development, environmental protection investment relies on the support of
industrial structure upgrading, and further optimization and upgrading of the
industrial structure can achieve green economic development. Based on these
findings, this article proposes that each region should increase environmental
protection investment, implement the concept of green development, and
leverage the positive impact of each component of environmental protection
investment on local green development according to local conditions. At the
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same time, each region should also pay attention to the role of industrial structure
upgrading and make rational use of environmental protection investment to
promote green development.

KEYWORDS

environmental investment, green development level, industrial structure upgrading,
spatial Durbin model, mediating effect model

1 Introduction

Green development has always been an important topic in global
environmental governance, as countries are suffering from the
ecological and environmental pollution issues brought about by
the rapid development of industrial civilization (Luo et al., 2021; Cao
et al., 2022a). Green development is an economic growth and social
development approach with the goals of efficiency, harmony, and
sustainability (Frydman et al., 2022; Hu et al., 2023). In the early
stages of development, many countries relied on high-energy-
consuming industrial enterprises, which, while driving economic
growth, also damaged the natural environment (Zhao et al., 2022).
At present, the economic and social development of countries
around the world requires a transition to green development.
From the current perspective, although traditional industries are
still the cornerstone of economic development in various countries,
governments have gradually realized the important concept of
harmonious coexistence between humans and nature. Starting
from the adoption of the Kyoto Protocol in 1997 to the United
Nations Framework Convention on Climate Change, the control of
carbon emissions to mitigate global warming has become a
fundamental global rule. In this regard, as the world’s second-
largest economy, China has a greater obligation to participate in
the global environmental governance process, demonstrating the
responsibility of a major country (Wang and Yu, 2020; Pan et al.,
2023). The Chinese government has proposed that by 2030, the
carbon dioxide emissions per unit of GDP will no longer increase,
achieving a “carbon peak”; and by 2060, “zero emissions” will be
realized, achieving “carbon neutrality,” injecting new impetus into
green and low-carbon development.

As Song et al. (2022) and Majeed et al. (2022) have pointed out,
the “pollute first, clean up later” development model is no longer
feasible. This forces us to consider how to balance the relationship
between the environment and the economy in order to further
achieve stable economic development. Due to China’s large
population and vast land area, this means that China needs to
adhere to stricter standards in the transition to green development.
Firstly, within the context of global environmental governance,
green development should radiate throughout the entire process
of economic activities to ensure that businesses and individuals
participating in economic activities can support the development of
green initiatives (Wang and Yu, 2020). Meanwhile, while further
promoting economic development, more attention should be paid to
the level of welfare and environmental protection (Han et al., 2023).
Since many governments currently emphasize slowing down
economic growth to protect the environment, this policy, while
reducing pollution, may indirectly lower people’s living standards,
leading to even greater social issues (Ajl, 2021; Zeeshan et al., 2021a).
Therefore, China should invest more funds and technology in

promoting the transformation of high-energy-consuming
enterprises while further promoting high-quality economic
development, achieving industrial structure upgrading, and
ultimately realizing green economic development to improve
people’s living standards. The 20th National Congress of the
Communist Party of China has clearly stated that governments at
all levels should vigorously support financial, fiscal, and investment
measures that promote green economic development and vigorously
develop green, low-carbon industries (Feng and Liu, 2023).

Among them, environmental protection investment can
effectively promote the protection of the ecological environment,
the control of environmental pollution, the rational allocation of
resources, and the coordinated and unified development of high-
quality economy (Luo et al., 2021; Hussain et al., 2023).
Environmental protection investment refers to investment made
to protect and improve environmental quality and prevent
ecological degradation (Makhdum et al., 2022). Environmental
protection investment can stimulate the enthusiasm of social
capital to participate in the development of green industries,
providing more financing channels and funds for enterprises and
individuals engaged in green production (Maihami and
Ghalehkhondabi, 2022; Hu et al., 2023). The vigorous promotion
of environmental protection investment will promote the
development of emerging green industries, and the industrial
structure will also transform from high-energy-consuming
enterprises to green and environmental protection industries,
realizing industrial structure upgrading and further promoting
the economy towards green and low-carbon development
(Majeed et al., 2022; Pan et al., 2023). Currently, China’s
industrial structure is actively combining high-tech industries
with traditional industries, promoting the transformation of high-
energy-consuming enterprises to control environmental pollution
caused by economic development. From the perspective of China’s
economic development reality, industrial structure upgrading is an
important way to coordinate high-quality economic development
and the development of environmental protection (Zeeshan et al.,
2022; Xu and Zhou, 2023). At present, as an important driving force
for promoting China’s level of green development, environmental
protection investment relies on the support of industrial structure
upgrading. At the same time, establishing a sustainable green
industrial structure can ensure the youth and vitality of China’s
ecological civilization construction, and also contribute China’s
efforts to global environmental governance (Cui et al., 2023a; Cui
et al., 2023b). The current research on the impact of environmental
protection investment on the level of green development by scholars
has the following shortcomings:

Firstly, the proportion of environmental protection investment
in China’s GDP is still relatively low, and its purification and driving
role in the national economy is relatively weak (Zhao et al., 2022),
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which leads to the following two problems. Firstly, the impact of
environmental protection investment on the level of green
development in various regions needs to be studied; secondly, it
is necessary to examine whether the various elements that make up
environmental protection investment really have a promoting effect
on the level of green development. Most scholars exploring the
impact of environmental protection investment on green
development focus on constructing the level of green
development and use DEA method to explore the level of green
development in various regions (Luo et al., 2021; Su and Fan, 2022;
Pan et al., 2023). Although this can provide a more intuitive
understanding of the efficiency of green development in various
regions, it also overlooks the direct role of environmental protection
investment (Cao et al., 2021; Ai et al., 2022).

Secondly, most scholars believe that environmental protection is
a social responsibility that companies should fulfill, so the main
focus of their discussions on environmental protection investment is
primarily on internal corporate data (Ajl, 2021; Fairbrother et al.,
2021; Brown et al., 2023). Internal environmental protection
investment in companies is often used for R&D investment to
optimize production structures, so most scholars’ research on
environmental protection investment is limited to studying its
impact on technological innovation in companies (Wang and Yu,
2020; Deng et al., 2021). Although technological innovation is an
important means of promoting the upgrading of industrial
structures in companies or regions, and is a key approach to
developing new types of green industries, it cannot fully explain
the overall impact of environmental protection investment on the
level of green development in China without considering the overall
development of environmental protection investment in the region,
as well as local infrastructure development and the basic living
conditions of the people (Cao et al., 2022b; Cao et al., 2022c).

In addition, most scholars acknowledge the role of industrial
structure upgrading in green development level and environmental
investment, but they have not conducted specific empirical analysis
on the role of industrial structure upgrading in environmental
investment and green development.

Based on the above shortcomings, this article has the following
three innovative points:

(1) The focus of the paper is on the impact of environmental
protection investment on the level of green development.
After constructing the environmental protection investment
system, the various indicators that make up the
environmental protection investment are analyzed. By
comparing the regression of the refined indicators with the
total regression of the environmental protection investment
indicators, some reference value can be provided for
subsequent policies, which contributes to the paper’s social
contribution. At the same time, the paper also introduces the
spatial Durbin model to explore the relationship between
environmental protection investment and the level of green
development, further analyzing the spatial effects and spillover
effects of environmental protection investment on the level of
green development.

(2) Looking at various provinces in China, the green development
level system has been constructed from four aspects: research
and development investment, green production, living

environment, environmental governance, and infrastructure.
Green development is not only dependent on technology and
economic growth, but also requires comprehensive
consideration of the local cultural and environmental
conditions. Only by doing so can environmental investment
be used appropriately in local green industry construction, and
the concept of harmonious coexistence between humans and
nature can be truly achieved.

(3) Explored the relationship between environmental protection
investment, industrial structure upgrading, and green
development level, and specifically analyzed how industrial
structure upgrading as an intermediary variable guides
environmental protection investment to promote green
development, further explaining the importance of industrial
structure upgrading for the development of China’s
green industry.

Based on the necessity of implementing China’s green
development path and the urgency of environmental governance,
this paper measures the level of green development and explores the
mutual influence relationship among environmental investment, the
level of green development, and industrial structure. From the
aspects of green production, human living environment,
environmental governance, and infrastructure, this paper
constructs a performance index of green development level to
reflect the degree of green development in various regions. By
constructing benchmark regression models and spatial Durbin
models, this paper explores the impact of environmental
investment on the level of green development, and introduces
industrial structure upgrading as a mediating variable to
investigate the influence path among the three factors.

2 Literature review and research
hypothesis

2.1 Environmental protection investment
and green development level

The theory of environmental sustainability suggests that
economic activities should operate within the scope of resource
substitutability and the capacity of natural systems, in order to
ensure the maintenance of ecological balance and the long-term
sustainable use of resources. According to the theory of
environmental sustainability, the research on green development
is of great significance in order to further achieve global carbon
reduction goals and realize sustainable development strategies.
Green development, as a comprehensive indicator, can effectively
reflect the economic development efficiency of a region. It was first
proposed at the Fifth Asia-Pacific Environmental Conference and is
a form of economic growth that protects the environment,
considering various aspects of economy, society, livelihood, and
ecology (Li et al., 2020; Hussain et al., 2023). On the other hand,
environmental protection investment, as an emerging form of green
investment, can further promote the development of green
economy. The biggest difference between environmental
protection investment and traditional investment lies in how
these two investment modes handle the relationship between
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economic growth and environmental protection (Makhdum et al.,
2022). Since environmental protection investment is also a
comprehensive indicator, it can provide financial support for the
transformation of high-energy-consuming enterprises, the
improvement of urban infrastructure, and the development of
environmental protection undertakings, thereby promoting the
development of green economy. Therefore, scholars’ research can
be summarized from these dimensions (Cui et al., 2022). Firstly,
environmental protection investment can provide more funds for
enterprises, promote the transformation of high-energy-consuming
enterprises, and achieve industrial upgrading. The funds related to
environmental protection investment are mainly used to support
green industries and projects. Some high-energy-consuming
enterprises can utilize these funds to optimize and upgrade their
internal operations, carry out technological innovations, and achieve
green transformation (Zhao et al., 2022; Xu and Zhou, 2023). In this
process, not only do enterprises themselves achieve industrial
structure optimization, but it also promotes the transformation of
industrial structure towards a green and low-carbon structure in a
region, optimizing resource allocation, and truly achieving
harmonious coexistence between humans and nature. However,
in heavy industry regions that heavily rely on the development of
high-energy-consuming enterprises, if the local enterprises are
rashly subjected to green transformation, it may impede the local
economic development. Deng et al. (2021) pointed out that the
development of a green economy should be based on the stable
operation of the economy. It is not suitable to carry out green and
low-carbon transformation in economically underdeveloped areas
and heavy industry regions. Not only will these investment funds not
be well utilized for the development of green industries, but also the
transformation of local pillar enterprises will lead to economic
downturn. Therefore, it is important to promote the development
of green industries according to local conditions and implement
environmental protection investments that are appropriate for
different regions (Han et al., 2022).

Secondly, environmental protection investment can improve
local infrastructure construction and promote regional green
development. Since the main goal of green economic
development is to achieve effective unity between environmental
protection and economic development, and to promote the
improvement of people’s living standards in the process, when
carrying out environmental protection investment, not only the
green transformation of enterprises should be considered, but also
the basic living of the people should be guaranteed (Hussain et al.,
2023). Some foreign scholars regard environmental protection
investment as a kind of social responsibility investment. They
believe that when enterprises carry out investment, they should
take into account the social and environmental impacts. In their
view, the most important thing for enterprises when carrying out
environmental protection investment is to solve the issue of social
fairness. Because most environmental protection policies will restrict
economic development, economic downturn may cause more
people to lose their jobs, thereby reducing citizens’ welfare.
Foreign scholars believe that environmental protection
investment requires policy incentives from the government to
promote investment by enterprises in terms of funding and
technology. Therefore, when enterprises or individuals carry out
environmental improvement, they should not only focus on visible

governance investment, but also pay attention to local
environmental infrastructure construction and ensure the basic
living of the people. As Zeeshan et al. (2021b) have said, relevant
environmental protection funds will first be used for social security
construction and economic infrastructure construction. In this way,
the funds that are truly used for the development of green industries
will be very limited. In addition, Wang and Wang, (2021) have also
mentioned that environmental protection investment may trigger
systemic risks, so when developing green economy, it is also
necessary to consider whether local economic foundation can
effectively promote green development (Cui et al., 2022a; Dou and
Gao, 2022).

In summary, the positive impact of environmental protection
investment on the level of green development needs further
argumentation. Therefore, this article proposes hypothesis 1:

Hypothesis 1: Environmental protection investment will promote
the level of green development.

Meanwhile, some scholars believe that the impact of
environmental protection investment on the level of green
development is not significant. Several reasons for the
inconspicuous impact are as follows: Firstly, the positive impact
of environmental protection investment on the level of green
development mainly relies on government intervention. If a local
government does not adopt corresponding policies or tax measures,
the role of environmental protection investment will not be
significant (Xu and Zhou, 2023). Institutional economics theory
points out that a sound institutional environment is crucial for
economic development. Favorable environmental policies are
conducive to achieving a green economy at the local level. Su
and Fan (2022) argue that the formulation and implementation
of policies have a significant positive impact on people’s livelihoods.
This means that better environmental policies can improve local
environmental quality, increase people’s utility function, raise their
living standards, and promote social harmony. At this point, the
impact of environmental protection investment on the level of green
development is not very obvious. Secondly, due to differences in
economic development, geographical location, and other factors in
each region, the impact of environmental protection investment on
the level of green development varies in different regions (Ding et al.,
2022; Su and Fan, 2022). For example, in economically developed
regions, it is necessary to increase the cost of pollution for
enterprises, which will drive highly polluting enterprises to
undergo technological transformation and achieve industrial
upgrading (Zeeshan et al., 2021a). In economically
underdeveloped regions, environmental policies need to be
implemented cautiously to avoid unintended consequences. They
may not only increase the economic costs of backward regions but
also cause environmental pollution due to the implementation of
green industries. Moreover, environmental protection investment
has external effects, and its impact on local environmental
transformation will also have spillover effects on other regions.
The theory of externalities states that the production or
consumption of economic activities in one region has positive or
negative effects on third parties who are not directly involved.
Huang et al. (2021) believe that the positive radiation effect
brought by environmental protection investment can help other
regions also invest in environmental protection projects. However,
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some enterprises or individuals may shift their productive activities
to other regions to evade the costs imposed by environmental
regulations, which may harm the environment in those regions.

In summary, the impact of various components of
environmental protection investment on green development
varies, so it needs to be discussed separately. At the same time,
the impact of environmental investment on green development in
space also needs further consideration, especially the external impact
of environmental investment. Therefore, this article proposes
hypothesis 2:

Hypothesis 2 (a): There are significant differences in the impact of
various components of environmental investment on the level of
green development.

Hypothesis 2 (b): Environmental protection investment has a
positive spillover effect in space.

2.2 Environmental protection investment,
industrial structure upgrading and green
development level

According to the Porter hypothesis, some scholars believe
that industrial structure upgrading can indirectly promote the
level of green development in a region. The Porter hypothesis
suggests that appropriate environmental regulation can stimulate
technological innovation. Technological innovation can lead
traditional industries towards intelligent and green
transformation, thereby achieving energy-saving and emission
reduction in the production process, promoting the level of green
development in the region, and achieving harmonious
development between humans and nature (Zeeshan et al.,
2022). To achieve harmonious coexistence between humans
and nature and achieve the goal of “carbon neutrality” as soon
as possible, industrial structure upgrading will be an important
engine driving the economy towards green development. As
mentioned earlier, environmental protection investment will
promote industrial structure upgrading. Wang and Yu (2020)
believe that environmental protection investment can cause a
green adjustment of energy structure, industrial structure,
technology structure, and consumption structure in the
process of reorganizing and configuring different factors.
Under policy guidance, pollution-intensive enterprises adopt
measures such as reducing local low-end production capacity
and promoting inter-regional investment transfer to guide the
green transformation of the regional industrial structure.
Therefore, environmental protection investment can promote
the development of environmental protection enterprises,
promote industrial structure upgrading towards a more
advanced and greener direction (Su and Yu, 2020; Majeed
et al., 2022). Furthermore, industrial structure upgrading will
promote high-quality economic development and achieve green
development (Xian et al., 2022; Zhang et al., 2022).

Currently, scholars believe that industrial structural upgrading
mainly achieves green development through improving resource
allocation and promoting the transformation of production
factors. Firstly, industrial structural upgrading will promote

technological innovation, improve the resource utilization rate
of various industries, and enhance resource allocation. This
process will shorten the necessary labor time for enterprise
production and allow more manpower and funds to be devoted
to green industries (Su and Fan, 2022). Guided by the neoclassical
growth theory, technological progress is the main driving force of
economic growth. Against the background of improving resource
allocation, technological innovation will also strengthen the ability
to handle environmental pollution and reduce the environmental
losses caused by industrial structural upgrading. Secondly,
industrial structural upgrading mainly emphasizes the
transformation of labor-intensive and high-energy-consuming
industries towards basic technology-intensive high-tech
industries, which will promote the free flow of production
factors between regions and promote the coordinated
development of regional economies. Liu et al. (2020) and
Majeed et al. (2022) believe that industrial structural
adjustment, as an important way to transform the regional
economic development model, can improve the economic
model and environmental issues of neighboring areas while
promoting local green development through the positive
spillover effect. Ultimately, it can achieve coordinated
development among different regions and truly realize
harmonious coexistence between humans and nature.

However, some scholars have also questioned the positive
impact of industrial structure on green development. This is
mainly due to the external effects brought about by the
upgrading of industrial structure. According to the theory of
external effects, the production or consumption of a certain
economic activity has positive or negative impacts on third
parties who do not directly participate, and these impacts cannot
be internalized through market transactions. Some high-energy-
consuming enterprises already have high cost expenditures in their
production and operation activities. If they rashly carry out
industrial restructuring, it will inevitably increase their costs.
These enterprises will transfer their production activities to other
regions to avoid the costs brought about by technological upgrades,
which will cause environmental pollution in other regions. Secondly,
the upgrading of industrial structure may not really reduce carbon
emissions in the short term, but may even increase them. Zeeshan
et al. (2022) believe that in highly polluted areas with relatively
backward economic development, due to the lagging behind of
technological level, imposing technical transformation on local
enterprises or restricting their economic activities will increase
their production costs. At the same time, during the process of
developing new business models and transforming their original
production models, the economic activities of these enterprises may
cause secondary pollution to the environment (Liu et al., 2020;
Wu et al., 2022).

Due to scholars holding different opinions on the impact of
industrial structure upgrading on the level of green development,
and the lack of extensive research on the role of industrial structure
upgrading in environmental investment and the level of green
development, this paper will use the mediation effect model to
specifically analyze the relationship among environmental
investment, industrial structure upgrading, and the level of green
development, in order to more accurately study the mechanism of
the interaction between environmental investment, industrial
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structure upgrading, and the level of green development. Therefore,
Hypothesis 3 is proposed:

Hypothesis 3: Environmental protection investment can promote
green development by promoting industrial structure upgrading.

3 Methodology

3.1 Model establishment

3.1.1 Benchmark regression model (OLS)
In order to verify the above hypothesis, this paper first

constructs a basic linear model (OLS) to explore the impact of
environmental investment on the level of green development. The
model is shown in formula (1):

green1it � a0 + β1 lnenvironit + β2lnwaterit + β3lnairit + β4lnfdiit

+ β5lngdpit + β6lngovit + β7lneduit + εit
(1)

In formula (1), i denotes region, t denotes year; ln environit is the
core explanatory variable, representing environmental investment;
green1it is the core explained variable, representing the level of
green development; lnwater represents investment in wastewater
treatment projects; lnair represents the investment of waste gas
treatment project; lnfdi represents foreign direct investment; lngdp
represents per capita GDP; lngov represents the government’s
attention to the environment; ln edu represents the number of
undergraduate students on campus β1 ~ β7 represents the
coefficient of variables; a0 represents the constant term; ε is a
random error term.

3.1.2 Construction of spatial dubin model
In order to investigate the spatial impact of environmental

investment on the level of green development, this paper
constructs a Spatial Durbin Model (SDM), as shown in
formula (2):

score1it � ρ∑n

j�1Wijscore1it + β1old1it + θ1∑
n

j�1Wijold1it + λXit

+ μi + λt + εit

(2)
In formula (2), i represents the area, t represents the year;W is a

n × n sequential geographic distance spatial weight matrix; ρ is the
spatial autocorrelation coefficient of the dependent variable, which
measures the possible spatial correlation among the dependent
variables in different regions; β is the regression coefficient of the
explanatory variable, which measures the influence of the
explanatory variable on the explanatory variable within the
region; θ is the spatial regression coefficient of the explanatory
variable, which measures the spillover effect of the explanatory
variable; Xit represents the control variables, including
wastewater treatment project investment (lnwater), air pollution
control project investment (lnair), foreign direct investment (lnfdi),
per capitaGDP (lngdp), government’s attention to the environment
(lngov);the number of undergraduate students on campus (lnedu);
μi stands for spatial fixed effects, λt stands for time fixed effects, and
εit is a random error term.

3.1.3 Construction of mediating effect model
In order to explore the role of industrial structure upgrading

(ln dustrial) in the impact mechanism of environmental protection
investment on green development level, this paper constructs a
mediating effect model, as follows:

green1it � a0 + β1 lnenvironit + β2lnwaterit + β3lnairit + β4lnfdiit

+ β5lngdpit + β6lngovit + β7lneduit + εit
(3)

ln dustrialit � a0 + β1 lnenvironit + β2lnwaterit + β3lnairit

+ β4lnfdiit + β5lngdpit + β6lngovit + β7lneduit + εit
(4)

green1it � a0 + β1 lnenvironit + β2 lndustrialit + β3lnwaterit

+ β4lnairit + β5lnfdiit + β6lngdpit + β6lngovit

+ β7lneduit + εit (5)

In formulas (3)-(5), i denotes region, t denotes year;
ln environit is the core explanatory variable, representing
environmental investment; green1it is the core explained
variable, representing the level of green development;
lndustrial is the mediating variable, representing the
upgrading of industrial structure. Control variables include:
wastewater treatment project investment (lnwater) ; waste gas
treatment project investment (lnair) ; foreign direct investment
(lnfdi) ; GDP per capita (lngdp) ; government’s attention to the
environment (lngov);the number of undergraduate students on
campus (lnedu); β1 ~ β7 represents the variable coefficient; a0
represents the constant term; ε is a random error term.

3.2 Variables description

3.2.1 Explained variable
To measure the level of green development, the measurement

methods of Liu and Deng, Liu and Han were used as references.
Data from 30 Chinese provinces from 2007 to 2020 (excluding
Tibet, Taiwan, Hong Kong Special Administrative Region, and
Macau Special Administrative Region) were selected for
calculation using entropy weighting method. The data sources
were from the China Statistical Yearbook, China Environmental
Statistical Yearbook, and China Ecological Environmental
Statistical Yearbook. A green development level index system
was constructed from four aspects: green production, human
living environment, environmental governance, and
infrastructure. The green development level performance was
then obtained. Green production was composed of the total
industrial electricity consumption, total amount of industrial
solid waste produced, total industrial exhaust emissions, and
total industrial wastewater discharge. Human living
environment was composed of population density and per
capita green area. Environmental governance was composed
of the amount of recycled wastewater, harmless treatment rate
of household waste, and comprehensive utilization rate of
industrial solid waste. Infrastructure was composed of the
number of public buses per 10,000 people and the coverage
rate of green land in the built-up area. The specific index
contents are shown in Table 1:
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3.2.2 Core explanatory variable
According to scholars’ definition of environmental investment,

environmental investment is an investment that combines the
improvement of environmental quality, improvement of
industrial governance, and promotion of infrastructure
construction (Xu and Zhou, 2023). Therefore, based on the
availability of data, this paper selects data from 30 Chinese
provinces from 2007 to 2020. Three indicators, namely, urban
environmental infrastructure investment, industrial pollution
source governance investment, and environmental investment in
completed environmental acceptance projects for the current year,
are used to construct the environmental investment index using the
entropy weighting method. The data sources are the China
Environmental Statistical Yearbook and the China Ecological
Environmental Statistical Yearbook. The specific index contents
are shown in Table 2:

3.2.3 Control variable
(1) Foreign Direct Investment (lnfdi): Considering the impact of

foreign investment on environmental pollution, this paper
refers to the method of Xu and Deng and uses FDI as a
control variable, using the amount of foreign direct
investment as a measure.

(2) Per Capita GDP (lngdp): Economic development level is
considered an important factor affecting regional

environmental pollution. Therefore, this paper uses per
capita GDP as a control variable. Per capita GDP is
calculated by comparing a country’s gross domestic product
achieved during a specified accounting period (usually 1 year)
with its resident population (or registered population).

(3) Investment in Wastewater Treatment Projects (lnwater):
Considering that local water sources also need to be treated
for environmental governance, investment in wastewater
treatment projects is selected as a control variable. It is
calculated based on the amount of investment in wastewater
treatment projects.

(4) Investment in Air Pollution Control Projects (lnair):
Considering that local air pollution also needs to be
controlled, investment in air pollution control projects is
chosen as a control variable. It is calculated based on the
investment amount in air pollution control projects.

(5) Government’s Focus on Environmental Concern (lngov):
Considering that environmental investment needs strong
government support, this paper selects the government’s
focus on the environment as a representation of the support
for environmental protection efforts in each region.

(6) Number of Undergraduate Students (lnedu): The current high-
tech industry requires highly skilled talents to drive it.
Considering that a region’s highly skilled talents can
contribute to the environmental protection efforts of

TABLE 1 Green development level system.

First indexes second index Third indexes Code Sign Indicator description

green development performance
evaluation

green production total industrial electricity consumption X1 - total industrial electricity consumption by region

total production of industrial solid waste X2 - the total amount of industrial solid waste
produced in each region

total industrial emissions X3 - total industrial waste gas emissions by region

total discharge of industrial wastewater X4 - total discharge of industrial wastewater by region

living environment oopulation density X5 - total population/area by region

per capita green area X6 + total population/green area by region

environmental
governance

wastewater recycling capacity X7 + wastewater recycling capacity

harmless treatment rate of domestic
waste

X8 + harmless treatment rate of domestic waste in
various regions

comprehensive utilization rate of
industrial solid waste

X9 + comprehensive utilization rate of industrial solid
waste by region

Infrastructure bus ownership per 10,000 people X10 + total population/bus volume by region

green space coverage rate in built-up
area

X11 + green area of built-up areas in each region/total
area of built-up areas

TABLE 2 Environmental protection investment system.

First indexes second index Code Sign Indicator description

environment-al protection
investment

investment in urban environment infrastructure lncity + investment in urban environmental infrastructure by region

investment in treatment of industrial pollution lnindusi + investment in industrial pollution source treatment by region

investment in environmental protection projects
completed in the same year

lnind1 + investment in environmental protection projects completed by
regions in the same year
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energy-intensive enterprises, promote technological innovation,
the number of undergraduate students is used to measure the
cultivation of highly skilled talents in the region.

3.2.4 Mediating variable
Industrial Structure Upgrading (ln dustrial): Environmental

investment can lead to the green adjustment of energy structure,
industrial structure, and technological structure during the
reorganization and allocation of different elements. Meanwhile,
industrial structure upgrading can indirectly promote the green
development level of a region. This paper draws on the method
of Zhu and Liu to construct the industrial structure, using the
proportion of the output value of each industry to GDP as
weights, multiplying by the deviation degree of the industrial
structure, and then taking the reciprocal to convert it into a
positive indicator. This paper selects data from 30 Chinese
provinces from 2007 to 2020 to specifically analyze the upgrading
of the industrial structure in various provinces in China. The data is
sourced from the China Statistical Yearbook. The specific calculation
formula is as follows:

IR � 1
TL

� 1

∑3
i�1

Yi,t

Yt

Yi,t/Li,t
Yt/Lt − 1

∣∣∣∣∣
∣∣∣∣∣
� 1

∑n
i�1

Yi
Yt

Yi,t/Yt

Li,t/Lt − 1
∣∣∣∣∣

∣∣∣∣∣

3.3 Descriptive statistics

The reason for selecting data from 2007 to 2020 is that this
period is crucial for China’s economic development. Currently,
China is transitioning from high-speed to high-quality economic
development, and during this period, the role of environmental
investment in promoting green development is more evident.
Additionally, this period is also important for China’s industrial
structure upgrading, and studying this stage will be more conducive
to analyzing the mediating effect of industrial structure upgrading.
The data for each variable mainly comes from sources such as the

China Statistical Yearbook, China Environmental Statistical
Yearbook, Wind database, and Guotai-An database. To ensure
the scientific accuracy of empirical analysis and mitigate the
impact of heteroscedasticity, logarithmic transformation is
applied to absolute values of variables such as urban
environmental infrastructure investment, industrial pollution
source governance investment, environmental investment in
completed environmental acceptance projects for the current
year, foreign direct investment, per capita GDP, investment in
wastewater treatment projects, investment in air pollution control
projects, government expenditure on environmental protection, and
the number of undergraduate students. Descriptive statistics for
each variable are shown in Table 3:

4 Results and discussion

4.1 Data stationarity test

This study examines the data stationarity prior to regression
using the unit root test, autocorrelation test, heteroscedasticity test,
cross-sectional correlation test, and panel cointegration test, among
others. The outcomes are displayed in Table 4. Among them, the
bold text in Table 4 represents the abbreviations of variables
involved in the regression model of the article:

(1) All variables have passed at least two FISHER, LLC, IPS, and
HADRI unit root test methods, indicating that the variables
chosen are reasonable;

(2) Pedroni and Westerlund significance indicates that there is a
long-term stable relationship between variables, allowing panel
regression to be performed;

(3) Confirm the data show cross-sectional correlation,
heteroscedasticity, and autocorrelation. As a result, for such
circumstances, FGLS and PCSE procedures are adjusted. The
outcomes are displayed in Table 6. The fact that the PCSE and
FGLS regression results are almost identical shows that the
subsequent regression model can be created;

4.2 OLS regression results analysis

From Table 5 (1), it can be observed that environmental
investment (ln environ) and green development (green1) level
have a significant positive correlation at the 1% significance level,
with a coefficient of 0.031. This means that an increase in
environmental investment will greatly promote the green
development level in various regions. This is similar to the
conclusions of scholars such as Liu and Han, Li, Wu, and others.
On one hand, environmental investment can increase the funding
source for green and environmentally friendly industries in different
regions, reduce their financing costs, and provide sufficient financial
support for technological innovation in enterprises, thus achieving a
newmodel that balances economic development and environmental
protection. As a result, the green development level in a region is
enhanced, confirming hypothesis 1. Simultaneously, the empirical
results also indicate a significant positive correlation with foreign
direct investment (lnfdi) at the 1% significance level, with a

TABLE 3 Descriptive statistic.

Variable Obs Mean Min Max

green1 420 0.44 0.174 0.886

lnenviron 420 5.128 −0.032 7.256

lncity 420 4.627 1.308 7.141

lnindusi 420 11.794 6.165 14.164

lnind1 420 7.235 −5.51 12.248

lnwater 420 9.957 3.951 12.597

lnair 420 11.15 −4.363 14.063

lnfdi 420 14.328 7.191 19.596

lngdp 420 9.608 6.681 11.615

lnindustrial 420 0.449 0.29 0.84

lngov 420 239,699.5 23,058 993,825

lnedu 420 14.186 18.763 96.49
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coefficient of 0.027. This is because some foreign companies possess
advanced green management experience and green production
technologies. With the introduction of foreign capital, these
experiences and technologies become important support for
promoting the green development level at the local level.
Additionally, investment in wastewater treatment projects
(lnwater) and investment in air pollution control projects
(lnair) have a significant negative correlation at the 1%
significance level. This is because excessive investment in
wastewater and exhaust treatment will increase the costs for the
government or enterprises, which in the long run, will restrict the
allocation of funds to other areas, hindering the development of
green initiatives. Furthermore, per capita GDP (lngdp) has a
significant positive correlation at the 5% significance level, with a
coefficient of 0.039. This indicates that an increase in per capitaGDP
will promote the green development level. This is because the
current increase in per capita GDP stimulates an increase in
consumer demand for high-end consumption, which in turn
promotes technological transformation and the production of
new products in energy-intensive enterprises. This process is

conducive to enterprise structural upgrading, indirectly
abandoning the previous high-energy-consuming production and
operation models, thus promoting green development. Moreover,
the government’s focus on environmental concerns (lngov) shows a
significant positive correlation at the 1% significance level, with a
coefficient of 0.026. This means that government expenditure on
environmental protection can promote green development.
Undoubtedly, strong government support for environmental
construction will encourage enterprises and individuals to
actively engage in green production. Furthermore, with
government financial support, enterprises and individuals will
have more confidence in promoting further development of
environmental protection initiatives. On the other hand, the
number of undergraduate students (ln edu) shows a significant
negative correlation at the 1% significance level, with a coefficient
of −0.109. This means that the number of undergraduate students
hinders the green development level. This is because in the initial
stage of enterprise green transformation, there is a shortage of high-
quality talent corresponding to high-tech positions, resulting in a
mismatch between labor supply and demand. As a result, knowledge

TABLE 4 Data stationarity test.

Unit root test Green1 Lnenviron Lnwater Lnair Lncityi

FISHER Inverse chi-squared 36.239 125.599*** 104.543*** 70.328 80.339**

Inverse normal 3.806 −2.665*** −2.562*** 2.001 0.207

Inverse logit t 4.023 −3.815*** −2.9*** 1.788 −0.416

Modified inv. chi-squared −2.169 5.988*** 4.066*** 0.943 1.857**

LLC Adjusted t −6.999*** −14.523*** −9.445*** −7.277*** −7.452***

IPS W-t-bar 1.855 −2.179** 0.136 3.401 −1.249

HADRI z 9.821*** 9.769*** 9.771*** 10.144*** 8.479***

unit root test lnfdi lngdp lnindusi lind1 lngov lnedu

Inverse chi-squared 53.919 6.991 53.33 152.439*** 163.875*** 88.356**

FISHER Inverse normal −0.61 7.236 2.393 −3.661*** −5.586*** −3.487***

Inverse logit t −0.59 7.235 2.532 −4.785*** −6.751*** −3.131***

Modified inv. chi-squared −0.555 −4.839 −0.609 8.439*** 9.482*** 2.589***

LLC Adjusted t −6.543*** −5.319*** −6.193*** −7.097*** −6.16*** −11.308***

HADRI z −0.886 9.914*** 9.512*** 9.41*** 10.196*** 9.296***

IPS W-t-bar 8.722*** 3.494 1.676 0.978 0.242 0.898***

Autocorrelation, cross section, heteroscedasticity and panel
cointegration test

statistic statistic

Autocorrelation (xtserial) 45.419 0.0000

Cross section correlation pesaran 9.419 0.0000

Heteroscedasticity \ 61.432 0.0004

Pedroni Modified Phillips-Perron t 5.8632 0.0000

Pedroni Phillips-Perron t −5.5602 0.0000

Pedroni Augmented Dickey-Fuller t −7.5859 0.0000

Westerlund Variance ratio 3.1594 0.0000

Standard errors in parentheses; *p < 0.1, **p < 0.05, ***p < 0.01.
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talents cultivated by universities who can contribute to green
industries cannot effectively participate in green development
initiatives. This can lead to a situation where some college
graduates become unemployed, thereby increasing social pressure
and hindering the development of green initiatives.

At the same time, this article conducted individual and time
fixed-effects regression on environmental investment and green
development level, and the results are shown in Table 5 (5). It
can be seen that the results of the individual and time fixed-effects
regression are basically consistent with the OLS regression results,
indicating that the analysis conducted in this article is scientific
and robust.

In addition, according to Table 5 (2), 3), and (4), it can be seen
that urban environmental infrastructure investment (ln city), which
constitutes environmental investment, has a significant positive
correlation at the 1% significance level, with a coefficient of

0.034. This indicates that urban environmental infrastructure
investment can promote the greendevelopmentlevel. This is
because when environmental awareness and the concept of green
development are deeply rooted in a region, and the local government
also attaches importance to local green and circular development,
improving environmental infrastructure investment can promote
local green infrastructure construction and thus drive green
development. On the other hand, investment in industrial
pollution source governance (ln indusi) shows a significant
negative correlation at the 5% significance level. This means that
if industrial pollution sources are blindly controlled, it will increase
unnecessary government expenditure, thus increasing social costs
and hindering the local greendevelopmentlevel. This is because
China is still in the primary stage of socialism, and the economy
is primarily driven by the manufacturing industry. If most industrial
enterprises blindly undergo technological transformation, it will
inevitably increase their economic costs in the initial stage. At
the same time, in the early stage of industrial regulation and
governance, it will also affect the normal operation of Chinese
industrial enterprises, causing a decline in their production
capacity and thereby hindering the green development process.
Additionally, environmental investment incompleted
environmental acceptance projects for the current year (ln indl)
shows a significant negative correlation at the 1% significance level.
Some environmental concepts believe that economic reduction in
carbon emissions and pollution from industries can only be achieved
when the economy is relatively stagnant or in decline, allowing
enterprises and individuals in society to focus more on the quality of
economic development rather than the speed. However, if there is a
continuous focus on environmental investment while neglecting
other industrial investments, it may result in the local economy not
being able to sustain cyclic development, leading to a decrease in the
greendevelopmentlevel. In conclusion, the impact of the various
components of environmental investment on the
greendevelopmentlevel is different. Therefore, hypothesis 2a)
is confirmed.

4.3 Regression results and analysis of spatial
Durbin model

4.3.1 Spatial autocorrelation test
Before constructing the spatial model, this paper calculated the

global Moran’s I index for environmental investment and green
development level from 2007 to 2020, and the results are shown in
Table 6. From Table 6, it can be seen that during the period from
2007 to 2020, the Moran’s I index for green development level is
significant at the 10% confidence level, and the Moran’s I index for
environmental investment is mostly significant at the 10%
confidence level, indicating the presence of strong spatial
autocorrelation. Therefore, it is reasonable to construct a spatial
model for further research.

4.3.2 Spatial durbin regression result analysis
Due to the spillover effect of environmental investment, will the

implementation of environmental investment really have a positive
impact on the green development of other regions? In order to
explore the spatial relationship between the two, this study uses the

TABLE 5 OLS panel regression results.

(1) (2) (3) (4) (5)

lnenviron 0.031*** 0.004***

(0.005) (0.002)

lncity 0.034***

(0.006)

lnindusi −0.03**

(0.01)

lnind1 −0.004***

(0.002)

lnwater −0.024*** −0.023*** −0.017*** −0.022*** −0.000***

(0.003) (0.003) (0.004) (0.003) (0.001)

lnair −0.003*** −0.005*** 0.012*** −0.001*** 0.001***

(0.003) (0.003) (0.005) (0.003) (0.001)

lnfdi 0.027*** 0.026*** 0.026*** 0.026*** 0.009***

(0.002) (0.002) (0.002) (0.002) (0.002)

lngdp 0.039** 0.041** 0.076** 0.041** 0.021**

(0.013) (0.014) (0.013) (0.014) (0.011)

lngov 0.026*** 0.029*** 0.034*** 0.029*** 0.001***

(0.007) (0.007) (0.007) (0.007) (0.003)

lnedu −0.109*** −0.117*** −0.117*** −0.117*** −0.004**

(0.009) (0.009) (0.009) (0.009) (0.01)

id - - - - yes

year - - - - yes

_con 1.075* 1.161* 1.086* 1.161* 0.358

(0.058) (0.064) (0.065) (0.064) (0.135)

N 420 420 420 420 420

Adj.R-sq 0.681 0.678 0.66 0.673 0.969

Standard errors in parentheses; *p < 0.1, **p < 0.05, ***p < 0.01.

Frontiers in Environmental Science frontiersin.org10

Guo and Cui 10.3389/fenvs.2023.1328231

101

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1328231


spatial Durbin model regression to study its spatial effects, as shown
in Table 7 and model 2). To test whether to choose individual fixed
effects, time fixed effects, or both in the spatial Durbin model, a
likelihood-ratio test was conducted. The result shows that LR_ind is
not significant, therefore the time fixed effects model is chosen. The
likelihood-ratio test (LR test) finds that both spatial and time fixed
effects are significant. The Wald test and LR test of the spatial lag
model (SLM) and the spatial error model (SEM) pass the
significance test at the 1% level, rejecting the null hypothesis that
the spatial Durbin model can be simplified to a spatial lag model or
spatial error model, proving that the choice of the spatial Durbin
model in this paper is reasonable.

In Model (2a) (Main) and Model (2b) (Wx) in Table 7, it can be
seen that the coefficient sign and significance of the main regression

variable are basically consistent with the OLS regression results, but
there are differences in value and significance level, indicating that
studying spatial effects is necessary. Through Model (2a) (Main) and
Model (2b) (Wx), it can be seen that the direct effect of environmental
investment (lnenviron) on the level of green development (green1) is
significantly positively correlated at the 1% level, with a coefficient of
0.29; at the same time, the spatial spillover effect is also significantly
positive at the 1% level, with a coefficient of 0.015. This proves that
environmental investment can not only promote local green
development, but also promote the level of green development in
neighboring areas, so Hypothesis 2 b) is established. This is because
in the process of promoting environmental investment, environmental
investment can improve resource utilization efficiency and promote
technological innovation. This not only helps the profitability of
enterprises, but also reduces excessive exploitation and consumption
of natural resources. At the same time, in this process, green industries
have been able to develop rapidly, and these green enterprises will
provide more employment opportunities for society, driving the
coordinated development of surrounding industries. It can not only
optimize local resource allocation, but also effectively promote the
development of green industries in surrounding areas.

The direct effect and spatial spillover effect of investment in
wastewater treatment projects (lnwater) are both significantly
negative at the 1% level, with coefficients
of −0.015 and −0.021 respectively. This indicates that if high-
polluting companies are excessively transformed into green
industries, it will firstly increase their operating costs. In
addition, some companies may transfer their production activities
to neighboring areas to avoid these costs, resulting in pollution in the
surrounding regions. The direct effect of investment in air pollution
control projects (lnair) is significantly negative at the 1% level, with
a coefficient of −0.007, but the spatial spillover effect is significantly
positive at the 1% level, with a coefficient of 0.024. This suggests that
local pollution control measures increase costs for the local
government and enterprises, but the emission of pollutants in
surrounding areas decreases due to their related control
measures. The direct effect and spatial spillover effect of foreign
direct investment (lnfdi) are both significantly positive at the 1%
level, with coefficients of 0.026. The interpretation is similar to OLS
regression. The direct effect of per capita GDP (lngdp) is
significantly positive at the 1% level, but the spatial spillover
effect is significantly negative at the 1% level, with coefficients of
0.028 and −0.091 respectively. This is because when per capita GDP
increases, it increases people’s consumption demand. In the case
where local enterprises cannot meet the demand, enterprises in
neighboring areas increase production to meet the consumption.
This process inevitably increases carbon emissions in the
surrounding areas and affects their green development. The
direct effect of government attention to the environment (lngov)
is significantly positive at the 1% level, but the spatial spillover effect
is significantly negative at the 1% level, with coefficients of
0.012 and −0.048 respectively. This is because if the government
increases environmental governance efforts in a specific area, more
human resources, technology, and funds will be allocated to that area
in the short term. As a result, the surrounding areas may not be able
to effectively develop green industries due to insufficient resources in
the short term. The direct effect of undergraduate enrollment
(lnedu) is significantly negative at the 1% level, but the spatial

TABLE 6 Moran’s I.

Year green1 Lnenviron

2007 0.208** 0.094*

(0.113) (0.121)

2008 0.257** 0.022**

(0.112) (0.120)

2009 0.242** −0.313

(0.108) (0.121)

2010 0.258*** −0.312**

(0.111) (0.120)

2011 0.297*** −0.317 **

(0.113) (0.122)

2012 0.287*** −0.250 **

(0.114) (0.121)

2013 0.285*** −0.258**

(0.111) (0.121)

2014 0.243** −0.228*

(0.111) (0.121)

2015 0.233** −0.208*

(0.111) (0.121)

2016 0.250 ** −0.094

(0.110) (0.121)

2017 0.320*** −0.011*

(0.110) (0.122)

2018 0.239** −0.257**

(0.108) (0.100)

2019 0.144* 0.089

(0.105) (0.122)

2020 0.145* −0.040*

(0.108) (0.123)

Standard errors in parentheses; *p < 0.1, **p < 0.05, ***p < 0.01.
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spillover effect is significantly positive at the 1% level, with
coefficients of −0.107 and 0.009 respectively. This is because if
there are not enough high-tech industries in the local area to
accommodate these highly qualified talents, they will go to work
in companies in the surrounding areas, which will inevitably
promote the development of green industries in the
surrounding regions.

Meanwhile, Table 8 represents the long-term direct, indirect,
and total effects of environmental investment on the level of green
development. It can be seen that the direct effect, indirect effect, and
total effect of environmental investment on the level of green
development are all significantly positive at the 1% level, with
coefficients of 0.029, 0.021, and 0.051 respectively. This proves
that environmental investment not only has a short-term

TABLE 7 OLS panel regression results and spatial Durbin regression results.

OLS panel regression results Spatial Durbin regression results

Model (1) Model (2)

Model (1a) (OLS) Model (1b) (PCSE) Model (1b) (FGLS) Model (2a) (main) Model (2b) (Wx)

lnenviron 0.031*** 0.031*** 0.031*** 0.029*** 0.015***

(0.005) (0.005) (0.005) (0.005) (0.009)

lnwater −0.024*** −0.024*** −0.024*** −0.015*** −0.021***

(0.003) (0.003) (0.003) (0.003) (0.006)

lnair −0.003*** −0.003*** −0.003*** −0.007*** 0.024***

(0.003) (0.003) (0.003) (0.003) (0.007)

lnfdi 0.027*** 0.027*** 0.027*** 0.026*** 0.026***

(0.002) (0.003) (0.002) (0.003) (0.006)

lngdp 0.039** 0.039** 0.039** 0.028** −0.091**

(0.013) (0.016) (0.013) (0.014) (0.028)

lngov 0.026*** 0.026*** 0.026*** 0.012*** −0.048**

(0.007) (0.007) (0.007) (0.007) (0.013)

lnedu −0.109*** −0.109** −0.109*** −0.107*** 0.009**

(0.009) (0.011) (0.009) (0.009) (0.021)

_cons 1.075* 1.075* 1.075* - -

(0.058) (0.06) (0.058) - -

R2 0.681 0.681 0.681 LR_ind 0.00

Mean vif LR_time 876.63***

R2 0.7596

Log-likelihood −1715.28

Wald_lag 30.98***

Wald_error 66.26***

LR_lag 75.92***

LR_error 82.06***

rho 0.142*

(0.072)

sigma2_e 0.003***

(0.000)

Obs 420 420

Province 30 30

Standard errors in parentheses; *p < 0.1, **p < 0.05, ***p < 0.01.
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promoting effect on the level of green development, but also holds
true in the long run. This indicates the necessity of long-term
development in environmental investment, and both the
government and enterprises need to vigorously promote
environmental construction and the development of green
industries. At the same time, it can also be observed that the
results of the remaining control variables remain consistent in
the long term.

4.4 Analysis of mediating effect
regression results

In order to explore the role of industrial upgrading (ln dustrial)
in the impact of environmental investment (ln environ) on the level
of green development (green1), this study conducted a regression
analysis using the mediation effect model. As shown in Table 9, in
(1), the impact of environmental investment on the level of green
development is significantly positive at the 1% level, with a
coefficient of 0.031, indicating that environmental investment has
a significant promoting effect on the level of green development. The
indirect regression results in (2) show that the impact of
environmental investment on industrial upgrading is significantly
positive at the 1% level, with a coefficient of 0.009, indicating that
environmental investment has a significant promoting effect on
industrial upgrading. From (3), it can be seen that the impact of
industrial upgrading on the level of green development shows a

significant positive effect at the 5% level, with a coefficient of 0.665,
indicating that industrial upgrading promotes the level of green
development. Therefore, hypothesis 3 is validated. At the same time,
Table 9 shows that the total effect of environmental investment on
the level of green development is more significant than the direct
effect in (3), with coefficients of 0.031 and 0.025 respectively. This is
because the total effect considers the mediating effect of industrial
upgrading, while the direct effect isolates the promoting effect of
industrial upgrading on the level of green development. Therefore,
in the direct effect, the promoting effect of environmental
investment on the level of green development is relatively small.

The empirical results indicate that environmental investment
promotes industrial upgrading, and optimizing the industrial
structure in a region promotes the level of green development in
that region. In the context of the country vigorously implementing
the concept of green development and continuously strengthening
the background conditions of “green mountains and clear waters are
as valuable as mountains of gold and silver,” emphasis is placed on
investment in environmental protection, strengthening the
development of high-tech industries in the region, completing
industrial structure upgrading, and achieving a green economy.
Partial support from the government for traditional industries
has enhanced internal technological innovation vitality, enabling
these industries to rely on their own capabilities for technological
innovation, upgrade industrial technology, and revitalize them as a
powerful driving force for green development. The rapid
development of emerging green industries and environmental
technology sectors has provided more opportunities for
environmental investment, attracting more investors to
participate and promoting economic growth and sustainable
development. In conclusion, industrial structure upgrading plays
an important mediating role in environmental investment and green
development. By optimizing the industrial structure, more
investment opportunities and market demand can be generated,
driving the innovation and progress of environmental
technologies, promoting the rational allocation of resources, and
improving corporate environmental management and social
responsibility.

TABLE 8 Spatial Durbin regression results: long-term.

Spatial Durbin regression results

Model (2c)

Direct Indirect Total

lnenviron 0.029*** 0.021** 0.051**

(0.005) (0.01) (0.012)

lnwater −0.015*** −0.026*** −0.041***

(0.003) (0.007) (0.008)

lnair −0.005*** 0.026*** 0.021***

(0.003) (0.008) (0.009)

lnfdi 0.027*** 0.034*** 0.061***

(0.002) (0.007) (0.007)

lngdp 0.024** −0.098** −0.073**

(0.013) (0.033) (0.037)

lngov 0.01*** −0.054** −0.044**

(0.007) (0.016) (0.018)

lnedu −0.107*** −0.007** −0.114**

(0.009) (0.023) (0.025)

Obs 420

Province 30

Standard errors in parentheses; *p < 0.1, **p < 0.05, ***p < 0.01.

TABLE 9 Mediation effect regression results.

Variable (1) (2) (3)

green1 Lndustrial green1

lndustrial - - 0.665** (0.031)

lnenviron1 0.031*** (0.005) 0.009*** (0.006) 0.025*** (0.003)

lnwater −0.024*** (0.003) −0.028*** (0.003) −0.005*** (0.002)

lnair −0.003*** (0.003) −0.007*** (0.003) 0.001*** (0.002)

lnfdi 0.027*** (0.002) 0.017*** (0.003) 0.016*** (0.002)

lngdp 0.039** (0.013) 0.02** (0.014) 0.027*** (0.009)

lngov 0.026*** (0.007) 0.025*** (0.008) 0.01*** (0.005)

lnedu −0.109*** (0.009) −0.047*** (0.009) −0.078*** (0.006)

_cons 1.075* (0.058) 0.805*** (0.064) 0.539*** (0.005)

Standard errors in parentheses; *p < 0.1, **p < 0.05, ***p < 0.01.
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4.5 Robust test

In order to verify the robustness of the results, this article chose to lag
environmental protection investment (ln environ) by one period to test
the endogeneity problem. The regression results are shown in Table 10 1);
In addition, this article also added a robust test on the control variable
environmental regulation (eri). The previous article described the role of
environmental policies in promoting green development (Ajl, 2021).
Based on the availability of data, this article selects environmental
regulations for robustness testing, and the regression results are shown
in Table 10 2). Moreover, this study also employed the Generalized
Method of Moments (GMM) to test for endogeneity issues, and the
results are shown in Table 10 3). The regression results passed the AR (1)
and Sargan tests. All three regression results indicate that the regression
results of this study are robust.

5 Conclusion and policy
recommendations

This article uses the entropy weight method to construct the
performance of green development level from four aspects: green

production, human living environment, environmental governance,
and infrastructure. It reflects the degree of green development level
in various regions. By using three indicators: urban environmental
infrastructure investment, industrial pollution control investment,
and environmental investment for completed environmental
protection acceptance projects in the current year, and
introducing benchmark regression model, spatial Durbin model,
and mediator variable model, based on panel data from 30 provinces
in China from 2007 to 2020 (excluding Tibet, Taiwan, Hong Kong
Special Administrative Region, and Macau Special Administrative
Region), this study explores the impact of environmental investment
on green development level, investigates the spatial spillover effect of
environmental investment, and further explores the relationship
between environmental investment, industrial structure upgrading,
and green development level. Since the various components of
environmental investment have different impacts on green
development levels in different regions, this article also conducts
heterogeneity analysis on environmental investment and its
components on green development levels.

The research findings of this article are as follows: Firstly,
environmental investment can promote the development of green
level. Secondly, the various elements that constitute environmental
investment have different impacts on the level of green
development. Among them, urban environmental infrastructure
investment has a promoting effect on the level of green economic
development, while industrial pollution control investment and
environmental investment for completed environmental
protection acceptance projects in the current year have a
restraining effect on the level of green economic development.
Thirdly, environmental investment has a positive spatial spillover
effect, which can promote the green development of surrounding
areas while promoting the local level of green development. Lastly,
environmental investment, as an important driving force for
promoting China’s green development, cannot be achieved
without the support of industrial structure upgrading.
Furthermore, the optimization and upgrading of industrial
structure can further realize China’s green development.

On one hand, environmental investment can promote the
research, development, and application of green technologies and
clean energy, reduce resource consumption and environmental
pollution, and drive the economy towards a green and low-
carbon transformation. On the other hand, environmental
investment can also promote the development of green
industries, provide more employment opportunities, and
stimulate economic growth. Industrial structure upgrading, as a
mediator variable, further strengthens the impact of environmental
investment on green development. Through industrial structure
upgrading, traditional high-energy consumption and high-
pollution industries can be transformed and upgraded into green
and environmentally friendly industries. In this way, environmental
investment will be more targeted towards green industries, further
promoting the progress of green development. Through the dual
role of environmental investment and industrial structure
upgrading, a virtuous cycle of economic growth and
environmental protection can be achieved. Green development
not only improves the quality of the ecological environment and
enhances people’s quality of life but also provides the driving force
for sustainable socio-economic development. However, it should be

TABLE 10 Robustness test.

Variable (1) (2) (3)

green1 L1 - - 0.878**

- - (0.029)

lnenviron 0.031*** 0.039*** 0.004***

(0.005) (0.007) (0.002)

lnwater −0.024*** −0.025*** −0.002***

(0.003) (0.003) (0.001)

lnair −0.003*** −0.006*** 0.001***

(0.003) (0.003) (0.000)

lnfdi 0.027*** 0.026*** 0.003***

(0.002) (0.002) (0.001)

lngdp 0.039** 0.042** 0.005***

(0.013) (0.015) (0.005)

lngov 0.026*** 0.025*** −0.001***

(0.007) (0.008) (0.003)

lnedu −0.109*** −0.108*** −0.012***

(0.009) (0.009) (0.005)

eri - 2.181 -

- (1.441) -

_cons 1.075* 1.051* 0.121**

(0.058) (0.075) (0.035)

AR 1) - - −7.74***

Sargan - - 208.59***

Standard errors in parentheses; *p < 0.1, **p < 0.05, ***p < 0.01.
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noted that the process of promoting environmental investment and
industrial structure upgrading may face certain challenges and
resistance. The government should increase policy support,
provide corresponding preferential policies and financial support,
and incentivize enterprises to increase environmental investment
and promote industrial structure upgrading. At the same time, it is
necessary to strengthen environmental management and
supervision to ensure the effective implementation of
environmental investment and smooth progress of industrial
structure upgrading. In summary, environmental investment has
a positive impact on green development, and by using industrial
structure upgrading as a mediator variable, this impact can be
further strengthened. This development path can achieve a win-
win situation of economic growth and environmental protection,
laying a foundation for sustainable development.

Based on the above conclusions, this article proposes the
following suggestions:

(1) Improving the environmental investment system, promoting
the development of environmental investment, and
implementing the concept of green development. At
present, China’s application of environmental investment is
still in the development stage. In promoting environmental
investment to promote the level of green development, the
government and various financial sectors should establish
environmental investment standards at the legal level, while
simplifying the procedures for the use of environmental
investment to facilitate the use of funds by enterprises. In
addition, the government and financial sectors should
strengthen the supervision of enterprises’ use of
environmental investment funds to ensure that
environmental investment funds are truly used for
environmental development. At the same time, the
government and financial sectors should also pay attention
to the financing process of environmental investment to avoid
systemic risks. For example, Shanghai has established an
environmental industry development fund to support
environmental technology innovation and project
investment. The fund provides financial support and
preferential policies for environmental protection
enterprises, and promotes the research, development, and
application of green technologies and clean energy. At the
same time, the Chinese government can learn from relevant
measures abroad to establish “green bills” and promote various
industries to join the green cause. For example, the
United Kingdom passed the Net Zero Act, which includes
measures to reduce greenhouse gas emissions and increase the
use of renewable energy, encouraging organizations and
individuals to practice low-carbon behavior; the
United States launched the Climate Action Plan, specifically
setting policy measures to improve energy efficiency, support
clean energy, and reduce greenhouse gas emissions, providing
ideas for businesses and individuals.

(2) Tailoring measures to local conditions, understanding the local
green development situation, and providing targeted support
and guidance for environmental investments are essential. Due
to varying economic foundations and suitable development
models in different regions, the effectiveness of

environmental investments in promoting green economic
development should be considered accordingly. Specifically,
in economically developed regions in the east, environmental
investments can strongly support the development of high-tech
industries. The government can actively utilize these funds to
promote local technological upgrades and cultivate high-tech
talents. For example, Guangdong Province has increased its
investment in technological innovation for high-tech industries,
established special funds to support research and development
projects, and encouraged enterprises to strengthen
technological innovation and improve the technological
content of industries. At the same time, Guangdong Province
encourages the establishment of high-tech enterprise incubators
to provide venues, funding, and mentor support to start-up
companies, helping them grow rapidly and promoting the
incubation and development of high-tech industries. In the
central regions with heavy industries, the development of
green industries should not be blindly implemented. Instead,
it is important to gradually guide local high-energy-consuming
enterprises to expand their businesses and progressively
transform them into green industries. In underdeveloped
western regions, the development of green industries should
not be rushed. Local governments should first improve relevant
infrastructure and social security systems to avoid following in
the footsteps of heavily polluted central industrial areas.
Development of green industries should be tailored to the
local conditions. During this process, eastern regions should
take the lead in the development of green industries, assisting
the economic development of western regions and supporting
the industrial upgrading of central regions. For example,
Sichuan Province and Zhejiang Province have actively
cooperated in fields such as new energy, new materials, and
equipment manufacturing. With abundant hydropower and oil
and gas resources in Sichuan, and strong capabilities in
manufacturing and electronic information in Zhejiang, the
cooperation between the two provinces has promoted
collaboration among enterprises in the industrial chain,
achieving resource complementarity and advantages.

(3) Paying attention to environmental investments can pave the
way for promoting the level of green development in various
regions by facilitating industrial structural upgrading.
Enterprises should adhere to the concept of sustainable
development and make good use of environmental
investment funds for enterprise innovation, optimizing the
corporate structure, and promoting the development of green
industries. For example, the government of Zhejiang Province
encourages enterprises to engage in resource recycling and
utilization, promoting green production and consumption,
and improving resource utilization efficiency. During the
process of industrial structural upgrading, attention should
also be given to the environmental conditions of neighboring
areas to avoid situations where neighboring areas engage in
high-pollution activities due to certain enterprises or individuals
evading local environmental regulations when the level of green
development in the local area improves. Governments at all
levels should enhance communication and cooperation between
regions, form green industrial chains among regions, and truly
achieve rational allocation of resources.
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Impact of household population
ageing on carbon emissions:
micro-scale evidence from China

Shijun Chai1*, Hong Qiao1 and Yize Li2

1School of Economics and Management, Huanghuai University, Zhumadian, China, 2International
College, Dhurakij Pundit University, Bangkok, Thailand

Carbon emissions reduction and population ageing are two major challenges
faced by human society in the 21st century. Based on data from the China Family
Panel Studies (CFPS), we investigated the impact of population ageing on carbon
emissions at the household level along with the potential mechanisms of this
impact. We found that households with a higher older adult population
proportion and age of the household head emitted less, and these results
were shown to be very robust and reliable across a series of endogeneity and
robustness tests. Furthermore, population ageing contributed to carbon emission
reductions for all groups; however, compared with urban households, rural
households were more sensitive to population ageing. Mechanism analysis
showed that population ageing can reduce household carbon emissions
through more frugal life attitudes and lower future income expectations,
whereas it increases carbon emissions due to weaker environmental
awareness among older adults. However, overall, population ageing has a
significant inhibitory effect on household carbon emissions. The findings of
this study contribute to our understanding of the micro-scale mechanisms of
residents’ carbon emission behaviour and provide new insights for designing
targeted policies for carbon reduction from the perspective of
population structure.

KEYWORDS

population ageing, household carbon emissions, life attitude, environmental awareness,
future income expectation

1 Introduction

Climate change caused by excessive emissions of carbon dioxide has incited worldwide
concern due to its potential threats to the sustainable development of human society (Zhang
andWang, 2017; Liu et al., 2020). Thus, low-carbon development has gained popularity as a
climate change mitigation strategy within the international community. According to data
from the Netherlands Environmental Assessment Agency, total global carbon emissions
reached 33.88 billion tons in 2021, representing an increase of 5.61% from 2020. Since 2007,
China has surpassed the United States as the world’s largest carbon emitter. In 2021, China’s
carbon emissions reached 10.52 billion tons, accounting for 31.06% of the global total;
China’s emissions were 1.87 times those of North America, 2.77 times those of Europe, and
8.15 times those of Africa. China has actively addressed the need for carbon emissions
reduction through suchmeasures as joining the Paris Agreement, Kyoto Protocol, and other
international conventions. Moreover, the Chinese government has pledged to substantially
reduce carbon intensity in the course of future economic development, striving to reach a
carbon peak by 2030 and carbon neutrality by 2060.

OPEN ACCESS

EDITED BY

Wang Pei,
Nanjing Agricultural University, China

REVIEWED BY

Haozhi Pan,
Shanghai Jiao Tong University, China
Jie Huang,
Xinyang Normal University, China
Liao Jinglin,
Guangdong University of Finance, China

*CORRESPONDENCE

Shijun Chai,
20212177@huanghuai.edu.cn

RECEIVED 20 October 2023
ACCEPTED 17 January 2024
PUBLISHED 06 February 2024

CITATION

Chai S, Qiao H and Li Y (2024), Impact of
household population ageing on carbon
emissions: micro-scale evidence from China.
Front. Environ. Sci. 12:1324771.
doi: 10.3389/fenvs.2024.1324771

COPYRIGHT

© 2024 Chai, Qiao and Li. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 06 February 2024
DOI 10.3389/fenvs.2024.1324771

109

https://www.frontiersin.org/articles/10.3389/fenvs.2024.1324771/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1324771/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1324771/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2024.1324771&domain=pdf&date_stamp=2024-02-06
mailto:20212177@huanghuai.edu.cn
mailto:20212177@huanghuai.edu.cn
https://doi.org/10.3389/fenvs.2024.1324771
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2024.1324771


Past research on carbon emissions primarily focused on
industrial production. However, with the acceleration of
urbanization and increase in consumerism, the household sector
has become an important source of carbon emissions growth (Wang
et al., 2015). Many studies have shown that direct and indirect
carbon dioxide emissions from the household sector have surpassed
those from the industrial sector, accounting for more than 50% of
the total emissions in China (Yang and Wang, 2020), 70% in the
United Kingdom (Baiocchi et al., 2010), 61% in Japan (Nansai et al.,
2012), and 52% in Korea (Park and Heo, 2007). However, research
on carbon emissions at the household level is limited. In another
aspect, according to the Seventh National Population Census of
China, by the end of 2020, the number of people over 60 and over
65 in China reached 264.02 million and 190.64 million, respectively,
accounting for 18.70% and 13.50% of the total population. China has
an ageing society, and the changes in income distribution and
consumption characteristics caused by population ageing will
likely affect the trends of Chinese household carbon emissions.
Therefore, in the context of the dual pressures of an ageing and
climate change, it is vital to study the impact of population ageing on
household carbon emissions and the micro-scale mechanisms of
this impact.

AlthoughMany literatures have discussed the relationship between
population ageing and carbon emissions, a consensus has not been
reached. Menz and Welsch (2012) analysed panel datasets from
26 Organisation for Economic Co-operation and Development
member countries and found that high demand for housing lighting
and heating energy among elderly groups led to an increase in carbon
emissions. Yang et al. (2015) determined that population ageing
increased carbon emissions mainly through reducing household
size. Similarly, Zhang and Tan (2016), Yu Y. et al. (2018), and
Chancel (2014) analysed data from China, France, and the
United States, respectively, and concluded that population ageing
has a significant positive correlation with carbon emissions. In
contrast, Dalton et al. (2008) determined that population ageing will
reduce carbon emissions, and under the same economic conditions, the
impact of age structure change (especially population ageing) on
carbon emissions is even greater than that of technological progress.
Additionally, based on micro-scale survey data, Liu et al. (2020) also
confirmed that population ageing leads to a decrease in energy demand
and carbon emissions. However, population ageing may have a
complex impact on carbon emissions rather than a linear
relationship. For example, using a threshold panel model, Yang and
Wang (2020) found that when population ageing exceeds the threshold
of 0.1274, its impact on carbon emissions changes from negative to
positive. Additionally, Zhang et al. (2017) used cross-country data and
confirmed an “inverted U-shaped” relationship between population
ageing and carbon emissions. Moreover, empirical studies have
predicted that population ageing will delay the arrival of the turning
point of the environmental Kuznets curve (Maddison, 2006; Magnani
and Tubb, 2010), which means that an ageing society will face a longer
cycle of environmental pollution and a higher cost of environmental
governance.

As a summary, previous research has mainly focused on the
relationship between population ageing and carbon emissions at the
national, regional or urban levels, whereas investigations at the
household level are limited. Thus, past studies have not examined
the differences between families and interaction of family members

within a household, hindering identification of the mechanisms of
and solutions for this issue. Moreover, previous studies mainly used
industrial data and macroeconomic models to investigate the impact
of population ageing on carbon emissions. Macro-scale data cannot
directly describe the differences in carbon emissions among different
individuals, and the micro-scale mechanisms of carbon emission
behaviour have not been accurately identified and assessed.
Therefore, we used detailed datasets from the China Family
Panel Studies (CFPS) conducted in 2016, 2018, and 2020 with
the aims of evaluating the impact of population ageing on carbon
emissions and revealing the potential mechanisms of this impact at
the micro-scale household level.

This study contributes to the literature in this field by focusing
on three main aspects. First, we constructed a population ageing
index at the household level from two dimensions: age structure
(measured by the proportion of older adults) and life cycle
(measured by the age of the head of the household), which
facilitated a comprehensive micro-scale exploration of the impact
of population ageing on carbon emissions. Second, unlike previous
studies that only measured household carbon emissions indirectly,
such as Xu and Han (2017), Zhang et al. (2019), and Liu et al. (2020),
this study also considered direct carbon emissions based on
household electricity and gas expenditure information. Third, we
identified the potential mechanisms through which household
population ageing affects carbon emissions by discerning
subjective mediating factors including life attitude, future income
expectations, and environmental awareness, which revealed new
insights into this topic. Furthermore, we constructed a panel dataset
based on the CFPS data from 2016, 2018, and 2020, which confirmed
the explanatory power of the empirical results. Overall, we
determined that household ageing has a considerable inhibitory
effect on carbon emissions. The results of this study provide a
valuable reference for targeted emission reduction policies.

The remainder of this paper is organized as follows. Section 2
presents a theoretical analysis of the effect of population ageing on
household carbon emissions, based on the existing literature, along
with the research hypothesis; Section 3 outlines the data, variables,
and econometric models used in this study; Section 4 details the
empirical results, including the baseline regression, endogeneity and
robustness tests, and mechanism analysis; and Section 5 presents a
summary of the main conclusions.

2 Literature review and research
hypotheses

Bin and Dowlatabadi (2005) developed the pioneering
theoretical framework of the Consumer Life Approach, which
has been widely used in the analysis of household carbon
footprints. Under this theoretical framework, household
characteristics, individual behaviours, and the external
environment affect consumption patterns by influencing
consumption decision-making, thus affecting household carbon
emissions. From the perspective of population ageing, due to
different consumption behaviours and preferences, different age
groups have different carbon emission levels. Based on previous
research, we speculated that population ageing affects households
carbon emissions through three main mechanisms.
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The first mechanism is a person’s attitude toward life. There are
marked differences between older and younger people in terms of
consumption concepts, consumption habits, and life attitudes.
Wang et al. (2015) suggested that the pattern of individual
consumption is closely related to household carbon emissions. In
general, older adults are more self-disciplined, frugal, conservative,
introverted, and modest (Yu B. et al, 2018; Christis et al., 2019).
Conversely, younger people are typically overconfident, lack self-
restraint, overconsume, and tend to set improved living standards
and quality as their primary goals; these behaviours are likely to
substantially increase household carbon emissions. From a historical
perspective, Liu et al. (2020) detailed that older generations
experienced a difficult period, which restricted them from
forming extravagant consumption patterns and helped reduce
household energy demand and carbon emissions. Liu et al.
(2011) also showed that the consumption habits of older adults
are more rational and conservative and differ considerably from
those of younger people. Furthermore, although older adults have
higher energy demands for heating (Menz and Welsch, 2012), their
outings tend to be more limited, and spending on food and clothing
is more cautious and economical (O’neill et al., 2010; Long et al.,
2013), which will reduce carbon emissions by reducing the overall
scale of household consumption. Based on the above theoretical
analysis, we propose the following hypothesis: Household
population ageing leads to more self-disciplined and frugal
attitudes towards life, contributing to a reduction in carbon
emissions (H1).

The secondmechanism through which population ageing affects
household carbon emissions involves future income expectations.
As a key driver of consumption, income plays a decisive role in
household carbon emission behaviour (Sommer and Kratena, 2017).
The anticipated income theory (Golley and Meng, 2012) posits that
the impact of future income expectations on consumption is greater
than that of current income. Compared with younger adults, older
adults may lower their expectations of future income due to
retirement or incapacity, which in turn affects their consumption
levels and reduces household carbon emissions (Shigetomi et al.,
2014). Life cycle theory (Wilson et al., 2013) states that at middle and
younger ages, personal consumption is determined by wage income,
and at older ages, it is mainly determined by early cumulative
savings; people make intertemporal consumption decisions based
on their lifetime expected income. From this perspective,
consumption may not decrease with ageing. However, because
older adults in China have a strong cultural incentive to bestow
to their children or grandchildren, there is an age-consumption
dynamic that is inconsistent with the life cycle theory (Chai et al.,
2019). In summary, population ageing reduces family income,
especially future income expectation, to some extent.
Accordingly, we propose the following hypothesis: By lowering
future income expectations, household ageing reduces the scale of
household consumption expenditures, thereby reducing household
carbon emissions (H2).

The third mechanism through which ageing affects carbon
emissions involves environmental awareness, which is an
important psychological factor that affects individual behaviour
(Menz and Welsch, 2012). Environmental awareness refers to
people’s internal perceptions of environmental problems and the
possible environmental impact of their social activities (Kollmuss

and Agyeman, 2002). According to attitude–behaviour theory
(Sharma et al., 2022), the stronger an individual’s environmental
awareness, the more they pay attention to environmental issues, and
the higher their perceived value of low-carbon products, thereby
making them more likely to engage in low-carbon environmental
behaviours. In theory, people’s environmental awareness mainly
depends on two aspects: cognition and emotion. From the
perspective of cognition, the development of mass media has
made it easier for younger people to receive information about
the environment than for older people (Rebecca et al., 2018).
Moreover, owing to differences in education level and growth
background, younger people have stronger environmental
preferences than older people and are more likely to engage in
low-carbon consumption, purchase energy-saving appliances, and
carry out energy-saving household renovations to reduce their
carbon emissions (Lee, 2008). From the perspective of emotion,
due to the long cycle and slow effect of environmental improvement,
older people are less willing to engage in environmental protection
than younger people. Older adults are unable to enjoy the long-term
benefits of environmental improvements and lack the incentive to
invest now for a high-quality environment in the future (Willis et al.,
2011). Therefore, household ageing may increase tolerance for
environmental degradation and weaken low-carbon
environmental behaviours, thus increasing household carbon
emissions. Accordingly, we propose the following hypothesis:
Population ageing will increase household carbon emissions
through weakening household environmental awareness (H3).

Based on the above analysis, population ageing may affect
household carbon emissions through its influence on life attitude,
future income expectations, and environmental awareness, but its
overall impact on household carbon emissions is uncertain. Section
3 outlines the empirical analysis that we employed to verify the
overall impact of population ageing on carbon emissions at the
household level and the potential mechanisms of this impact.

3 Materials and methods

3.1 Data sources

The data used in this study were mainly obtained from the CFPS,
which is a nationally representative, longitudinal survey conducted
in 2016, 2018, and 2020 by the Institute of Social Science Survey of
Peking University, China. The questionnaire covered three levels
(individuals, families, and communities) and collected detailed
information on household age structure, consumption categories,
asset and debt status, income composition, and family demographic
characteristics. The household sample sizes were 14,033 in 2016,
14,241 in 2018, and 11,620 in 2020. The information collected by the
CFPS is both comprehensive and representative of Chinese families.

3.2 Variables

3.2.1 Household carbon emissions
Household carbon emissions include both direct and indirect

emissions. Direct carbon emissions refer to those generated by
residents’ direct consumption of energy products in daily life,
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including electricity for lighting or other household appliances and
gas for cooking, heating, and bathing. Indirect carbon emissions are
emissions generated from household consumption of nonenergy
goods and services and include eight categories: food; clothing;
housing; daily necessities; transportation and communication;
education, culture, and entertainment (ECE); medical care; and
other goods and services. As residents consume various goods
and services, they indirectly consume energy related to the
process of producing goods and providing services, resulting in
carbon emissions.

For direct carbon emissions, the CFPS collected data on annual
household electricity and gas expenditures. First, we converted
expenditure (yuan) into quantities (kW·h or m3). The conversion
formula is as follows:

qij �
cij/pi1, cij ≤ ki1
cij − pi1ki1( )/pi2, ki1 < cij≤ ki2
cij − pi1ki1 − pi2 ki2 − ki1( )( )/pi3 , cij > ki2

⎧⎪⎪⎨
⎪⎪⎩

where qij is the quantity of electricity (or gas) consumed by the j
household in the i province and cij is the household’s annual
electricity (or gas) expenditure. Most parts of China implement
three-tier electricity and gas prices with different prices in different
regions. Thus, pi1, pi2 and pi3 represent the prices of the three tiers
of electricity (or gas) in the i province, and ki1 and ki2 are the critical
points of local electricity (or gas) quantities in the tier.

Furthermore, we calculated the carbon emission coefficients for
electricity and gas. The carbon emission coefficient of gas, λg (kg
CO2/m

3), was obtained directly from the Guidelines for National
Greenhouse Gas Inventories (GNGGI) in 2016, 2018, and 2020. The
carbon emission coefficient of electricity, λe (kgCO2/kW·h), was
estimated using the following formula:

λe � ∑wiJiηi
Te

where wi (kg) refers to the amount of standard coal for energy i
consumed in electricity generation, Ji (J/kg) is the calorific value per
unit of standard coal, ηi (kg CO2/J) is the carbon emissions of per
unit calorific value, and Te (kW·h) represents the total electricity
supply of China.

To determine the indirect carbon emissions, we utilised the
CFPS data for expenditure on eight categories of goods and services
for sample households. Following the approach of Liu et al. (2020),
we used the following formula to calculate the household indirect
carbon emission coefficient:

λk � ∑∑wmiJmiηi
∑Δm

where λk (kg CO2/yuan) represents the carbon emission coefficient
of k category of goods, i.e., carbon dioxide emissions per unit of
output value; wmi (kg) is the amount of standard coal converted by
the i energy used in m industry in which k category of goods are
produced; Jmi (J/kg) is the calorific value per unit of standard coal; ηi
(kg CO2/J) is the carbon emissions per unit of calorific value; and Δm

is the total output value of m industry in China.
To avoid overlapping calculations for direct and indirect carbon

emissions, we excluded the expenditure for electricity and gas from
household housing expenditures. In the above equations, the input
and output data for electricity were obtained from the China Energy
Statistical Yearbook (CESY) in 2016, 2018, and 2020; ηi was
obtained from the GNGGI; and Δm, wmi and Jmi were obtained
from the CESY. Figure 1 illustrates the typical status of household
carbon dioxide emissions in China. Overall, average household
carbon dioxide emissions increased from 5.48 tons in 2016 to
7.35 tons in 2020, which is generally in line with the calculation
by Zhang et al. (2019). Direct carbon dioxide emissions from the use
of electricity and gas by residents accounted for nearly half of the
total emissions, and this proportion decreased slightly over time.
However, between 2016 and 2020, carbon dioxide emissions from
food, clothing, and housing increased by 56.4%, 57.6%, and 86.9%,
respectively; emissions from daily necessities, ECE, and medical care
increased by more than 20%, reaching a total of 21.9% of indirect
carbon dioxide emissions.

3.2.2 Household population ageing
To explore the impact of population ageing on carbon

emissions at the household level, we measured the degree of
household population ageing in two dimensions: age structure
and life cycle. Following the approach of Demery and Duck (2006),
we measured household age structure using the proportion of older

FIGURE 1
The basic situation of household CO2 emissions in China (unit: kg). Note: Electricity and gas represent direct carbon emissions; food, clothing,
housing, daily, trco, ece, med, and other represent indirect carbon emissions, where “daily” refers to daily necessities, “trco” refers to transportation and
communication, “ece” refers to education, culture and entertainment, “med” refers to medical care, and “other” refers to other goods and services.
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adults (over 60 years old) within the total household population. In
terms of the life cycle, we divided households into four groups
based on the age of the household head: under 60, 60–65, 65–75,
and over 75. Three binary variables, Age6065 (60–65 years old),
Age6575 (65–75 years old), and Age75 (over 75 years old), were
used to reflect the differences in carbon emission behaviour
between the different age groups and the control group (under
60 years old).

3.2.3 Control variables
Based on previous studies (Dalton et al., 2008; Zhang et al., 2019),

the control variables were categorised into three groups: (1) individual
variables, including gender, health status, and education level; (2)
household variables, including assets and income, car ownership,
marital status, social networks, and family size; and (3) regional
characteristic variables, including household registration,
urbanisation rate, per capita GDP, and proportion of tertiary
(service) industries. Table 1 provides the definitions of the main
variables, and Table 2 reports the results of the summary statistics.

As shown in Table 2, the average proportion of older adults
(over 60 years old) within the total household population was 9.6%.
Furthermore, 6.3% of the household heads were between 60 and
65 years old, 11.0% were between 65 and 75 years old, and 8.2% were
over 75 years old. From the perspective of urban–rural differences,
the degree of ageing of rural families was slightly higher than that of
urban families, but the carbon dioxide emissions of urban families
were markedly higher than those of rural families.

3.3 Empirical research and analysis

3.3.1 Baseline analysis
This study used a fixed-effects model to investigate the impact of

household ageing on carbon emissions. The baseline regression
model was set as follows:

LnCO2 i,t � β0 + β1Old60 ratei,t + γ′Zi,t + δi + εi,t

LnCO2 i,t � β0 + β1Age6065i,t + β2Age6575i,t + β3Age75i,t + γ′Zi,t

+ δi + εi,t

where LnCO2 i,t denotes the natural logarithm of household carbon
dioxide emissions, including direct and indirect carbon dioxide
emissions; Old60 ratei,t is the proportion of people over 60 years
old within the total household population; Age6065i,t, Age6575i,t,
and Age75i,t represent the binary variables of whether the age of the
household head is 60–65, 65–75, or over 75, respectively; Zi,t refers
to the combination of control variables; δi is the year variable
controlling the fixed effect of time; and εi,t is the model residual.

3.3.2 Endogeneity problems
From the perspective of empirical methods, the age structure

and life cycle effects in the above parameter estimation may be
biased. First, carbon emissions and the resulting air pollution affect
fertility rates (Chancel, 2014; Yu B. et al., 2018), thus affecting the
proportion of older adults in the population. Therefore, reverse

TABLE 1 Variable definition.

Variables Definitions

CO2 Household carbon emissions, including direct carbon emissions and indirect carbon emissions (unit: ton)

Old60_rate The proportion of population over 60 years old in total household size (unit: %)

Age60 Whether the age of householder is below 60 years old (Yes = 1; No = 0)

Age6065 Whether the age of householder is between 60 and 65 years old (Yes = 1; No = 0)

Age6575 Whether the age of householder is between 65 and 75 years old (Yes = 1; No = 0)

Age75 Whether the age of householder is above 75 years old (Yes = 1; No = 0)

Marriage The marriage status of the householder (married = 1; single, divorced or widowed = 0)

Gender The gender of householder (male = 1; female = 0)

Gift Proxy variable for family social networks, the sum of revenue and expenses on gift cash (unit:10,000 yuan)

Health Ordered variable from 1 to 5, corresponds to very bad, bad, average, good, and very good of householder’s health

Asset Total household asset (unit: 10,000 yuan)

Income Total household income (unit: 10,000 yuan)

Education The years of education

Car Whether the family owns car (Yes = 1; No = 0)

Hh_size The number of household members

Urban Household registration variable, Whether sample is urban families (urban = 1; rural = 0)

Indus_stru The value of the services industry/GDP, data at the provincial level

Urbanize_rate Urban residents/total population, data at the provincial level

Pgdp Per capita GDP (unit:10,000 yuan), data at the provincial level

Frontiers in Environmental Science frontiersin.org05

Chai et al. 10.3389/fenvs.2024.1324771

113

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1324771


causality may exist. Second, family age structure and carbon
emission behaviour may be jointly influenced by the social
environment, social preferences, and behavioural habits.
However, these variables cannot be observed or controlled.
Therefore, we addressed potential endogeneity problems through
three methods.

The first method was to use the number of elderly activity places
in the community of the sample family in the CFPS questionnaire as
an instrumental variable of household ageing. The number of
activity places for older adults is related to the degree of
population ageing, but it does not directly affect household
carbon emission behaviour. Accordingly, it may be exogenous in
the determination equation of household carbon emissions.

The second method was to adopt data from the previous period
as core explanatory variables. Specifically, we empirically examined
the impact of population ageing in 2016 and 2018 on household
carbon emissions in 2018 and 2020, respectively. One advantage of
this treatment is that the household age structure can maintain
relative continuity and stability over a short time span. Another is
that the carbon emission activities of current residents generally do
not affect the age structure of the family in previous years. Therefore,
the predetermined variables have good exogeneity.

The third method was to use the first-difference model. Notably,
using predetermined explanatory variables in the regression analysis
can alleviate the endogeneity problems caused by reverse causation
to some extent; however, endogeneity may also arise from omitted
variables that simultaneously affect household age structure and

carbon emission behaviours. Further, we re-estimated the effects of
the ratio of the older adult population and age of the household head
on household carbon emissions using the first-difference model.
This treatment can better control the estimation bias arising from
unobservable factors that do not change with time to satisfy the
condition of Δεi and ΔXi being irrelevant.

3.3.3 Robustness test
We performed a sequence of tests for robustness. First,

according to the ageing criteria set by the United Nations
Population Fund, we re-estimated the age structure effect using
the proportion of adults aged 65 years and older within the total
household population to reflect the degree of family
population ageing.

Second, we substituted per capita carbon emissions for total
household carbon emissions as the dependent variable.

Third, we considered intergenerational related variables in the
regression model of household carbon emissions based on responses
to CFPS questions, including “the amount of financial assistance you
provide to your children,” “the amount of financial assistance your
children provide to you,” “whether to help your children with
housework and childcare,” and “whether your children help you
with housework or take care of your diet and daily living.”

Fourth, we accounted for non-normalised and non-equilibrium
data distribution characteristics, which are common in household
survey data (Jappelli et al., 2013). Respondents are often reluctant to
provide information or do not accurately answer detailed questions

TABLE 2 Descriptive statistics.

Variables All Urban Rural

Mean Std. Dev Mean Mean Std. Dev Mean

CO2 6.121 5.382 8.204 7.466 3.911 3.185

Old60_rate 0.096 0.247 0.102 0.259 0.090 0.234

Age60 0.745 0.435 0.806 0.499 0.680 0.523

Age6065 0.063 0.294 0.053 0.344 0.074 0.396

Age6575 0.110 0.271 0.084 0.228 0.137 0.415

Age75 0.082 0.242 0.057 0.216 0.109 0.279

Marriage 0.824 0.381 0.860 0.347 0.786 0.396

Gender 0.527 0.499 0.540 0.498 0.513 0.500

Gift 0.407 0.598 0.467 0.695 0.343 0.541

Health 2.870 1.207 2.856 1.201 2.885 1.211

Asset 65.952 98.128 97.980 137.488 31.977 42.158

Income 5.915 5.337 9.566 8.825 2.042 2.050

Education 9.056 2.994 12.061 4.355 5.868 2.799

Car 0.094 0.284 0.134 0.368 0.051 0.232

Hh_size 3.615 2.909 3.082 1.823 4.180 2.876

Indus_stru 0.512 0.127 0.520 0.126 0.504 0.121

Urbanize_rate 0.565 0.237 0.525 0.219 0.607 0.295

Pgdp 6.438 3.184 6.735 3.442 6.123 3.363
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about consumption and expenditure because of personal privacy
issues, leading to excessive measurement errors in terms of
household carbon emissions. To increase accuracy, we removed
samples with the highest 5% and the lowest 5% of household
carbon emissions.

3.3.4 Mechanism analysis
According to the theoretical predictions of Yu Y. et al. (2018),

household population ageing can reduce carbon emissions by
promoting a frugal and self-disciplined life attitude. To determine
the degree of frugality, we measured the ratio of total household
income to expenditures over the previous 12 months. A higher ratio
indicates that households live within their means according to their
financial situation and that they live more frugally. For self-
discipline, we followed the approach of Savelli et al. (2017) by
using the number of meals with family (evenings/week) as a
measure, with a value range of 0–7. The greater the number, the
stronger the respondents’ self-discipline tendencies. Based on the
steps for mediation analysis proposed by Baron and Kenny (1986),
we adopted a recursive model to test whether population ageing
affects household carbon emissions through the mechanism of life
attitude, represented by frugality and self-discipline.

Another mechanism that may influence the effect of population
ageing on carbon emissions is future income expectations. The
ageing of the household population can reduce carbon emissions
by lowering expectations of future income. The CFPS questionnaire
directly asked, “Do you think there is a good chance of improving
your living standard in the future?”We used this as a proxy variable
for future income expectations, with a value of 1 for “agree” and
0 for “disagree.”

In addition to life attitudes and future income expectations,
household population ageing may also impact carbon emissions by
affecting people’s environmental awareness, according to Sharma
et al. (2022). Unfortunately, the CFPS questionnaire did not provide
direct indicators of the respondents’ degree of environmental
awareness. However, responses to the question “How serious do
you think China’s environmental problems are?” indirectly reflected
whether people have a strong awareness of environmental
protection. The degree of severity was assigned on a scale of
1–10, with 1 denoting not very serious and 10 denoting very
serious, which correspond to weak and strong environmental
awareness, respectively.

4 Results and discussion

4.1 Baseline results

Columns (1) and (2) of Table 3 provide the baseline regression
results for the effects of age structure and life cycle on household
carbon emissions, respectively. The results show that the proportion
of the older adult population had a significant negative impact on
household carbon emissions. Every 10% increase in the proportion
of older adults (over 60 years old) in the total household population
reduced carbon emissions by approximately 0.60%. A life cycle-
based analysis revealed similar results: compared with young and
middle-aged households (the head of the household is under
60 years old), older households emitted less carbon. Furthermore,

with an increase in the age of the household head, the carbon
emissions of older households gradually decreased, and the
significance of the life cycle effect gradually increased. These
results are consistent with the prediction of Dalton et al. (2008),
based on macro-scale data, that the intensification of population
ageing helps reduce carbon emissions.

From the perspective of urban–rural differences, the results in
Columns (3), (4), (5), and (6) in Table 3 show that the impact of
rural household ageing on carbon emissions was markedly higher
than that of urban household ageing, regardless of the life cycle or
age structure effect. A possible explanation for this variation is that
the urban–rural dual pattern has long been an important feature of
China’s social and economic development. Therefore, there are
considerable differences between rural and urban residents in
terms of consumption, savings, and other economic behaviours
(Li et al., 2018). According to Fan et al. (2021) and Du et al.
(2022), compared with urban older adults, rural older adults have
lower wealth accumulation and future income expectations and are
generally more self-disciplined, frugal, and conservative; therefore,
they are more introverted and modest, and not prone to excessive
consumption. Consequently, the degree of rural household ageing
has a greater impact on household carbon emissions than the degree
of urban household ageing.

In addition to the age of the head of the household and the
proportion of the older adult population, we found that other
household characteristics affected carbon emissions. First, car
ownership, household size, social network, and health status of
the household head had positive and significant impact on
household carbon emissions, which is in accordance with Zhang
X. et al. (2023). Additionally, compared to households with
unmarried heads (single, divorced, or widowed), those with
married household heads emitted more carbon. Second, the
higher the level of household wealth and income, the higher the
household carbon emissions. From the perspective of regional
characteristics, households located in provinces with a lower
proportion of tertiary (service) industries and higher per capita
GDP emitted more carbon than their counterparts, which is
consistent with the findings of previous studies (Sun et al., 2014;
Zhang et al., 2014; Pan et al., 2023).

4.2 Endogeneity

To overcome potential endogeneity problems, we used the
number of elderly activity places in the community of the sample
family as an instrumental variable of household ageing. Table 4
presents the results of two-stage least squares (2LSL) analysis. The
first stage of instrumental variable regression showed that the
number of activity places for older adults in the community was
significantly positively correlated with the proportion of older adults
(over 60 years old) within the total household population, which
conforms to the expectation. The second stage of 2LSL analysis
indicated that the F-value of the Cragg-Donald test was 34.16,
exceeding the thresholds of the week IV. The p-value of the
Wald test for endogeneity was 0.0344, verifying that the
proportion of older adults was endogenous at the statistical level
of 5%. The results of 2LSL analysis indicates that, after taking
endogeneity into consideration, the regression coefficient of the
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Old60_rate reached −0.1162, and the marginal contribution was
significantly higher than that of baseline regression.

Columns (1), (2), (3), and (4) of Table 5 display the lag
regression results. The results show that although the marginal
contributions of the proportion of the older adult population and
the age of the household head were relatively convergent, the age
structure and life cycle effects were still negative and significant.
These results are consistent with those presented in Table 3,

indicating the reliability of the conclusion that ageing of the
household population reduces carbon emissions.

The results of the first-difference model are shown in Table 6.
An increasing proportion of the older adult population significantly
reduced household carbon emissions, indicating that the age
structure effect was valid. Compared to young and middle-aged
families (the head of the household is under 60 years old), older
families (the head of the household is between 65 and 75 years old or

TABLE 3 Baseline estimates of household population ageing on carbon emissions: panel fixed effect.

Variables All Urban Rural

(1) (2) (3) (4) (5) (6)

Old60_rate −0.0598*** (0.0172) −0.0302** (0.0128) −0.0917*** (0.0211)

Age6065 −0.0365 (0.0309) 0.0031 (0.0042) −0.0576* (0.0337)

Age6575 −0.1636*** (0.0587) −0.1063** (0.0460) −0.2154*** (0.0651)

Age75 −0.2281*** (0.0521) −0.0840*** (0.0291) −0.3358*** (0.0714)

Hh_size 0.1077*** (0.0330) 0.0981*** (0.0315) 0.1136*** (0.0270) 0.1126*** (0.0286) 0.0840*** (0.0304) 0.0839** (0.0363)

Gender 0.0360 (0.0327) 0.0357 (0.0340) 0.0408 (0.0376) 0.0479 (0.0382) 0.0187 (0.0246) 0.0207 (0.0262)

LnGift 0.0083*** (0.0026) 0.0084*** (0.0027) 0.0058** (0.0025) 0.0055** (0.0025) 0.0108*** (0.0026) 0.0104*** (0.0026)

Health 0.2123** (0.1077) 0.2065* (0.1075) 0.1039 (0.0732) 0.0963 (0.0693) 0.2196*** (0.0825) 0.2165*** (0.0823)

LnAsset 0.1229*** (0.0281) 0.1253*** (0.0298) 0.0941*** (0.0254) 0.0971*** (0.0318) 0.1327*** (0.0277) 0.1375*** (0.0306)

LnIncome 0.4508** (0.1984) 0.4419** (0.2075) 0.2087** (0.0866) 0.2252** (0.0890) 0.6700*** (0.2236) 0.6583*** (0.2258)

Education −0.0209 (0.0207) −0.0210 (0.0151) −0.0270 (0.0509) −0.0389 (0.0518) −0.0152 (0.0131) −0.0129 (0.0105)

Car 0.1277*** (0.0413) 0.1311*** (0.0424) 0.1853*** (0.0486) 0.1862*** (0.0490) 0.0982*** (0.0372) 0.1079*** (0.0376)

Marriage 0.0463** (0.0182) 0.0491** (0.0225) 0.0514*** (0.0140) 0.0575*** (0.0153) 0.0306** (0.0138) 0.0355** (0.0180)

Indus_stru −0.1352*** (0.0293) −0.1330*** (0.0307) −0.0922*** (0.0256) −0.1064*** (0.0298) −0.1439*** (0.0267) −0.1423*** (0.0251)

Urbanize_rate 0.0210 (0.0187) 0.0239 (0.0172) 0.0793 (0.1117) 0.0853 (0.1062) −0.0092 (0.0087) −0.0096 (0.0068)

LnPgdp 0.3690*** (0.1387) 0.3502** (0.1598) 0.3145*** (0.0715) 0.3057*** (0.0684) 0.4552* (0.2586) 0.4729* (0.2570)

Year dummies Yes Yes Yes Yes Yes Yes

Adjust R2 0.3445 0.3574 0.3876 0.3850 0.2971 0.3034

Obs 37,578 37,578 19,343 19,343 18,235 18,235

Note: Robust standard errors are shown in parentheses, ***p < 0.01, **p < 0.05, *p < 0.10.

TABLE 4 Endogeneity test: instrumental variable regression.

First stage Second stage

Dependent variable: Old60_rate Dependent variable: LnCO2

Number of elderly activity places 0.0176*** (0.0045) Old60_rate −0.1162** (0.0531)

Household characteristics YES Household characteristics YES

Regional characteristics YES Regional characteristics YES

Adjust R2 0.1857 Cragg-donald test: F-value 34.16

Wald endogeneity test: p-value 0.0344

Obs 37,578 Obs 37,578

Note: Robust standard errors are shown in parentheses, ***p < 0.01, **p < 0.05, *p < 0.10.
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above 75 years old) emitted less carbon, which is broadly consistent
with the results in Table 3.

4.3 Robustness

We performed a sequence of tests for robustness. Column (1) of
Table 7 shows that the impact of the older adult population
proportion on household carbon emissions was still negative and
significant under the revised standard of household ageing,
confirming the validity of the study results.

Columns (2) and (3) of Table 7 present the results for the
dependent variable substitution. We found that the age of the
household head had a significant negative correlation with per
capita carbon emissions. Although the effect of the proportion of
the older adult population was not significant, the marginal
coefficient was negative and the t-value reached 1.6102, which is
close to the critical value at the 10% level.

Columns (4) and (5) of Table 7 show that, after controlling for
intergenerational related variables, the estimated coefficients of the
proportion of the older adult population and the age of the

household head were still significantly negative and larger than
those of baseline regression shown in Table 3.

Columns (6) and (7) of Table 7 show consistent results in
rejecting samples with the highest 5% and the lowest 5% of
household carbon emissions. Regardless of the proportion of the
older adult population or age of the household head, the impact of
household ageing was still negative and significant, indicating that
our main findings in the above empirical tests are robust
and reliable.

4.4 Impact of household ageing on carbon
emissions: mechanism analysis

4.4.1 Impact mechanism I: life attitude
The results in Columns (1) and (2) of Table 8 show that when

the dependent variable was the ratio of total household income to
expenditure, which measures the degree of frugality, the estimated
coefficient of the older adult population proportion was positive and
significant, indicating that household population ageing leads to a
more frugal life attitude, which partially supports H1. However,

TABLE 5 Endogeneity test: lag variable regression.

Variables Age structure effect Life cycle effect

(1) (2) (3) (4)

Old60_rate(T-2) −0.0379*** (0.0128) −0.0371*** (0.0126)

Age6065(T-2) 0.0149 (0.0141) 0.0114 (0.0140)

Age6575(T-2) 0.0552*** (0.0212) 0.0516** (0.0212)

Age75(T-2) 0.1482** (0.0633) 0.1504** (0.0620)

Household characteristics YES YES YES YES

Regional characteristics No YES No YES

Adjust R2 0.2635 0.3117 0.2694 0.3181

Obs 19,052 19,052 19,052 19,052

Note: Robust standard errors are shown in parentheses, ***p < 0.01, **p < 0.05, *p < 0.10.

TABLE 6 Endogeneity test: first-difference model.

Variables Age structure effect Life cycle effect

(1) (2) (3) (4)

ΔOld60_rate −0.0176*** (0.062) −0.0132** (0.0060)

ΔAge6065 −0.0090 (0.0078) −0.0084 (0.0077)

ΔAge6575 −0.0673** (0.0287) −0.0624** (0.0280)

ΔAge75 −0.1087*** (0.0324) −0.1003*** (0.0322)

Household characteristics YES YES YES YES

Regional characteristics No YES No YES

Adjust R2 0.2011 0.2480 0.2041 0.2512

Obs 19,052 19,052 19,052 19,052

Note: Robust standard errors are shown in parentheses, ***p < 0.01, **p < 0.05, *p < 0.10.
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when the dependent variable was the number of meals with family,
which reflects self-discipline, the regression coefficient of the older
adult population proportion was negative, contrary to H1.

The self-discipline mechanism test results may indicate a flaw in
the study design. The underlying reason for the conflicting results
may be that the indicator describing self-discipline in the CFPS
questionnaire was insufficient. However, this does not mean that
self-discipline is not directly related to the ageing of the household
population. An examination of the mechanism of life attitude
showed that only the premise of frugality is reasonable. Thus, we
compared the changes in the model coefficients after introducing the
frugality variable, and the results are shown in Columns (3) and (4)
of Table 8. First, the revised model revealed that the ratio of income
to expenditure was positive and significant, indicating that
advocating a frugal life attitude significantly inhibits household
carbon emissions. Second, the estimated coefficient of the older
adult population proportion was reduced by approximately 12%

compared with when the frugality variable was not introduced. In
summary, the introduction of frugality weakens the inhibition effect
of the older adult population proportion on household carbon
emissions, indicating that household ageing leads to a frugal life
attitude, and its impact on household carbon emissions is partly
reflected in a more frugal attitude towards life.

4.4.2 Impact mechanism II: future income
expectation

Table 9 presents the results of the mediation effect test for future
income expectation. As shown in Columns (1) and (2), regardless of
the older adult population proportion or age of the household head,
population ageing reduced the household’s future income
expectations, and all variables were significant, at least at the 10%
level. According to Shui and Dowlatabadi (2005), a reduction in
people’s future income expectations restrains excessive household
consumption through behavioural guidance and demand-driven

TABLE 7 The impact of household population ageing on carbon emissions: robustness test.

LnCO2 Ln (per capita CO2) LnCO2 LnCO2

(1) (2) (3) (4) (5) (6) (7)

Old65_rate −0.0441***
(0.0120)

Old60_rate −0.0285
(0.0177)

−0.0634***
(0.0216)

−0.0608***
(0.0207)

Age6065 0.0140 (0.0253) −0.0337 (0.0264) −0.0312 (0.0265)

Age6575 −0.0821**
(0.0370)

−0.1728***
(0.0611)

−0.1743***
(0.0608)

Age75 −0.1626***
(0.0514)

−0.2586***
(0.0641)

−0.2537***
(0.0620)

Household
characteristics

YES YES YES YES YES YES YES

Regional characteristics YES YES YES YES YES YES YES

Intergenerational
variables

NO NO NO YES YES NO NO

Adjust R2 0.3428 0.2750 0.2787 0.3693 0.3856 0.3560 0.3712

Obs 37,578 37,578 37,578 37,578 37,578 33,814 33,814

Note: Robust standard errors are shown in parentheses, ***p < 0.01, **p < 0.05, *p < 0.10.

TABLE 8 The impact mechanism Ⅰ: life attitude.

Variables Frugality Self-discipline LnCO2

(1) (2) (3) (4) (5)

Old60_rate 0.0317** (0.0128) −1.3540 (1.1093) −0.0598*** (0.0172) −0.0526*** (0.0174) −0.0592*** (0.0170)

Frugality −0.3718*** (0.0902)

Self-discipline −0.0245* (0.0137)

Control variables YES YES YES YES YES

Adjust R2 0.3951 0.2176 0.3445 0.3532 0.3479

Obs 37,578 37,578 37,578 37,578 37,578

Note: Robust standard errors are shown in parentheses, ***p < 0.01, **p < 0.05, *p < 0.10.
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mechanisms, thus reducing household carbon emissions. Columns
(3) and (4) of Table 9 show that optimistic income expectations
significantly increased household carbon emissions and
simultaneously reduced the marginal contributions of the older
adult population proportion and the age of the household head
to household carbon emissions, which strongly supports H2. Thus,
the inhibition effect of family population ageing on carbon
emissions can be partially realised by lowering future income
expectations.

4.4.3 Impact mechanism III:
environmental awareness

Table 10 displays the results of the mediation effect test for
environmental awareness. Column (1) shows that the estimated
coefficient of the older adult population proportion was negative and
significant at the level of 1%, indicating that family ageing reduces
environmental awareness. The results in Column (2) confirm that
the environmental awareness of older households (the head of the
household is 60–65, 65–75, or over 75 years old) was significantly
weaker than that of young and middle-aged households (the head of
the household is below 60 years old). Further, as shown in Columns
(3) and (4) of Table 10, the stronger the environmental awareness,

the lower the household carbon emissions. Moreover, compared
with the baseline regression in Columns (1) and (2) of Table 3,
although the impacts of the older adult population proportion and
age of the household head on carbon emissions were still negative
and significant, their marginal contributions were markedly smaller.
The above results confirm the validity of the environmental
awareness mechanism and verify H3.

5 Conclusion

The relationship between population ageing and environmental
change has long been an important topic in academia. Carbon
emissions and the impacts of population ageing have been widely
studied as essential components of the ecological environment.
However, due to data limitations and technical difficulties in
measuring carbon emissions, relevant research in this area is
often limited to the macro level. Based on detailed household
survey panel data (CFPS in 2016, 2018, and 2020), we
constructed a household population ageing index from two
dimensions—age structure and life cycle—and evaluated the
impact of household ageing on carbon emissions at the micro level.

TABLE 9 The impact mechanism Ⅱ: future income expectation.

Variables Income expectation LnCO2

(1) (2) (3) (4)

Old60_rate −0.3294** (0.1402) −0.0537*** (0.0190)

Age6065 −0.1830*** (0.0548) −0.0358 (0.0304)

Age6575 −0.0910 (0.0794) −0.1641*** (0.0573)

Age75 −0.1452** (0.0663) −0.2030*** (0.0528)

Income expectation 1.2413*** (0.2120) 1.2411*** (0.2123)

Control variables YES YES YES YES

Adjust R2 0.4196 0.4328 0.3478 0.3590

Obs 37,578 37,578 37,578 37,578

Note: Robust standard errors are shown in parentheses, ***p < 0.01, **p < 0.05, *p < 0.10.

TABLE 10 The impact mechanism Ⅲ: environmental awareness.

Variables Environmental awareness LnCO2

(1) (2) (3) (4)

Old60_rate −2.1298*** (0.5406) −0.0521*** (0.0179)

Age6065 −3.0474*** (0.8263) −0.0179 (0.0183)

Age6575 −1.1105* (0.6590) −0.1617*** (0.0540)

Age75 −2.6081*** (0.8734) −0.2044*** (0.0565)

Environmental awareness −0.4914*** (0.1526) −0.4872*** (0.1523)

Control variables YES YES YES YES

Adjust R2 0.4497 0.4425 0.3521 0.3610

Obs 37,578 37,578 37,578 37,578

Note: Robust standard errors are shown in parentheses, ***p < 0.01, **p < 0.05, *p < 0.10.
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The results show that: (1) regardless of the life cycle or age
structure effects, household population ageing significantly reduces
carbon emissions; (2) compared with the impact on urban
households, population ageing has a greater impact on the
carbon emissions of rural households; (3) robustness and
endogeneity tests, including instrumental variable regression, lag
variable regression, the first-difference model, and alternative
measures of independent and dependent variables, confirmed
that the above conclusions are robust and reliable; and (4)
population ageing can reduce household carbon emissions mainly
through advocating for more frugal life attitudes and lowering future
income expectations. Notably, increased carbon emissions
correspond to weakening environmental awareness, which is
associated with older households. However, population ageing
has an overall significant inhibitory effect on household
carbon emissions.

The policy implications of these empirical findings are clear.
First, population ageing is a dominant long-term trend of China’s
demographic structure, presenting new characteristics of the
transformation from rapid ageing to accelerated ageing and
from low-age ageing to high-age ageing. In this context, we
should promote the low-carbon development of “silver
industries” such as medicine, health, and nursing. Guided by
the concepts of energy saving and emission reduction, the
policy design of “silver industries” should strengthen the
adaptation of relevant services to the new trend and
requirements of low-carbon development while improving their
suitability for an ageing population.

Second, the urban-rural differences in the impact of population
ageing on household carbon emissions should be considered. With
the continuous advancement of China’s urbanisation process, the
size and proportion of the urban population have increased sharply,
meanwhile, the trend of smaller-scale households in urban areas has
become more apparent, which has greatly intensified the pressure to
reduce carbon emissions. Notably, co-living in multigenerational
households can promote intergenerational complementarity and
resource sharing, along with reductions in consumption and
carbon emissions through the optimal allocation of household
resources (Zhang Y. et al., 2023). For example, multiple people
living together use resources more efficiently than individuals living
alone. Therefore, the government should implement differentiated
emission reduction strategies for urban and rural residents, and
appropriately limit the “luxury emission” of urban residents on the
premise of ensuring the “survival and development emission” of
rural residents.

Third, the differences in the impact paths of household ageing
on carbon emissions should be considered. In contrast to the
mechanisms of life attitude and future income expectations,
which are helpful in promoting low-carbon behaviours,
household ageing may also increase carbon emissions by
weakening environmental awareness. Compared to the current
generation of young people, older adults are less environmentally
conscious. Therefore, low-carbon values should be promoted among
older adults. The willingness and receptivity of older adults should
be considered as the key factors in the publicity of low-carbon
environmental protection knowledge. The government should
utilise the new media era as an opportunity to expand publicity
channels and use new media such as short videos to strengthen the

popularisation of low-carbon environmental awareness among
older adults.

The study findings provide valuable support for decision making
regarding carbon emissions reduction. However, there are some
limitations in the current study that should be addressed in future
research. First, we only evaluated three mechanisms: life attitude,
future income expectations, and environmental awareness. There
may be other mechanisms, such as wealth accumulation,
consumption preferences, and expenditure structure, through
which population ageing affects household carbon emissions.
Second, in recent years, emissions from the use of gasoline or
electricity for cars have become an important aspect of
household carbon emissions. Due to the lack of available data,
we were unable to discern the household expenditure for gasoline
or electricity for cars. Thus, future studies should consider car-
related emissions in measurements of household carbon emissions.
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Developing green and low-carbon agriculture is an important and effective 
way to promote farmers’ income growth. Given the country’s “dual carbon” 
goal, the study of the impact of green and low-carbon agriculture on the 
income of farmers in ethnic minority areas is crucial for China to achieve the 
goals of socialist modernization and common prosperity. Taking Y Town, Zhijin 
County, Guizhou Province as an example, this paper uses the OLS regression 
method to empirically study the impact of green and low-carbon agricultural 
production methods on the income of farmers in ethnic minority mountainous 
agricultural areas based on the field survey data of 881 farmers. The regression 
results indicate that there is a positive correlation between green and low-
carbon agricultural production and the household income levels of farmers; 
adopting green and low-carbon agricultural production technologies can 
effectively promote the growth of farmers’ household income. In addition, 
education level, health status, and the new rural social pension insurance have 
all had a significant effect on the income of rural households, however, due to 
the difficulty in establishing trust relationships, agricultural service outsourcing 
has reduced the household income level of farmers. As an example, the land 
transfer behavior in Y Town has no significant effect on increasing farmers’ 
incomes. Finally, it is recommended to increase fiscal and financial support as 
well as effectively enhancing farmers’ policy awareness and perception of green 
and low-carbon agricultural production technologies by improving farmers’ 
general trust and institutional trust by strengthening farmers’ agricultural 
education and skills training while cultivating technology-based farming. At the 
same time, it is necessary to break the geographical restrictions on land transfer 
scale and achieve moderate-scale land management while promoting the use 
and adoption of green and low-carbon agricultural production technologies, 
thereby improving agricultural production efficiency and product quality, and 
increasing the sustainable growth of farmers’ income. The main contribution of 
this study is to expand the research scope of green and low-carbon agriculture 
to ethnic minorities and mountainous agricultural areas.
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low carbon, agriculture, farmers’ income, agricultural production technology, land 
transfer
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1 Introduction

Agriculture is the foundation of a country or region’s development 
and the guarantee for the continuous development and progress of the 
entire national economy. On the one hand, agriculture is the most 
basic sector of material production, providing humanity with a 
material foundation for survival, and is the source of a society’s 
clothing, food, and survival. On the other hand, agriculture provides 
raw materials for other sectors, such as industry, and is a necessary 
condition for the existence and development of other material and all 
non-material sectors of production. The economic and social 
development of a country or region cannot be  separated from 
agriculture and its development of agriculture is the primary condition 
for all production. At the same time, agricultural development is 
closely related to climate change. On the one hand, agriculture is the 
fundamental industry most affected by climate change (Wang et al., 
2023). Climate changes such as drought and high temperatures have 
actually led to a 3–8% decrease in global grain production of rice, 
wheat, corn, and other crops (Zou, 2021). China’s meteorological 
disasters caused by climate change events have reduced the production 
of major grain crops by about 10% while climate change has led to a 
decrease of about 5% in food protein and trace elements (Zou, 2021). 
On the other hand, agriculture has dual attributes, namely as carbon 
source and carbon sink. Agricultural production activities are not only 
an important source of greenhouse gas emissions, but also have a 
strong carbon sink effect. According to the fourth assessment report 
released by the IPCC in 2007, agricultural emissions of CH4 and NO2 
account for 50 and 60% of total human activities respectively, while 
their greenhouse gas emissions account for 14% of the global total, 
making them the second largest source of greenhouse gas emissions 
in the world between electric heating production and exhaust 
emissions (Intergovernmental Panel on Climate Change, 2007). At the 
same time, agricultural production also has a strong carbon 
sequestration effect. It can achieve biological carbon sequestration 
through its own multiple channels and methods, including the 
photosynthesis of plants in various ecosystems such as farmland, 
forests, and grasslands. Through these methods, about 30% of global 
annual anthropogenic carbon emissions can be absorbed (Wang et al., 
2023). In view of this, the green, low-carbon, sustainable, and high-
quality development of agriculture has become a focus and concern 
for countries around the world.

China is a major agricultural country and issues related to 
agriculture, rural areas, and farmers are a global concern that affects 
the development of our party and people’s cause, as well as a 
fundamental dilemma that affects the national economy and people’s 
livelihoods. Currently, 500 million out of China’s 1.4 billion people still 
reside in rural areas. Farmers are the fundamental force behind 
China’s economic and social development as well as the main force 
driving the country’s modernization. Solving the problems of 
agriculture, rural areas, and farmers is a requirement for achieving 
China’s industrialization, urbanization, and socialist modernization, 
as well as an effective way to guarantee achieving the goal of the 
people’s common prosperity. Among the issues related to agriculture, 
rural areas, and farmers, increasing the income of farmers is the 
central task of rural work (State Council Office, 2016) and the key to 
solving rural issues.

At the same time, China has entered a new era of ecological 
civilization construction. Adhering to the concept of a community 

with a shared future for mankind and the belief that “green mountains 
and clear waters are invaluable assets,” China has actively participated 
in international carbon neutrality and climate change actions, and 
pledged to the world to achieve carbon peak by 2030 and carbon 
neutrality by 2060 (Zou, 2021). Guided by the “dual carbon” goal, 
green and low-carbon agriculture that continuously increases yield, 
reduces input, reduces pollution, and improves efficiency (Zhang, 
2019) has become the development direction of China’s agriculture, 
hence the country’s agricultural development has begun a new stage.

At present, China has become a moderately prosperous society 
and is moving toward the second centenary goal. If China wants to 
be strong, agriculture must be strong; if China wants to be beautiful, 
rural areas must be beautiful; if China wants to be rich, farmers must 
be  rich (Zhang and Cui, 2023). Therefore, in the new stage of 
development, the issue of “agriculture, rural areas and farmers” is of 
primary importance for China to enter the new era of building a 
socialist and modernized strong country, while the core issue of 
China’s agriculture and rural development is the growth of farmers’ 
income (Xiao, 2021). Thus, promoting the continuous growth of 
farmers’ income has become the core and key to solving the problems 
of agriculture, rural areas, and farmers. Family farming is the most 
important and stable basis of farmers’ income in China. In view of 
this, under the “dual carbon” goal, studying the impact of the green 
and low carbon agricultural production mode on farmers’ income has 
guiding significance for China in terms of solving the “three rural 
issues| while realizing the high-quality development and 
modernization of agriculture.

China is a united multi-ethnic country, therefore in order to 
achieve socialist modernization and common prosperity, “No one 
nation can be left behind” (Xi, 2021). Guizhou Province has a large 
number of ethnic minorities and is also an economically and socially 
underdeveloped province. It is a region that requires special attention 
to consolidate achievements concerning poverty alleviation while 
achieving the goal of common prosperity. Y Town is a remote 
township under the jurisdiction of Zhijin County, Guizhou Province. 
According to field research results, of the 41,055.43 mu of arable land 
in the town, about 80 per cent is mountainous, making it a mountain 
economy and agricultural town. By the end of 2021, the town had a 
total registered residence of 44,103, of which 28,924 are ethnic 
minorities such as Chuanqing, Miao, Bai, accounting for 65.58% of 
the town’s total population. It is a typical township where ethnic 
minorities gather and live. Hence, it is of great practical significance 
to study the influence of green and low-carbon agricultural 
development on farmers’ income in economically underdeveloped 
ethnic minority mountainous agricultural areas of China in order to 
solve the problems of agriculture, rural areas, and farmers, thereby 
comprehensively realizing agriculture’s modernization and a 
common prosperity.

2 Literature review

At present, there is a wealth of research in domestic and foreign 
academic circles on the development of green and low-carbon 
agriculture and its impact on farmers’ income. These studies focus 
mainly on the concepts, influencing factors, low-carbon agriculture or 
agricultural green production policies, and the impact of low-carbon 
agriculture on farmers’ income.

124

https://doi.org/10.3389/fsufs.2024.1358471
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Liang et al. 10.3389/fsufs.2024.1358471

Frontiers in Sustainable Food Systems 03 frontiersin.org

2.1 Overview of green and low-carbon 
agriculture

2.1.1 Concept of low-carbon agriculture
Research on low-carbon agriculture began in the 1990s, and 

Maston’s “ecological intensive agriculture” has included the meaning 
of low emissions (Matson et al., 1997), which is the prototype of 
low-carbon agriculture. In 2003, the UK government issued the 
Energy White Paper “Our Energy Future Creating a Low Carbon 
Economy,” which for the first time explicitly proposed a low-carbon 
economic development concept characterized by “low resource 
consumption” and “low environmental pollution.” As an important 
field for the low-carbon economy, the concept of a low-carbon 
agriculture subsequently emerged and became the mainstream value 
of the international community. Wang (2008) was the first scholar 
in China to propose the concept of a “low-carbon agricultural 
economy” (Jiang, 2020). He believed that the low-carbon agricultural 
economy is an economy that releases the least amount of greenhouse 
gasses during agricultural production and operations, while also 
achieving the maximum social benefits (Wang, 2008). Zhao and 
Qian (2009) viewpoint is similar, believing that low-carbon 
agriculture aims to achieve maximum benefits while minimizing 
greenhouse gas emissions in agricultural production and operations. 
Mellon (2010), on the other hand, believes that low-carbon 
agriculture should be a concept that aims to reduce atmospheric 
greenhouse gas emissions while increase carbon sinks as a means to 
transform agricultural production and farmers’ lifestyles in order to 
achieve high efficiency, low energy consumption, low emissions, 
high carbon sink agriculture. Gao et  al. (2011) have a more 
comprehensive definition of low-carbon agriculture, suggesting that 
it is a new modern agricultural system that, while ensuring social 
demand and food security, saves resources, reduces inputs and 
emissions, improves efficiency, increases benefits, and captures 
carbon storage through measures such as technology, policies and 
management, all in order to minimize direct and indirect greenhouse 
gas emissions in the atmosphere during the entire process of 
pre-production, production, and post-production.

In summary, although scholars have different interpretations of 
the meaning of low-carbon agriculture, its essence and core are 
consistent, namely low input, consumption, pollution and emissions 
respectively, while also achieving high efficiency. From 2020 onwards, 
the meaning of “low-carbon agriculture” has become more diverse, 
including “carbon peaking” and “carbon neutrality” (Wang et  al., 
2023), referring to reducing greenhouse gas emissions, achieving peak 
carbon emissions, and ultimately zero net emissions.

2.1.2 Factors influencing the development of 
low-carbon agriculture

The key link in the development of low-carbon agriculture is the 
use and adoption of low-carbon agricultural production technology. 
Therefore, the research of domestic and foreign scholars on the factors 
affecting the development of low-carbon agriculture is mainly carried 
out from the perspective of factors affecting farmers’ adoption of green 
low-carbon agricultural technology. These influencing factors 
mainly include:

 (1) Personal characteristics of producers (Thangata and 
Alavalapati, 2003; GuangYin and Xin, 2021; Wang et al., 2022): 

age of the farmer, extension contact and the number of people 
who contribute to farm work, education level, and farmers’ 
cognition and perception levels. Among these characteristics, 
a given farmer’s policy cognition has a significant positive 
impact on their low-carbon agricultural technology adoption 
behavior and adoption intensity (GuangYin and Xin, 2021). 
The awareness, perceived benefits, and willingness of farmers 
to engage in green agriculture are directly proportional to their 
green production behaviors, while perceived costs have a 
negative impact on their willingness and behavior to engage in 
green production (Wang et al., 2022).

 (2) Resource endowment, such as information, household capital 
endowment, etc. Information transmission plays an active role 
in promoting agricultural technology adoption and diffusion 
through extension services and social learning. Both extension 
services and social learning are strong determinants of 
technology adoption and diffusion (Genius et al., 2014). The 
low capital level and unreasonable structures to some extent 
inhibit the willingness of farmers to invest in green production 
methods such as returning straw to the field (Zhang 
et al., 2017).

 (3) Government regulations, such as social interaction and 
conversion subsidies, informal institutions and environmental 
regulations, the number of peer adopters and conversion 
subsidies have a positive but diminishing impact on the 
adoption rate of organic agriculture (Chatzimichael et  al., 
2014). Both informal institutions and environmental 
regulations have a promoting effect on the green production 
behavior of farmers. The value orientation, disciplinary 
supervision, and internalization of transmission in informal 
institutions can promote the green production behavior of 
farmers, while the guiding and incentivizing elements in 
environmental regulations also have a positive effect on the 
green production behavior of farmers (Li F. et  al., 2019). 
Ecological agriculture needs to be  supported by advanced 
technology and sufficient financial support has become the 
core factor affecting the adoption of ecological agriculture 
technology (Zheng and Su, 2023).

In addition, farmers’ trust, agricultural insurance, risk avoidance 
and loss avoidance, land dispersion, dietary structure, etc., also have 
a significant impact on farmers’ adoption of green and low-carbon 
technologies. Farmers’ trust significantly enhances their low-carbon 
agricultural technology (LCAT) adoption behavior, while the 
magnitude of the effect is characterized by specific trust > general 
trust > institutional trust chain (Zhou et  al., 2023). Agricultural 
insurance could suppress agricultural carbon emissions directly and 
indirectly through low-carbon technology innovation, thus 
preventing the acceleration of the greenhouse effect. It has been 
discovered that the suppression effect of agricultural insurance on 
agricultural carbon emissions is more significant in the eastern 
regions and non-main grain-producing areas of China (Shijie et al., 
2023). Both risk aversion and loss aversion significantly inhibit 
farmers’ LCAT adoption: more risk-averse or more loss-averse 
farmers are less likely to adopt LCAT (Hui et al., 2023). The degree 
of land dispersion and cultivation methods are significantly 
negatively correlated with the adoption behavior of green 
agricultural technologies by farmers. The experience of village 
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cadres, agricultural income, degree of organization, business scale, 
and knowledge of fertilization technology are positively and 
significantly correlated with farmers adoption behaviors (Hou et al., 
2019). The reduction in demand for meat and the cultivation of feed 
crops will reduce greenhouse gas emissions and release land for 
carbon sequestration through afforestation (Heikki and Janne, 2022).

2.1.3 Policy suggestions for developing 
low-carbon agriculture

Regarding the factors that affect the development of green and 
low-carbon agriculture, domestic and foreign scholars have proposed 
policy recommendations to promote the development of green and 
low-carbon agriculture from aspects of development models, trust 
enhancement, conceptual, and cognitive enhancement, and land 
management scale.

Hutchinson et  al. (2007) research suggests that low-carbon 
agriculture should prioritize the development model of agricultural 
carbon sinks. Managing animal diets and livestock manure 
management systems can also reduce the emissions of CH4 and N2O 
in livestock production processes (Johnson et al., 2007). Implementing 
intensive crop management methods and utilizing intensification 
principles to improve agricultural ecological efficiency is also 
considered the main path to achieve greenhouse gas emissions 
reduction in agriculture while meeting production needs (Snyder 
et al., 2009).

Developing villages through agricultural education and 
low-carbon animal husbandry is a strategy to harness the potential of 
nature. At the same time, it is possible to encourage the application of 
agriculture and low-carbon farms, as well as the adoption of 
technology for the resource utilization of livestock and poultry 
manure, in order to, respectively, reduce household exhaust emissions 
in the production process, increase production output, increase 
community economic level, improve the welfare of farmers, and 
benefit the environment (Syafrudin et al., 2023).

In addition, by strengthening the general and institutional trust of 
farmers (Zhou et al., 2023), the government can vigorously promote 
the benefits of LCAT (Hui et al., 2023), encourage them to play a 
promotional and exemplary role, improve their policy awareness, 
promote the use and adoption of green and low-carbon agricultural 
technologies, improve the quality of agricultural products, and thus 
enhance the spillover effects of green agricultural technologies (Hou 
et al., 2019). Alternatively, by accelerating land transfer and achieving 
moderate scale management of land, farmers can adopt LCAT (Hou 
et al., 2019; Hui et al., 2023).

In addition, relevant policy measures are also crucial for the 
development of low-carbon agriculture, such as building an 
interactive mechanism that supports and integrates informal and 
formal institutions, enhancing farmers’ conceptualization of 
low-carbon agriculture, strengthening agricultural technology 
innovation and promotion, improving the quality of agricultural 
production personnel, providing financial and financial support 
(Qin, 2014), and increasing subsidy standards for low-carbon 
agricultural technology, etc. (GuangYin and Xin, 2021). Promoting 
the development of agricultural insurance in order to encourage 
low-carbon technology innovation is crucial to accelerating the 
process of “carbon peak and neutrality,” especially for the eastern 
regions and non-main grain-producing areas of China (Shijie 
et al., 2023).

2.2 The impact of green and low-carbon 
agriculture on the income of farmers

The development of green and low-carbon agriculture has 
multiple impacts on agriculture or household income. On the one 
hand, the green production behavior of farmers may increase the 
planting cost of crops, thereby reducing their agricultural income (Ma 
et al., 2019).

On the other hand, adopting green and low-carbon agricultural 
technologies and developing green agriculture can increase the 
commodity rate of agricultural products, promoting deep processing 
of agricultural products, increasing the added value of agricultural 
products, and encouraging agricultural efficiency and income growth 
for farmers (Zhu, 2020). Alternatively, the absolute and relative 
income of farmers can be increased by providing high-quality and 
high-priced agricultural products and enhancing the position of 
farmers in the agricultural supply chain (Li and Zhao, 2009). 
Developing green agriculture is an important way to promote farmers’ 
income growth (Zhu, 2020). The study by Chen et al. (2021) shows 
that adopting green production technologies can significantly improve 
the income level of tea farmers. The latter who adopt green production 
technologies can increase their household annual income by 32.6%. If 
the number of technologies adopted increases by one unit, the farm 
income increases by 20.6%. This is significant at the 1% level (Poudel 
et al., 2023). The study by Abrham et al. (2023) suggests that climate-
smart agriculture (CSA) can help smallholder farmers adapt to climate 
change and increase agricultural productivity, thereby enhancing 
household income and food security. Furthermore, the average annual 
agricultural income per hectare of land for farmers who adopt 
collective management is 20.30% higher than that of those who do not 
adopt it (Abrham et al., 2023).

In addition, the impact of green production behavior by farmers 
on their agricultural income varies greatly in different market stages. 
In the early stages of implementing green production behavior, due to 
incomplete market mechanisms such as unclear quality agricultural 
product qualification inspection standards and asymmetric market 
information, high-quality products cannot be priced well, which can 
easily lead to the phenomenon of inferior coins driving out good coins 
(Wang, 2015). Therefore, in the short term, the green production 
behavior of farmers may not have a significant impact on increasing 
agricultural income. However, in the long run, with the continuous 
improvement of the market mechanism for high-quality agricultural 
products and the formation of a positive feedback mechanism, the 
impact of green production behavior of farmers on their agricultural 
income will become increasingly significant (Xiao, 2021).

In summary, although the academic research on green and 
low-carbon agriculture has not been long, the research results are very 
rich, especially in terms of the connotation, influencing factors, policy 
measures, and their impact on farmers’ income and the development 
of green and low-carbon agriculture. However, up until now, there is 
a lack of research on the impact of green and low-carbon agriculture 
on the income of farmers in ethnic minority areas. China is a united 
multi-ethnic country, and achieving socialist modernization and 
common prosperity requires “no one nation can be left behind” (Xi, 
2021). Therefore, it is very important for China to study the impact of 
green and low-carbon agriculture on the income of farmers in ethnic 
minority mountainous agricultural areas. Taking Y Town of Guizhou 
Province as an example, this paper empirically analyzes the impact of 
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green and low-carbon agricultural production on the incomes of 
farmers in this ethnic minority mountainous agricultural area. The 
aim is to provide useful references and suggestions for the realization 
of agricultural modernization and common prosperity goals in China’s 
ethnic minority areas.

3 Model construction and data 
description

3.1 Model construction

The model constructed in this section is the income determination 
model of farmers, which in turn is based on the Mincer income 
equation. The Mincer income equation is a function of income 
determination and income difference derived by the economist 
Mincer based on human capital theory. The original basic form of this 
model is as follows (Mincer, 1974).

 log logy y rs b x b x u= + + + +0 1 2
2

 (1)

In Equation 1, y represents the income of the worker, s represents 
the length of education of the worker, x represents the length of work 
experience (years) of the worker, and u is the random error term. This 
function is actually a model for studying income determination and 
has been widely applied in empirical research on factors affecting 
household income. In empirical research, researchers usually add 
various income-related variables, such as age, gender, political identity, 
etc., to the income determination model based on their 
research objectives.

Based on Mincer’s income equation and the research purpose, the 
income equation of the household level in this study is set as follows 
(the relationship between the variables included in this study and income 
will be explained in Section 3.2).

 ln income lowcorbon X Yi i( ) = + + + +β β β β υ0 1 2 3  (2)

The income level of the farmer is determined by Equation (2). X 
in the equation stands for the personal feature vector of the head of 
household i that may affect the disposable income of the household. 
In this article, the head of household refers to the member who plays 
a leading role in household management and decision-making, and 
may not necessarily be  the “head of household” registered in the 
household registration book. In the equation, Y is the characteristic 
vector of agricultural production that may affect the disposable 
income of farmers’ households, and subscript i is the ith sample 
farmer. The explained variable in Equation (2) is the average monthly 
disposable income of farmers. In order to reduce the heteroscedasticity 
in the sample data and linearize its trend (Li X. et al., 2019), the 
natural logarithm of the average monthly disposable income of rural 
households is taken for the explained variable, and the mean after 
de-logarithm is 7.64 and the standard deviation is 1.046. Of the 
explanatory variables, the core explanatory variable is green and 
low-carbon agricultural production mode, and we use the negative 
indicator “farmers using agricultural plastic films in agricultural 
production” as the proxy for this variable. On the one hand, 

agricultural plastic films can resist adverse environments, provide 
superior growth and development conditions for crops, improve 
agricultural yield and income, and have been widely used worldwide, 
especially the “ground cover film,” which is regarded as one of the 
greatest inventions in planting or agricultural production in the past 
century (Wang, 2021). On the other hand, the production of 
agricultural plastic films requires a large amount of energy 
consumption and generates ECR-GHG emissions (Chi et al., 2021). 
In addition, most agricultural plastic films are difficult to degrade and 
are likely to cause serious adverse effects on the ecological 
environment. The use of agricultural plastic films is not a green and 
low-carbon agricultural production method.

As for the personal feature vector X of the core members 
farmer i, which may affect the disposable income of peasant 
households, the main variables included in this study are: gender 
(gen), age (age), nation (nat), marital status (mar), party 
membership (mem), educational level (edu), state of health (heal), 
social minimum living allowance (allo) and new rural social 
endowment insurance (endo).

In addition to the core explanatory variables, among the 
agricultural production feature vector Y that may affect the disposable 
income of rural households, the variables included in this study are 
agricultural service outsourcing and lease-out area.

3.2 Data and descriptions of variables

The data used in this study are all from the field survey of the 
research team. The rural household samples were collected from the 
rural household registration database of Y Town, Zhijin County, 
Guizhou Province by the research team using the systematic sampling 
method. A total of 881 valid sample data were obtained. Due to the 
fact that the survey data covers a large amount of individual-level 
social and demographic information, it is helpful to identify the 
impact of green and low-carbon agricultural production methods on 
the disposable income of rural households on the basis of controlling 
individual characteristics.

The definitions of the variables included in income determination 
Equation (2) in this study are as follows:

The explained variable is the average monthly disposable income 
of rural households, and is measured by the natural logarithm of the 
average monthly disposable income of the sample rural households in 
2021. From the explanatory variables, the core explanatory variable is 
the green and low-carbon agricultural production mode (low-carbon), 
which is measured by the negative indicator, namely the use of 
agricultural plastic film by farmers in agricultural production. If 
farmers use agricultural plastic films in agricultural production, the 
value is 1, otherwise the value is 0.

In the personal feature vector X of the core members farmer i, 
which may affect the disposable income of farmers’ families, the main 
variables included in this study are:

 (1) Gender (gen), a dummy variable with the value of 1 for males 
and 0 for females. Theoretically speaking, due to the different 
innate characteristics of physiology and the body as well as the 
influence of traditional Chinese ideas and family division of 
labor, male farmers have advantages over women in traditional 
agricultural production and migrant work.
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 (2) Age, the real age of the head of household of the surveyed 
farmers. Generally speaking, with the increase of age, farmers 
have more experience in traditional agricultural production,  
so that the household income of farmers will increase  
correspondingly.

 (3) Nation (nat), the ethnic identity of the head of the household 
of the surveyed farmer, is a dummy variable with a value of 1 
for Han nationality and 0 for minority nationality. Due to the 
unique traditions and customs in minority areas, the 
agricultural production habits and methods of farmers in such 
areas may be different from those in Han areas, which may lead 
to differences in household income of farmers.

 (4) Marital status (mar), a dummy variable, is assigned as 1 if the 
respondent is married/has a spouse, otherwise it is assigned as 
0. In China’s social system, having spouses for farmers means 
more social and economic resources, leading to higher levels of 
household income.

 (5) Party membership (mem) is a dummy variable. If the head of 
the surveyed farmer household is a member of the Communist 
Party of China, the value is 1, otherwise it is 0. Political identity 
is an important element of social capital (Kung and Lee, 2001; 
Knight and Yueh, 2008). In China, the masses of party 
members, let alone the cadres who are party members, have a 
substantial right to participate in rural governance and business 
decision-making. They can quickly and accurately obtain 
valuable political and economic information through meetings, 
documents, etc., and convert this into economic benefits (Kung 
and Lee, 2001; Knight and Yueh, 2008). Therefore, the per 
capita income of “party member households” (i.e., households 
with family members who are members of the Communist 
Party of China) is higher than that of “non-party member 
households,” in other words, party membership can brings with 
an income effect (Cheng et al., 2016). In addition, in China, 
party membership is also an important factor that affects an 
individual’s status and labor participation (Li, 2023), which in 
turn affects the income level of his family.

 (6) Educational level (edu) refers to the years of education for 
those residents who have received education. In China, 
receiving education is currently the main way for farmers to 
accumulate capital. Generally speaking, the higher the 
education level of farmers, the more conducive it is to the 
optimal allocation of agricultural production resources in rural 
production, improving the ability of farmers to learn advanced 
production technologies, thereby promoting their income 
growth (Xiang et al., 2022).

 (7) Health status (health) is a dummy variable that is evaluated by 
the head of household as a reference to their peers. It is assigned 
an integer of 1–5 and corresponds to residents’ health status as 
either “very bad,” “bad,” “fair,” “good,” and “very good”; Health 
status is an important factor determining labor productivity 
and it is directly proportional to labor productivity. That is, the 
better the physical health of farmers, the higher their labor 
productivity (Liang, 2019). In this way, whether in agricultural 
production or working outside, farmers with better physical 
health will have higher income levels.

 (8) Social minimum living allowance (allo). This is a method of 
income redistribution, which is based on the government’s 
transfer payment and is a direct monetary assistance method 

for low-income groups. Under the same economic state, 
farmers who receive the minimum living guarantee have a 
higher income level than those who do not. This variable is a 
dummy variable. If a member of the surveyed household has 
received the government’s minimum living security allowance, 
it is assigned a value of 1, otherwise it is assigned a value of 0.

 (9) New rural social endowment insurance (endo). The 
implementation of the new rural social security system can 
promote the transfer of labor between urban and rural areas 
(Bertrand et  al., 2003; Cally et  al., 2009), thereby having a 
positive impact on the income of rural households (Zhang, 
2021). This variable is a dummy variable. If the surveyed 
farmers have family members who have participated in the new 
rural social pension insurance, the value is 1, otherwise, the 
value is 0.

Among the characteristic vector Y of agricultural production that 
may affect the disposable income of rural households, the main 
variables included in this study are:

 (1) Green and low-carbon agricultural production mode 
(low-carbon) is a dummy variable. If the surveyed farmer uses 
agricultural plastic film in agricultural production, the value is 
1, otherwise the value is 0.

 (2) Agricultural service outsourcing is a virtual variable that 
examines whether the farmers surveyed have outsourced 
agricultural services such as farming, harvesting, and 
technology during the agricultural production process. If the 
farmers surveyed outsource agricultural services in agricultural 
production, the value is 1, otherwise the value is 0. Theoretically 
speaking, the outsourcing of agricultural services can improve 
agricultural production efficiency through specialized division 
of labor, thereby increasing the income level of farmers.

 (3) Leased-out area. Rental land is also an important source of 
income for semi-medium farm households (Singh et al., 2017). 
Theoretically speaking, the larger the land area transferred by 
the surveyed farmers in the land circulation, the higher the 
income level. The variables included in this study and their 
definitions are shown in Table 1 while descriptive statistics for 
each variable in Table 2.

4 Result analysis and discussion

Result Analysis and Discussion. In this section, the least square 
method (OLS) regression is used to estimate Equation (2) of 
household income determination and the results are shown in Table 3.

The regression results in Table  3 show that the “low-carbon” 
variable passes the significance test at the level of 1% and the 
coefficient is negative. It shows that the household income level of 
farmers who use plastic film is lower than that of farmers who do not 
use plastic film. There is a positive correlation between green and 
low-carbon agricultural production methods farmers’ and household 
income levels. The household income level of farmers who use 
low-carbon production methods for agricultural production is higher 
than that of farmers who use non low-carbon production methods 
for agricultural production. Low carbon agricultural production 
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methods can promote the growth of household income for farmers. 
The research results of Ma et al. (2022) also prove this: the adoption 
of green agricultural production technologies by agricultural 
producers can reduce agricultural pollution emissions, increase 
agricultural output value, and thus improve farmers’ income and 
well-being. This is basically consistent with the research findings of 
Chi et al. (2021), which showed a clear “U” relationship between 
green and low-carbon agricultural production technologies and 
household agricultural income. The research conclusion of this article 
is also consistent with the actual production of farmers. Due to the 
need to save production costs, the plastic film used by the sample 
farmers is non-degradable. Due to the time-consuming and laborious 
removal of plastic films as well as the insufficient awareness of 
environmental hazards among farmers, most of the sample farmers 
choose to dispose of plastic residues in farmland, causing soil 
pollution (Koskei et  al., 2021), which has adverse effects on the 
environment and human health (Rodrigues et  al., 2019). Non 
low-carbon agricultural production methods will have negative 
externalities on society, thereby reducing the welfare and income 
levels of farmers. From the perspective of farmers, in the short term 
sample farmers improve agricultural yield and income by adopting a 
non-low carbon production method relying on agricultural plastic 
film for agricultural production, which can resist adverse 
environments and provide superior growth and development 
conditions for crops. However, in the long run, adopting non-low 
carbon agricultural production methods is irrational, as soil pollution 
can reduce agricultural yield and product quality, leading to a 
decrease in household income for farmers.

The age variable passes the significance test at the 5% level, and 
the coefficient is negative. It shows that the average disposable 
monthly income of rural households will decrease with an increase in 
age. This was also confirmed by the studies of Wang et al. (2021) and 
Xiang et al. (2022). This is because, compared to older farmers, young 
farmers have more energy, are more receptive to new things, can 
obtain modern agricultural production and management information 
more efficiently, and can learn and master modern agricultural 
knowledge and technology more quickly.

The marital status variable passed the significance test at the level 
of 1%, and the coefficient was positive, indicating that the income level 
of married farmer families was significantly higher than that of 
unmarried farmer families. This is consistent with the research 
conclusions of Agwu and Orji (2013), Fan (2020), Zhang (2021), and 
Wonder et al. (2022).

The variable of educational attainment passes the significance test 
at the level of 1% while the coefficient is positive. This indicates that 
education level plays a significant role in promoting the household 
income of farmers, that is, the longer the duration of education, the 
higher the education level, the higher the household income level of 
farmers. This was also confirmed by the studies of Liu and Zhao 
(2020), Wang et al. (2021), Xiang et al. (2022), and Mina et al. (2022).

The health status variable passed the significance test at the 1% 
level and had a positive coefficient. It shows that this variable has a 
positive promoting effect on the income of rural households, that is, 
the healthier the body, the higher the income level of rural households. 
Consistent conclusions have been drawn by Fan (2020), Zhang (2021), 
Xiang et al. (2022), and Mina et al. (2022).

The variable of “new rural social endowment insurance” also 
passed the significance test at the level of 1%, and the coefficient was 
positive. This shows that the new rural social endowment insurance 
has a significant role in promoting the household income of rural 
households, and the household income level of insured households is 
significantly higher than the total household income of non-insured 
households. This is consistent with the findings of Zhang et al. (2015) 
and Zhang (2021).

The gender variable did not pass the significance test, indicating 
that the gender of the household head of the surveyed rural households 
had no significant impact on the household income of rural 
households, which was consistent with the research results of Zhang 
(2021) and Xiang et al. (2022). This is because family decisions are 
collective, and although the head of the household plays a major role 
in family decision-making, it is not necessarily decisive. Ethnic 
variables did not pass the significance test, indicating that ethnic 
identity has no significant impact on rural household income, which 
is contrary to the research results of Tang and Huang (2017) and Fan 
(2020). The reasons are as follows: First, regional differences. The 
sample region involved in this study – Guizhou Province – is an area 
where ethnic minorities gather and has a high degree of ethnic 
integration. There is no difference between different ethnic identities 
in education, employment and other aspects. Second, China’s long-
standing policy of ethnic equality has produced practical results. 
Political status variables did not pass the significance test, indicating 
that party membership has no significant impact on household 
income, which is contrary to Kung and Lee (2001), Knight and Yueh 
(2008), Cheng et al. (2016), and Li (2023). The reason is that, given the 
continuous improvement of the socialist market economy system with 
Chinese characteristics, the process of rural governance and 

TABLE 1 List of variables.

List of variables

Variables Definitions

income
ln (Average disposable monthly income of rural households 

(Yuan))

gen 1 means male and 0 means female

age the actual age of the household head

nat 1 means Han and 0 means Minority

mar 1 means Having a spouse and 0 means other

mem
1means the household head being a member of the Communist 

Party of China and 0 means other

edu
The number of years of formal schooling that the surveyed 

household head received

heal
5 means very good; 4 means Good; 3 means fair; 2 means Bad; 1 

means Very bad

allo
1means the surveyed farmers having received the minimum 

living security allowance, 0 means other

endo
1means family members of the surveyed farmer participating in 

the new rural endowment insurance, 0 means other

lowcarbon
1 means the surveyed farmer using agricultural plastic film in 

agricultural production, 0 means other

outs
1 means the surveyed farmer outsourcing agricultural services 

in agricultural production, 0 means other

leased-out
The land area leased out by the surveyed farmers during land 

transfer (mu)
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decision-making in China is becoming more and more open and 
transparent, while the economic benefits of party membership are 
gradually disappearing. The “minimum living security” variable did 
not pass the significance test, indicating that the enjoyment of 
minimum living security did not significantly affect the household 
income of rural households. This is inconsistent with the views of 

Chen et al. (2020). The reasons are as follows: (1) The number of 
farmers in Y Town who enjoy the minimum living guarantee is very 
small, accounting for only 4.4% of the total sample, so it cannot 
significantly affect the total household income level of farmers; (2) The 
minimum living guarantee amount is relatively small, with an average 
of about 205 yuan per person per month (data obtained from field 
investigations), and this amount does not have a significant effect on 
increasing the total income of households. The above factors lead to 
the insight that enjoying the minimum living guarantee cannot have 
a significant impact on the total income of rural households.

The statistical regression results in Table 3 also show that in the 
agricultural production feature vector Y, which may affect the 
disposable income of farmers and households, the agricultural service 
outsourcing variable passes the significance test at the 1% level and the 
coefficient is negative. This indicates that in the process of agricultural 
production, agricultural service outsourcing reduces the household 
income level of farmers. This is contrary to the research conclusions 
of Machila (2015), Lyne et al. (2018), and Xiang and Xiaoqin (2023). 
The reason may be that it is difficult to establish trust between farmers 
and agricultural outsourcing service providers in the regions where 
the sample farmers are located. The distrust of such service providers 
by farmers leads to an increase in production costs and a waste of 
economic resources. For example, farmers may conduct real-time 
supervision when agricultural outsourcing service providers 
deliver services.

In the process of land circulation, land transfer (or land rental) has 
no significant impact on the income of rural households, which is 
inconsistent with the theoretical analysis and findings of Ying and 
Sihong (2022) and Congjia and Lingming (2021). Through in-depth 
investigation, it is found that the reasons why the conclusions drawn 
in this study are inconsistent with the theoretical analysis may mainly 
stem from the following three aspects:

 (1) The scale of land transfer is generally small, resulting in an 
insignificant impact on the income of farmers.

Y Town, located in the Yunnan Guizhou Plateau with more 
mountains than flat dams, is a typical mountainous terrain. As a result, 
a large part of the cultivated land in the town is located in the 
mountains, with a large slope where production and operational costs 
are much higher than that of flat land. Thus, land demanders were 
more inclined to transfer land from the dam area with flat terrain, 
especially in the early stages of land transfer implementation. Indeed, 
by the end of 2021, the land transfer of Y Town was limited to the land 
in the dam area, and farmers whose land is not in the dam area could 
not participate in the transfer. The geographical conditions of Y town 
determined that the proportion of land in the dam area in the 
cultivated land of most farmers is relatively low, at an average of about 
15%. This resulted in a relatively small scale of land transferred by 
most farmers even if they participated in land transfer. As shown in 
Table 4, of the 881 sample farmers, the number of farmers with land 
transfer area less than 1 mu is the highest, with a total of 704 
households, accounting for about 80% of the sample farmers. There 
are 124 households with a land transfer area greater than 1 mu but less 
than 2 mu, accounting for approximately 14% of the total sample 
households. The number of farmers with land transfer areas between 
3 and 5 mu is less than 2% of the total sample size. However, there is 
only one household with a land transfer area greater than 5 mu

The small scale of land transfer leads to the small amount of 
property income from land transfer behavior. As shown in Table 5, 

TABLE 2 Descriptive statistics for each variable.

Variable Obs Mean Std. 
Dev.

Min Max

income 881 3019.103 1827.027 200 5,000

lincome 881 7.640 1.046 5.298 8.517

gen 881 0.848 0.359 0 1

age 881 55.528 13.219 17 94

nat 881 0.603 0.490 0 1

mar 881 0.988 0.111 0 1

mem 881 0.034 0.181 0 1

edu 881 6.350 3.068 0 16

heal 881 3.814 1.365 1 5

allo 881 0.044 0.206 0 1

endo 881 0.691 0.462 0 1

lowcarbon 881 0.393 0.489 0 1

outs 881 0.260 0.439 0 1

leased-out 881 0.498 0.841 0 5.470

TABLE 3 The impact of green and low-carbon agricultural production on 
household income of farmers.

The explained variable is the natural logarithm of the 
average monthly disposable income of rural 
households

gen −0.058 (−0.035) heal 0.651*** (0.033)

age −0.009** (0.003) allo −0.022 (0.088)

nat 0.007 (0.021) endo 0.407*** (0.023)

mar 0.554*** (0.123) Low-carbon −0.239*** (0.036)

mem −0.109 (0.079) outs −0.283*** (0.051)

edu 0.030*** (−0.004) leased-out −0.016 (0.019)

group control

R2 0.899

F 2837.78

Obs 881

***Means significant at 1% significance level; **indicates significant at a significance level of 
5%; The values in parentheses are the robust standard deviations corrected for village-level 
clustering.

TABLE 4 Distribution of land transfer scale of sample farmers.

Transfer 
scale (mu)

<1 [1,2) [2,3) [3,4) [4,5) >5

Number of 

farmers (hu)

704 124 35 9 8 1

Proportion (%) 79.91 14.07 3.97 1.02 0.91 0.11

Data source: field survey and collation.
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among the sample farmers, the maximum income from land transfer 
is 3,282 yuan a year while the minimum is 0 yuan. The average annual 
property income of each household from land transfer is about 
299 yuan.

To sum up, the geographical conditions of Y Town restrict the 
scale of land transfer, leading to farmers in Y Town being unable 
transfer land or that the land area transferred is generally small at the 
present stage, so farmers derive less income from land transfer. As a 
result, the impact of land transfer on household income is 
not significant.

 (2) The transfer scale restricts the release of the agricultural 
labor force.

Due to geographical conditions and natural endowments, farmers 
in Y Town are currently unable to participate in land transfer or the 
scale of land transfer is generally small. As shown in Table 5, of the 
sample farmers, the smallest land area involved in land transfer is 0 
mu, the largest is 5.47 mu, and the average land area of each household 
involved in land transfer is about 0.5 mu. By the end of 2021, the per 
capita cultivated land area of Y Town was about 1.27 mu, and the 
average total cultivated land area of each household was about 5 mu. 
As a result, even if they participated in land transfer, the proportion 
of the land area transferred by farmers is small, and the vast majority 
of farmers cannot transfer all the cultivated land owned by them. In 
fact, of the cultivated land transferred by the sample farmers, only the 
flat and high-quality land in the dam area was transferred by the land 
demand side, while the mountainous cultivated land was classified as 
“inferior goods” and still remained in the hands of farmers. This leads 
to the observation that even after participating in land transfer, sample 
farmers still needed to invest labor in the production and operation of 
mountainous farmland. As a result, this part of the labor force cannot 
be liberated from agricultural production, cannot be transferred to the 
non-agricultural sector for employment, and cannot obtain higher 
wage income compared to agricultural production (Fei and Weijuan, 
2015; Zhonghao and Xingwen, 2016).

To sum up, the geographical conditions and natural endowments 
of Y Town limit the scale of land transfer, so that farmers are still tied 
to agricultural production after the transfer of some of the high-
quality land, and the agricultural labor force cannot be fully released 
(Ruifen and Anlu, 2015; Zhang et  al., 2018), resulting in an 
insignificant income increase effect of land transfer for farmers.

 (3) Land transfer leads to “unemployment.”
The unemployment of farmers caused by the transfer of land 

management rights is also one of the reasons why the impact of land 
transfer on the income growth of Y Town farmers is not significant. 
After in-depth investigation, it was found that about 41.57% of farmers 
whose main source of income is agricultural production and 
operations have lost their land management rights after transferring 
them, while their household labor force is basically in a state of 

“unemployment.” The reasons include: ① insufficient employment 
opportunities in surrounding towns. The transfer of land management 
rights has released some rural labor from agricultural production. 
However, due to the backward development of the local secondary 
and tertiary industries and the impact of the COVID-19 epidemic, the 
surrounding cities and towns have not been able to provide sufficient 
jobs for this surplus labor, resulting in “unemployment” and 
accompanying “land loss” for some rural surplus labor. ② Insufficient 
human capital accumulation. School education is the main way to 
achieve human capital accumulation. However, as can be seen from 
Table 2, the average education span of sample farmers is 6.35 years. 
This means that most of the peasants in Y Town do not receive school 
education after primary school. Most of the surplus rural labor force 
become low-skilled workers due to a lack of human capital 
accumulation and are at a disadvantage when they are transferred to 
non-agricultural sectors, especially when they are exported or 
transferred to such sectors in the developed eastern regions. The 
shortage of human capital accumulation leads to the lack of conditions 
and capital for rural surplus labor to transfer to non-agricultural 
sectors, which results in “unemployment” accompanying “land loss” 
for some rural surplus labor. ③ Local complex. Local complex is a 
unique cultural phenomenon of the Chinese nation. The influence of 
this culture on peasant household behavior is mainly reflected in the 
excessive dependence of rural surplus labor on the local geographical 
environment, living customs, etc. and an inadaptability to the natural 
and cultural environment of foreign villages. The results of field 
research show that most of the sample farmers have different degrees 
of local complex, and some of the rural surplus labor force cannot 
leave their hometown and follow to the non-agricultural sector as 
the result.

To sum up, the land transfer behavior in Y Town has no significant 
effect on increasing the income of farmers due to three reasons: the 
limitations of geographical conditions and natural endowments on the 
scale of land transfer, insufficient release of the agricultural labor force, 
and “unemployment” caused by land transfer.

5 Conclusion and policy implications

Under the guidance of the “dual carbon” goals, the Chinese 
government has further increased its efforts to develop green and 
low-carbon agriculture, with the goal of continuously increasing 
production, reducing input, reducing pollution, and improving 
efficiency (Zhang, 2019), thereby effectively promoting the growth of 
farmers’ income, achieving the modernization of agriculture, while 
realizing the goal of common prosperity. This paper takes Y Town, 
Zhijin county as an example. Using the OLS regression method and 
based on field survey data of 881 farmers, the paper has empirically 
studied the impact of green and low-carbon agricultural production 
methods on the income of farmers in ethnic minority mountainous 
agricultural areas. The main contribution of this study is to expand the 
research scope of green and low-carbon agriculture to ethnic 
minorities and mountainous agricultural areas. The final results are as 
follows: (1) There is a positive correlation between green and 
low-carbon agricultural production methods and household income 
levels while adopting green and low-carbon agricultural production 
technologies can effectively promote the growth of household income 
for farmers; (2) Education level, health status, and new rural social 

TABLE 5 Descriptive statistics of land transfer of sample farmers.

Maximum Minimum Average value

Land transfer 

area (mu)

5.47 0 0.5

Land transfer 

income (yuan)

3,282 0 299

Data source: field survey and collation.
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pension insurance all have a significant promoting effect on the 
income of rural households; (3) Due to the difficulty in establishing 
trust relationships, agricultural service outsourcing has reduced the 
household income level of farmers; (4) The insignificant effect of land 
transfer behavior in Y Town on farmers’ income is due to three 
reasons: the limitations of geographical conditions and natural 
endowments on the scale of land transfer; insufficient release of 
agricultural labor; and “unemployment” caused by land transfer.

Based on the above research results, this study makes the following 
policy recommendations:

 (1) Increase fiscal and financial support, such as raising low-carbon 
agricultural technology subsidy standards while developing 
agricultural insurance, etc., to encourage agricultural 
technology innovation and promotion. Deepen publicity 
efforts, enhance the policy awareness of farmers, as well as their 
awareness and perception of low-carbon agriculture, and 
increase the intensity of farmers adopting low-carbon 
agricultural technologies. Encourage large and professional 
farmers to play a demonstrative role, promote the use and 
adoption of green and low-carbon agricultural technologies, 
improve agricultural production efficiency and product quality, 
thereby promoting the sustainable growth of farmers’ income.

 (2) Attach importance to school and agricultural education in 
rural areas, strengthen skills training for farmers, and cultivate 
technology farmers. Education and training are the main ways 
to accumulate human capital. Improving the human capital 
accumulation and skill level of rural residents requires the 
intervention of government departments: strengthening 
publicity efforts to guide rural residents in ethnic minority 
areas to deeply understand the importance of school education 
will help to achieve this. Assist villagers in solving difficulties 
and provide conditions for children and adolescents in rural 
areas to receive as much school education as possible. Provide 
free opportunities for training in green and low-carbon 
agricultural production technologies and skills, organize 
regular and irregular technical and skill training for farmers, 
and enhance their awareness of green and low-carbon 
agricultural production technologies. Integrate production, 
learning and research, cultivating technology-based farmers, 
while making the fields a classroom for promoting low-carbon 
agricultural production technologies. Through learning by 
doing and doing by learning, we  can effectively enhance 
farmers’ perception of green and low-carbon agricultural 
production technologies and low-carbon agricultural concepts.

 (3) Further improve and perfect the social security system and 
institutions in rural areas. On the one hand, there is a need to 
realize full coverage of rural residents’ endowment and medical 
insurance. On the other hand, it is necessary to increase the 
range of benefits from endowment insurance and medical 
insurance for rural residents, comprehensively achieving 
“medical care for illness and care for the elderly,” while 
providing guarantees for the continuous improvement of 
farmers’ income and living standards.

 (4) Strengthen the construction of social integrity system while 
continuously improving the awareness and level of integrity of 
the whole society. In addition, deepen the general and 
institutional trust of farmers, and have the government certify 
the qualifications and credit of agricultural outsourcing service 

providers, so as to improve the trust of farmers in agricultural 
service providers and agricultural production efficiency.

 (5) Make full use of the resource endowment of minority areas, 
develop characteristic agriculture, and abolish the restrictions 
imposed by geographical conditions on the scale of land transfers. 
There is also a need to achieve large-scale land management and 
create conditions for the use and adoption of green and 
low-carbon agricultural technologies, thereby improving the 
quality of agricultural products and increasing farmers’ incomes. 
For example, relying on leading agricultural enterprises, the 
development of mountainous economy can be achieved by 
planting crops or economic crops suitable for mountainous areas, 
such as chili peppers, tobacco, traditional Chinese medicine, oil 
tea, etc., thus increasing the economic value of mountainous 
output. With the improvement of the output value of 
mountainous areas, the latter will no longer be  “inferior 
commodities,” thereby breaking restrictions on land transfer scale 
caused by land demanders’ “discrimination” against mountainous 
areas, hence increasing the property income of land transfer out 
of households.

 (6) Extend and broaden the agricultural industry chain, while 
promoting the integration of three industries in ethnic minority 
rural areas. The crucial factor determining the impact of land 
transfer behavior in Y Town on farmers’ income growth is that 
the surplus rural labor force cannot be smoothly transferred to 
the non-agricultural sector. The key to the smooth transfer of 
surplus rural labor to the non-agricultural sector lies in providing 
sufficient employment opportunities. To create a sufficient 
number of such opportunities, it is necessary to extend and widen 
the agricultural industry chain, thereby achieving, respectively, 
the deep processing of characteristic agricultural products, relying 
on the resource endowment of ethnic minority areas to realize the 
deep integration of primary, secondary and tertiary industries, 
and the construction of a green and low-carbon agricultural 
industrial system. On the one hand, this will create employment 
opportunities for the agricultural labor force released from land 
transfers, so that they can work on their doorstep. On the other 
hand, it provides conditions for the high-quality development of 
green and low-carbon agriculture.

6 Limitations and future research 
directions

The limitations of our study are presented and also the directions 
for future research here. The present study is limited to ethnic 
minority areas and mountainous agricultural areas in China, 
therefore its research results and development suggestions may not 
be applicable to non-ethnic minority areas and non-mountainous 
agricultural areas. To that end, it is recommended to extend research 
frameworks to non-ethnic minority areas and non-mountainous 
agricultural areas.

The selected index for green and low-carbon agricultural 
production in this study is a single index, which does not provide a 
comprehensive measurement of the green and low-carbon agricultural 
production modes. Hence, it is suggested that future studies should 
adopt a more comprehensive index to measure various aspects of 
green and low-carbon agricultural production methods.

132

https://doi.org/10.3389/fsufs.2024.1358471
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Liang et al. 10.3389/fsufs.2024.1358471

Frontiers in Sustainable Food Systems 11 frontiersin.org

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Author contributions

YL: Conceptualization, Formal analysis, Funding acquisition, 
Methodology, Software, Writing – original draft. TP: Data curation, 
Investigation, Writing – review & editing. YC: Supervision, Writing 
– review & editing. JY: Supervision, Writing – review & editing. CL: 
Investigation, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This study was 
supported by Guizhou Minzu University Humanities and Social 

Science Fund Project (GZMUSK[2022]YB01) and “Think Tank on 
the Common Chinese Nation Community and Multi-ethnic Cultural 
Prosperity” of Guizhou Minzu University.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
Abrham, B., Alisher, M., Recha, J. W., Christopher, O., Philip, M. O., Zerihun, B., et al. 

(2023). Does climate-smart agriculture improve household income and food security? 
Evidence from southern Ethiopia. Environ. Dev. Sustain. 3, 1–28. doi: 10.1007/
s10668-023-03307-9

Agwu, N., and Orji, C. (2013). Empirical analysis of income inequalities and welfare 
among farmers in south eastern Nigeria. Tarım Bilimleri Dergisi 8, 36–42. doi: 10.4038/
jas.v8i1.5378

Bertrand, M., Mullainathan, S., and Miller, D. (2003). Public policy and extended 
families: evidence from pensions in South Africa. World Bank Econ. Rev. 17, 27–50. doi: 
10.1093/wber/lhg014

Cally, A., Anne, C., and Victoria, H. (2009). Labor supply responses to large social 
transfers: longitudinal evidence from South Africa. Am. Econ. J. Appl. Econ. 1, 22–48. 
doi: 10.1257/app.1.1.22

Chatzimichael, K., Genius, M., and Tzouvelekas, V. (2014). Informational cascades 
and technology adoption: evidence from Greek and German organic growers. Food 
Policy 49, 186–195. doi: 10.1016/j.foodpol.2014.08.001

Chen, M., Huang, S., Zhang, F., Dang, Q., Xia, K., Chen, Z., et al. (2021). Study on the 
impact of agricultural green production technology adoption on Farmers' income. J. 
Ecol. Rural Environ. 37, 1310–1317. doi: 10.19741/j.issn.1673-4831.2021.0175

Chen, J., Wang, P., Zhou, J., Song, M., and Zhang, X. (2020). Influencing factors and 
efficiency of funds in humanitarian supply chains: the case of Chinese rural minimum 
living security funds. Ann. Oper. Res. 319, 413–438. doi: 10.1007/s10479-020-03660-2

Cheng, M., Shi, Q., Jin, Y., and Gai, Q. (2016). Marketization, political identity, and 
income effects: evidence from Chinese farmers. Manage. World 3, 46–59. doi: 10.19744/j.
cnki.11-1235/f.2016.03.005

Chi, Y., Xu, Y., Wang, X., Jin, F., and Li, J. (2021). A win–win scenario for agricultural 
green development and farmers’ agricultural income: an empirical analysis based on the 
EKC hypothesis. Sustain. For. 13:8278. doi: 10.3390/su13158278

Congjia, H., and Lingming, C. (2021). Research on the impact of land circulation on the 
income gap of rural households: evidence from CHIP. Land 10:781. doi: 10.3390/land10080781

Fan, Z. (2020). Income inequality in Chinese households and its influencing factors: 
an empirical study based on quantile regression models. Stat. Decis. Making 36, 60–64. 
doi: 10.13546/j.cnki.tjyjc.2020.19.013

Fei, C., and Weijuan, Z. (2015). Research on incentives and welfare effects of farmland 
transfer from the perspective of farmers' behavior. Econ. Res. 50, 163–177. [In Chinese]

Gao, W., Shi, S., Xu, L., and Bian, X. (2011). The concept and value embodiment of 
low-carbon agriculture. Jiangsu Agric. Sci. 2, 13–14. doi: 10.15889/j.
issn.1002-1302.2011.02.070

Genius, M., Koundouri, P., and Nauges, C. (2014). Information transmission in 
irrigation technology adoption and diffusion: social learning, extension services, and 
spatial effects. Am. J. Agric. Econ. 96, 328–344. doi: 10.1093/ajae/aat054

GuangYin, S., and Xin, Y. (2021). Impacts of policy cognition on low-carbon 
agricultural technology adoption of farmers. J. Appl. Ecol. 32, 1373–1382.

Heikki, L., and Janne, R. (2022). Development towards low carbon and sustainable 
agriculture in Finland is possible with moderate changes in land use and diets. Sustain. 
Sci. 18, 425–439. doi: 10.1007/S11625-022-01244-6

Hou, X., Liu, T., Teng, H., and Yuan, X. (2019). The adoption behavior and income 
effects of green agricultural technologies by farmers. J. Northwest A&F Univ. 19, 
121–131. doi: 10.13968/j.cnki.1009-9107.2019.03.15

Hui, M., Yu-rong, Q., and Yong, F. (2023). Risk preferences and the low-carbon 
agricultural technology adoption: evidence from rice production in China. J. Integr. 
Agric. 22, 2577–2590. doi: 10.1016/j.jia.2023.07.002

Hutchinson, J. J., Campbell, C. A., and Desjardins, R. L. (2007). Some perspectives on 
carbon sequestration in the agriculture. Agric. Forest Meteorogy 142, 288–302. doi: 
10.1016/j.agrformet.2006.03.030

Intergovernmental Panel on Climate Change. Climate change 2007:mitigation of 
climate change. Contribution of working group III to the fourth assessment report of the 
intergovernmental panel on climate change Cambridge. London: Cambridge University 
Press. (2007):63–67.

Jiang, L. Evaluation and analysis of influencing factors of low-carbon agricultural 
development in Yangtze River Economic Belt. Nanchang: Jiangxi University of Finance 
and Economics. (2020). 4.

Johnson, J. M. F., Franzluebbers, A. J., Weyers, S. L., and Reicosky, D. C. (2007). 
Agricultural opportunities to mitigate greenhouse gas emissions. Environ. Pollut. 150, 
107–124. doi: 10.1016/j.envpol.2007.06.030

Knight, J., and Yueh, L. (2008). The role of social Capital in the Labor Market in China. 
Econ. Transit. 16, 389–414. doi: 10.1111/j.1468-0351.2008.00329.x

Koskei, K., Munyasya, A. N., Wang, Y.-B., Zhao, Z.-Y., Zhou, R., Indoshi, S. N., et al. 
(2021). Effects of increased plastic film residues on soil properties and crop productivity 
in agro-ecosystem. Med. Chem. J. Hazard. Mater. 414:125521. doi: 10.1016/j.
jhazmat.2021.125521

Kung, J. K., and Lee, Y. (2001). So what if there is income inequality? The distributive 
consequence of non farm employment in rural China. Econ. Dev. Cult. Chang. 50, 19–46. 
doi: 10.1086/321915

Li, H. A study on gender differences in labor market performance. Changchun: Jilin 
University. (2023). 73

Li, X., Han, Y., and Wang, Y. (2019). Analysis of factors affecting the income of farmers 
in major grain producing areas: an empirical analysis based on survey data of farmers 
in Hebei, Shandong, and Henan. East China Econ. Manag. 33, 92–100. doi: 10.19629/j.
cnki.34-1014/f.18120502

Li, F., Zhang, J., and He, K. (2019). The impact of informal institutions and 
environmental regulations on green production behavior of farmers: based on 1105 
household survey data in Hubei Province. Resour. Sci. 41, 1227–1239. doi: 10.18402/
resci.2019.07.04

Li, Y., and Zhao, J. (2009). Research on the impact of green agriculture on Farmers' 
income. Ecol. Econ. 10, 113–115+119. [In Chinese]

133

https://doi.org/10.3389/fsufs.2024.1358471
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://doi.org/10.1007/s10668-023-03307-9
https://doi.org/10.1007/s10668-023-03307-9
https://doi.org/10.4038/jas.v8i1.5378
https://doi.org/10.4038/jas.v8i1.5378
https://doi.org/10.1093/wber/lhg014
https://doi.org/10.1257/app.1.1.22
https://doi.org/10.1016/j.foodpol.2014.08.001
https://doi.org/10.19741/j.issn.1673-4831.2021.0175
https://doi.org/10.1007/s10479-020-03660-2
https://doi.org/10.19744/j.cnki.11-1235/f.2016.03.005
https://doi.org/10.19744/j.cnki.11-1235/f.2016.03.005
https://doi.org/10.3390/su13158278
https://doi.org/10.3390/land10080781
https://doi.org/10.13546/j.cnki.tjyjc.2020.19.013
https://doi.org/10.15889/j.issn.1002-1302.2011.02.070
https://doi.org/10.15889/j.issn.1002-1302.2011.02.070
https://doi.org/10.1093/ajae/aat054
https://doi.org/10.1007/S11625-022-01244-6
https://doi.org/10.13968/j.cnki.1009-9107.2019.03.15
https://doi.org/10.1016/j.jia.2023.07.002
https://doi.org/10.1016/j.agrformet.2006.03.030
https://doi.org/10.1016/j.envpol.2007.06.030
https://doi.org/10.1111/j.1468-0351.2008.00329.x
https://doi.org/10.1016/j.jhazmat.2021.125521
https://doi.org/10.1016/j.jhazmat.2021.125521
https://doi.org/10.1086/321915
https://doi.org/10.19629/j.cnki.34-1014/f.18120502
https://doi.org/10.19629/j.cnki.34-1014/f.18120502
https://doi.org/10.18402/resci.2019.07.04
https://doi.org/10.18402/resci.2019.07.04


Liang et al. 10.3389/fsufs.2024.1358471

Frontiers in Sustainable Food Systems 12 frontiersin.org

Liang, Y. (2019). Urban expansion and resident income growth: empirical evidence 
from the 2009 Chinese household survey data. Guizhou Soc. Sci. 4, 134–144. doi: 
10.13713/j.cnki.cssci.2019.04.020

Liu, Z., and Zhao, Y. (2020). Could the production of green agricultural products 
increase farmer household income? – an empirical analysis on farmer households in 
Inner Mongolia Autonomous Region. Int. J. Sustain. Dev. Plan. 15, 149–156. doi: 
10.18280/ijsdp.150204

Lyne, C. M., Jonas, N., and Ortmann, F. G. (2018). A quantitative assessment of an 
outsourced agricultural extension service in the Umzimkhulu District of KwaZulu-
Natal, South Africa. J. Agric. Educ. Ext. 24, 51–64. doi: 10.1080/1389224X.2017.1387159

Ma, H., Cao, Y., and Mao, S. (2019). The green transformation track of EU's common 
agricultural policy and its mirror for China's political policy reform. Rural Econ. 3, 
135–144. [In Chinese]

Ma, G., Lv, D., Luo, Y., and Jiang, T. (2022). Environmental regulation, urban-rural 
income gap and agricultural green Total factor productivity. Sustain. For. 14:8995. doi: 
10.3390/su14158995

Machila, M. (2015). Assessment of an outsourced agricultural extension service in the 
Mutasa district of Zimbabwe. J. Agric. Extension Rural Dev. 7, 142–149. doi: 10.5897/
JAERD2015.0677

Matson, P. A., Parton, W. J., Power, A. G., and Swift, M. J. (1997). Agricultural 
intensification and ecosystem properties. Science 277, 504–509. doi: 10.1126/
science.277.5325.504

Mellon (2010). Low carbon agriculture is an effective way to address climate change. 
Farmers Daily

Mina, G. A. M., Rahman, Z., Mahmuda, S., Islam, M. J., Bhuiyan, M. N. A., and 
Hossain, B. (2022). An analysis of the pattern of Farmer’s income in Gopalganj District: 
an empirical investigation. Asian J. Econ. Bus. Account. 22, 198–208. doi: 10.9734/
ajeba/2022/v22i23866

Mincer, J. A. (1974). Schooling, Experience, and Earnings. Columbia University Press.

Poudel, S., Panta, K. H., Thapa, S., Dhakal, C. P., and Regmi, K. (2023). Effect of adopting 
agricultural technology on farm income of commercial vegetable growers in Bagamati 
Province of Nepal. Asian J. Adv. Agric. Res. 23, 89–97. doi: 10.9734/ajaar/2023/v23i1455

Qin, J. (2014). Research on obstacles, models, and countermeasures for the 
development of low carbon agriculture. J. Northwest A&F Univ. 14, 70–75. doi: 
10.13968/j.cnki.1009-9107.2014.06.001

Rodrigues, M., Abrantes, N., Gonçalves, F., Nogueira, H., Marques, J. C., and 
Gonçalves, A. M. M. (2019). Impacts of plastic products used in daily life on the 
environment and human health: what is known? Environ. Toxicol. Pharmacol. 72:103239. 
doi: 10.1016/j.etap.2019.103239

Ruifen, C., and Anlu, Z. (2015). Analysis of the economic benefit of farmland 
circulation in Central China: based on a survey of 313 farmers in 27 villages in Hubei 
Province. China Land Sci. 29, 66–72. [In Chinese]

Shijie, J., Lilin, W., and Feiyun, X. (2023). The effect of agriculture insurance on 
agricultural carbon emissions in China: the mediation role of low-carbon technology 
innovation. Sustain. For. 15:4431. doi: 10.3390/su15054431

Singh, G., Anupama, K. G., Kaur, G., Kaur, R., and Kaur, S. (2017). Levels, pattern 
and distribution of income of farmers and agricultural Labourers in rural Punjab: 
inter-regional analysis#. Indian J. Econ. Dev. 13, 39–52. doi: 10.5958/ 
2322-0430.2017.00006.3

Snyder, C. S., Bruulsema, T. W., Jensen, T. L., and Fixen, P. E. (2009). Review of 
greenhouse gas emissions from crop production systems and fertilizer management 
effects. Agric. Ecosyst. Environ. 133, 247–266. doi: 10.1016/j.agee.2009.04.021

State Council Office. (2016). "Several opinions of the general Office of the State 
Council on improving support policies to promote sustainable income increase of 
farmers" (State Council Office [2016] No. 87).

Syafrudin, N., Hardyanti, N., Juliani, H., and Octaviani, Y. N. (2023). Development of 
low carbon agriculture and animal husbandry in Thekelan hamlet, Indonesia using the 
participatory rural appraisal approach method. IOP Conf. Series 1168:12015. doi: 
10.1088/1755-1315/1168/1/012015

Tang, J., and Huang, Q. (2017). Identity and income disparities: an empirical study 
based on quantile regression. J. Guizhou Univ. Finan. Econ. 4, 93–102. [In Chinese]

Thangata, P., and Alavalapati, J. (2003). Agroforestry adoption in southern Malawi: 
the case of mixed intercropping of Gliricidia sepium and maize. Agric. Syst. 78, 57–71. 
doi: 10.1016/S0308-521X(03)00032-5

Wang, Y. (2008). A brief discussion on low carbon agricultural economy. China Agric. 
Inform. 8, 12–15. [In Chinese]

Wang, N. Environmental protection economy should prevent bad currency from 
driving out good currency. China economic Times. (2015).

Wang, S. (2021). Plastic film coverage – Protecting crop production. Available at: https://
iswc.cas.cn/zt_171958/kpzw/202112/t20211230_6330447.html

Wang, X., Chen, Y., and Zhao, D. (2022). Research on green agriculture production 
behavior of farmers based on SEM – evidence from 352 sample farmers in Xinjiang. 
China Agric. Resour. Regional. 43, 67–74. [In Chinese]

Wang, S., Guangcai, X., and Huang, Y. (2023). A review of low carbon agriculture 
research. Modern Agric. Res. 29, 13–16. doi: 10.19704/j.cnki.xdnyyj.2023.05.006

Wang, M., He, B., Zhang, J., and Jin, Y. (2021). Analysis of the effect of cooperatives 
on increasing farmers’ income from the perspective of industry prosperity based on the 
PSM empirical study in Shennongjia region. Sustain. For. 13:3172. doi: 10.3390/
su132313172

Wonder, A., Yuansheng, J., and Gideon, N. (2022). Impact of crop insurance on cocoa 
farmers' income: an empirical analysis from Ghana. Environ. Sci. Pollut. Res. Int. 29, 
62371–62381. doi: 10.1007/s11356-022-20035-1

Xi, J. Xijinping on respecting and protecting human rights: Beijing: Central Party 
Literature Press. (2021): 122.

Xiang, D., Min, Z., and Chunlin, W. (2022). The impact of rural land right on farmers’ 
income in underdeveloped areas: evidence from Micro-survey data in Yunnan Province, 
China. Land 11:1780. doi: 10.3390/land11101780

Xiang, L., and Xiaoqin, G. (2023). Can policy promote agricultural service 
outsourcing? Quasi-natural experimental evidence from China. Sustain. For. 15:1009. 
doi: 10.3390/su15021009

Xiao, Y. Study on the influence of farmers' green production behavior on agricultural 
income. Hangzhou: Zhejiang A&F University. (2021). 1.

Ying, L., and Sihong, L. A study on the impact of agricultural land transfer on farm 
household income. 2022 International Conference on County Economic Development, 
Rural Revitalization and Social Sciences (ICCRS 2022). (2022).

Zhang, F. Strategies and pathways for agricultural green development. Nanyang. (2019). 
10. Available at: http://www.360doc.com/content/20/0910/17/37581541_934978498.
shtml

Zhang, X. (2021). The impact of pension insurance on Farmers' income from the 
perspective of labor transfer. Anhui Agric. Sci. 49, 224–227. doi: 10.3969/j.
issn.0517-6611.2021.18.054

Zhang, H., and Cui, Z. (2023). Livable, business friendly, and beautiful rural 
construction: realistic foundation and implementation path. China Rural Econ. 9, 36–47. 
doi: 10.20077/j.cnki.11-1262/f.2023.09.003

Zhang, L., Feng, S. Y., Heerink, N., Qu, F., and Kuyvenhoven, A. (2018). How do land 
rental markets affect household income: evidence rom rural Jiangsu. Land Use Policy 74, 
151–165. doi: 10.1016/j.landusepol.2017.09.005

Zhang, C., Giles, J., and Zhao, Y. (2015). Evaluation of the effectiveness of the new 
rural social pension insurance policy: income, poverty, consumption, subjective welfare, 
and labor supply. Economics 14, 203–230. doi: 10.13821/j.cnki.ceq.2015.01.012

Zhang, T., Yan, T., He, K., Zhang, J. (2017). The impact of capital endowment on 
farmers' willingness to invest in green production: a case study of returning straw to the 
field China population. Resour. Environ. 27, 78–89. doi: 10.12062/cpre.20170422

Zhao, Q., and Qian, H. (2009). Reflection on low carbon economy and agricultural 
development. J. Ecol. Environ. 18, 1609–1614. doi: 10.16258/j.cnki.1674-5906.2009.05.077

Zheng, J., and Su, L. (2023). The impact of green credit on the implementation 
behavior of ecological agriculture technology by farmers: the mediating effect based on 
ecological cognition and the moderating effect of agricultural income proportion. Hubei 
Soc. Sci. 1, 74–81. doi: 10.13660/j.cnki.42-1112/c.016026

Zhonghao, Q., and Xingwen, W. (2016). How does farmland transfer promote the 
increase of Farmers' income: an empirical analysis based on the survey data of 
farmers in Jiangsu, Guangxi, Hubei and Montenegro. Chin. Rural Econ. 10, 39–50. 
[In Chinese]

Zhou, W., He, J., Liu, S., and Xu, D. (2023). How does trust influence farmers’ low-
carbon agricultural technology adoption? Evidence from rural southwest, China. Land 
12:466. doi: 10.3390/land12020466

Zhu, J. Research on the impact of green agriculture development on farmers Income in 
Hubei Province under the background of rural revitalization. Jingzhou: Changjiang 
University. (2020)

Zou, J. Carbon neutrality and the development of low-carbon green agriculture. (2021). 
Available at: http://www.360doc.com/content/21/1126/16/37581541_1006008240.shtml

134

https://doi.org/10.3389/fsufs.2024.1358471
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://doi.org/10.13713/j.cnki.cssci.2019.04.020
https://doi.org/10.18280/ijsdp.150204
https://doi.org/10.1080/1389224X.2017.1387159
https://doi.org/10.3390/su14158995
https://doi.org/10.5897/JAERD2015.0677
https://doi.org/10.5897/JAERD2015.0677
https://doi.org/10.1126/science.277.5325.504
https://doi.org/10.1126/science.277.5325.504
https://doi.org/10.9734/ajeba/2022/v22i23866
https://doi.org/10.9734/ajeba/2022/v22i23866
https://doi.org/10.9734/ajaar/2023/v23i1455
https://doi.org/10.13968/j.cnki.1009-9107.2014.06.001
https://doi.org/10.1016/j.etap.2019.103239
https://doi.org/10.3390/su15054431
https://doi.org/10.5958/2322-0430.2017.00006.3
https://doi.org/10.5958/2322-0430.2017.00006.3
https://doi.org/10.1016/j.agee.2009.04.021
https://doi.org/10.1088/1755-1315/1168/1/012015
https://doi.org/10.1016/S0308-521X(03)00032-5
https://iswc.cas.cn/zt_171958/kpzw/202112/t20211230_6330447.html
https://iswc.cas.cn/zt_171958/kpzw/202112/t20211230_6330447.html
https://doi.org/10.19704/j.cnki.xdnyyj.2023.05.006
https://doi.org/10.3390/su132313172
https://doi.org/10.3390/su132313172
https://doi.org/10.1007/s11356-022-20035-1
https://doi.org/10.3390/land11101780
https://doi.org/10.3390/su15021009
http://www.360doc.com/content/20/0910/17/37581541_934978498.shtml
http://www.360doc.com/content/20/0910/17/37581541_934978498.shtml
https://doi.org/10.3969/j.issn.0517-6611.2021.18.054
https://doi.org/10.3969/j.issn.0517-6611.2021.18.054
https://doi.org/10.20077/j.cnki.11-1262/f.2023.09.003
https://doi.org/10.1016/j.landusepol.2017.09.005
https://doi.org/10.13821/j.cnki.ceq.2015.01.012
https://doi.org/10.12062/cpre.20170422
https://doi.org/10.16258/j.cnki.1674-5906.2009.05.077
https://doi.org/10.13660/j.cnki.42-1112/c.016026
https://doi.org/10.3390/land12020466
http://www.360doc.com/content/21/1126/16/37581541_1006008240.shtml


Exploring the relationships
between different dimensions of
digital transformation and
corporate greenization: evidence
from listed companies in China

Xiaoqing Xie1 and Yu Qi2*
1School of Credit Management, Guangdong University of Finance, Guangzhou, Guangdong, China,
2School of Management, Guangdong Polytechnic Normal University, Guangzhou, Guangdong, China

In recent years, there has been an increasing recognition of the importance of the
coordinated development of digitalization and greenization. However, the
existing research lacks a systematic framework for understanding the
relationship between different dimensions of digital transformation and
various strategies of green innovation. Furthermore, the role of different types
of slack resources in this relationship has been largely overlooked. This paper
aims to address these gaps by examining the impact of digital transformation on
corporate greenization and the moderating role of organizational slack from a
heterogeneity perspective. To achieve this, we differentiate digital transformation
into two dimensions: breadth and depth. Similarly, corporate greenization is
divided into input and output. Additionally, we distinguish between absorbed and
unabsorbed slack resources. We empirically test our research hypotheses using
data from Chinese A-share listed companies from 2011 to 2020. Our findings
reveal the following insights: 1) The breadth and depth of digital transformation
positively influence corporate greenization outputs, while negatively affecting
greenization inputs. 2) The depth of digital transformation has a stronger impact
on both greenization input and output compared to its breadth. 3) Absorbed slack
resources and unabsorbed slack resources not only act as negativemoderators in
the relationship between digital transformation and greenization inputs but also
weaken the positive impact of digital transformation on greenization outputs. 4)
Absorbed slack resources exhibit a stronger moderating effect than unabsorbed
slack resources. This paper contributes to the literature by shedding light on the
differential effects of different dimensions of digital transformation on various
types of greenization, considering the role of slack resources. Moreover, it
provides practical implications for effectively advancing digitalization and
greenization in Chinese enterprises.
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1 Introduction

The adverse effects of global warming and environmental
pollution have had a significant impact on economic activities
worldwide. Addressing these environmental challenges has
become an urgent task for global economic development. In line
with this, the Chinese government has demonstrated its
commitment to reducing environmental pollution by announcing
its goal to achieve a peak in carbon dioxide emissions by 2030 and
carbon neutrality by 2060 during the 75th session of the United
Nations General Assembly. At the same time, new technologies such
as artificial intelligence, blockchain, cloud computing, and big data
have elicited substantial changes in business operations and process
control. This digital transformation has become a new engine for the
high-quality development of micro-enterprises andmacro economy,
thereby occupying a pivotal role in the process of low-carbon
transformation of the entire society. As the main entity
responsible for environmental obligations and a key participant
in digital transformation, the relationship between digitalization and
greenization of enterprises has become a prominent topic in various
disciplines, including information systems and strategic
management.

The relationship between digitization and greenization is a
complex and interdisciplinary issue that operates at multiple
levels. At the national and industry levels, considerable attention
has been given to the consequences of digitization, the antecedents
of greenization, and how digitization influences greenization.
Digitization refers to the process of transforming traditional
societies into intelligent societies through the application of new
technologies such as artificial intelligence and big data. It relies on
digital platforms as infrastructure and digital data as a new energy
source (Gradillas and Thomas, 2023). As a new driving force,
digitization has a significant impact on various aspects of the
economic system, including energy consumption (Wang and Su,
2020; Xu et al., 2022), economic growth (Myovella et al., 2020), food
production (Lioutas et al., 2021), and manufacturing transformation
(Papadopoulos et al., 2022).

Greenization, on the other hand, represents a development
model that embraces environmentally friendly and sustainable
practices to minimize negative environmental impacts while
promoting economic growth (Wang et al., 2020). Existing
literature has explored the driving factors of greenization from
various perspectives, such as trade freedom and openness (Wang
et al., 2023a; 2023b), natural resource rents and corruption
governance (Adebayo et al., 2023; Li et al., 2023), and geopolitics
(Wang et al., 2023c; Li et al., 2024). In comparison, the relationship
between digitization and greenization has received less attention
(Wang et al., 2023d) and consensus has yet to be reached. Some
scholars argue that digitization can promote energy conservation
and emission reduction through technological innovation (Ren
et al., 2023) and energy infrastructure advancements (Murshed,
2020). However, other studies have found that digitization leads to
increased resource and energy consumption, as well as waste and
emissions from hardware manufacturing, use, and disposal,
ultimately exacerbating environmental burdens (Chen et al.,
2020; Lange et al., 2020). Additionally, some research suggests a
nonlinear relationship between the digital economy and carbon
dioxide emissions (Xiang et al., 2022b). Moreover, the impact of

digitization on greenization is contingent upon globalization, as
indicated by certain studies (Wang et al., 2023e).

At the enterprise level, research on the relationship between
digital transformation and corporate greenization primarily focuses
on three main aspects. The first aspect pertains to the measurement
of core variables. Most studies in the literature consider digital
transformation and corporate greening as overall activities of a firm,
but there are a few studies that have divided these variables into
different categories. For digital transformation, some studies
propose four general transformation strategies by combining
digital technologies with business models (Tekic and Koroteev,
2019), while others divide it into exploitation and exploration
based on differences in business operations (Liu Q. R. et al.,
2023), or into technology-based and market-based in terms of
internal activity change and external environment adaptation
(Ying and Jin, 2023). Regarding corporate greenization, existing
literature often categorizes it as incremental and radical based on the
pace of innovation activities (Klimas and Czakon, 2022), or process-
related and product-related based on the economic benefits
generated by green activities (Karimi Takalo et al., 2021), or
substantive and strategic from the motivation for green
transformation (He et al., 2023).

The second aspect focuses on exploring the relationship between
the core variables. There is widespread debate in the literature
regarding whether and how digital transformation affects green
innovation. Some argue that digitalization promotes greenization
throughmechanisms such as easing financing constraints (Xue et al.,
2022; Fan et al., 2023; Wang C. et al., 2023), attracting government
subsidies (Feng et al., 2022; Xu et al., 2024), and improving capital
investment and allocation (Liu X. et al., 2023; Yuan and Pan, 2023;
Xu et al., 2024). Others suggest that digitization may hinder
greenization by impeding knowledge sharing (Sun et al., 2021),
creating tensions (Hellemans et al., 2022), leading to disruption risks
(Buck et al., 2023), and increasing operational costs (Guo et al.,
2023). There is also a non-linear relationship proposed, including a
U-shaped (Sarkis et al., 2021; Ha et al., 2022; Peng et al., 2022; Yang
Y. et al., 2023) and inverted U-shaped relationships (Dou and Gao,
2022; Li, 2022; Wang et al., 2023d). Individual studies have also
investigated the relationship between digitization and different
dimensions of greenization, revealing heterogeneity in their
impacts, such as He et al. (2023) found that digitization can
significantly affect green innovation, but when categorizing green
innovation into substantive and strategic green innovation, digital
transformation only positively impacts substantive green
innovation.

The third aspect focuses on contextual factors that influence the
relationship between digitalization and greenization, particularly
organizational slack. Scholars have examined the influence of
external environmental factors such as environmental regulation
(Shen and Wang, 2023), economic development level (Wang C.
et al., 2023) and media attention (Li J. et al., 2023), as well as the
moderating effect of internal organizational variables such as board
characteristics (Chen andHao, 2022) and internal control (Fan et al.,
2023). Only a few studies have considered organizational slack as a
contextual factor. Some studies find that slack resources can
moderate the impact of digitalization, for example, Zhang K.
et al. (2023) found that slack resources can positively moderate
the inhibition effect of digital transformation on greenwashing
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behavior. In contrast, others examine how the direction or degree of
influence of organizational or environmental factors on firm
greening changes with variations in slack resources. Findings in
this area are inconsistent (e.g., Sun and Sun, 2021; Zhang J. et al.,
2022; Xiao et al., 2023; Gao and Yang, 2023). However, it should be
pointed out that, a few pioneers consider organizational slack as the
boundary condition of the relationship between digital
transformation and corporate greenization, and find that
absorbed, unabsorbed, and potential slack resources positively
moderate the impact of artificial intelligence on green total factor
productivity (Ying et al., 2023).

Previous research has made significant strides, yet certain gaps
remain. Firstly, the concepts of digital transformation and corporate
greenization are often treated holistically, lacking a detailed
breakdown of their types or dimensions, as well as novel
measurement methods based on these dimensions. Many studies
default to treating these variables as one-dimensional, focusing
solely on revealing the underlying mechanisms. While this
approach can contribute new knowledge, it also adds to the
complexity of the knowledge system. Secondly, there is a dearth
of systematic research on the impacts of different dimensions of
digital transformation on various greenization strategies. Existing
literature primarily focuses on the influence path, with few studies
analyzing the influence of digitization on the dimensions of
greenization. The examination of their relationship at the
dimension or category level remains incomplete. Lastly, the
boundary conditions of digitalization affecting greenization, from
the perspective of slack resources, have received limited attention.
Although some papers explore the moderating effect of slack
resources, there is a lack of comprehensive analysis on how these
resources influence the relationship between the various dimensions
of the core variable.

To address the aforementioned gaps, this paper aims to
investigate the relationship between different dimensions of
digital transformation and the process of corporate greenization,
taking into account the potential moderating influence of various
types of slack resources from a heterogeneity perspective. According
to the application of digital technology, digital transformation can be
categorized into two dimensions: breadth of digital transformation
(BODT) and depth of digital transformation (DODT). BODT refers
to the scope of digital technologies and related tools adopted by
enterprises in the process of digital transformation, including both
“underlying technologies” such as artificial intelligence and
blockchain, and “practical applications” that arise from leveraging
these underlying technologies in specific businesses or scenarios,
such as mobile internet and industrial internet (Feng et al., 2022; Ren
et al., 2022). DODT pertains to the degree or intensity of investment
in resources (Yang Z. et al., 2023) and attention (Resch and Kock,
2021) that enterprises allocate to adjusting or reconstructing various
elements of the organization using these underlying technologies
and practical applications. Corporate greenization is the process
through which companies innovate in energy conservation,
emissions reduction, and resource utilization to achieve a
harmonious development of the economy and the environment.
Building on research on green innovation performance (Yang et al.,
2022), corporate greenization can be further classified into two
dimensions: input of corporate greenization (IOCG) and output
of corporate greenization (OOCG). IOCG primarily encompasses

investments in environmental protection equipment and clean
manufacturing technologies, while OOCG refers to the
acquisition of green products and the outcomes of green
innovation. Slack resources are resources that go beyond the
daily operational requirements of a company and can be utilized
in the future (Bourgeois and Singh, 1983; Nohria and Gulati, 1996).
They are often classified based on their degree of liquidity as
absorbed slack resources (ASR) and unabsorbed slack resources
(USR) (Singh, 1986). ASR are resources earmarked for specific
purposes closely linked to the core business, such as excess
production equipment and idle plants. USR, in contrast,
encompass resources that lack specific earmarking and are not
intrinsically tied to ongoing business operations or strategic
planning, like available cash or equivalents. Based on the
definitions provided above, this paper utilizes data from listed
companies on the Shanghai and Shenzhen stock exchanges from
2011 to 2020 to examine the impact of digital transformation on
greening of enterprises. The empirical results indicate that both
BODT and DODT have a negative impact on IOCG, while exerting a
positive influence on OOCG, with DODT demonstrating a more
pronounced impact. Additionally, both ASR and USR weaken the
relationship between BODT/DODT and IOCG, while also
attenuating the positive impact of BODT/DODT on OOCG, with
ASR exhibiting a stronger moderating effect.

Our study has made several contributions. Firstly, we have
deconstructed the core variables of digitization and greenization,
taking into account the realities of these phenomena, and have
developed innovative measurement methods. Previous research has
often treated digitalization and greenization as unidimensional
variables, with only a limited number of studies exploring their
subcategories. In contrast, our study breaks down digitization into
breadth and depth, which captures the scope and scale of business
changes facilitated by “underlying technologies” and “practical
applications.” This approach enhances our understanding of the
various modes and diversity of digital transformation at a deeper
level. Furthermore, we conceptualize greenization in terms of inputs
and outputs, which effectively captures the utilization and allocation
of green resources, providing a more comprehensive understanding
of operational activities and management effectiveness in business
greening. Additionally, we measure the breadth and depth based on
the categorization and proportion of digital texts, which not only
demonstrates the originality of our measurement method but also
establishes a foundation for empirical research on digital
transformation.

Secondly, we examine the specific effects of different dimensions
of digital transformation on corporate greenization strategies from a
heterogeneity perspective. While most articles focus on investigating
the intrinsic mechanisms through which digitalization influences
greenization, only a few scholars have explored this relationship
through dimensionalization and categorization. In contrast, we not
only explore the direction and intensity of the impact of BODT/
DODT on IOCG or OOCG, but also compare the effects of BODT
and DODT. This not only provides new insights for academic
analysis of how digitalization truly affects greenization but also
offers valuable guidance for practitioners seeking to understand this
complex relationship.

Thirdly, we uncover the boundary conditions of the impact of
digital transformation on green practices within the context of slack
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resources. While many scholars have analyzed moderating variables,
their focus has primarily been on these general external
environmental and internal organizational factors. Although
some studies have considered slack resources as a boundary
condition, they have not thoroughly examined their moderating
effects on the relationship between the dimensions of these variables.
In contrast, our study integrates the behavioral theory of the firm
and principal-agent theory to discuss the impact of organizational
slack on the relationship between BODT/DODT and IOCG/OOCG.
We also compare the moderating effects of ASR/USR. Our findings
demonstrate that slack resources can be seen as “sweet burdens” to a
certain extent, providing new evidence on how companies can adjust
the relationship between digitization and greenization through
resource allocation.

The remainder of this study is organized as follows: Section 2
constructs the theoretical framework and proposes research
hypotheses. Section 3 describes the data sources, variable
measurements, and empirical models. Section 4 presents the
results of hypothesis testing and robustness checks. Section 5
discusses the research findings and policy recommendations.

2 Theoretical framework and research
hypotheses

The resource-based theory, the behavioral theory of the firm,
and agency theory provide valuable theoretical lenses for
understanding the relationship between digital transformation
and greenization. The resource-based theory elucidates the
process by which firms generate competitive advantage through
the utilization of their resources and dynamic capabilities (He et al.,
2023). Initially, the resource-based view held dominance,
emphasizing the criticality of valuable, scarce, non-imitable, and
non-substitutable resources in driving a company’s long-term
success (Barney, 1991). However, in light of rapid technological
advancements, intense market competition, and evolving
governmental regulations, the efficient redistribution of resources
by enterprises has emerged as a paramount concern, giving rise to
the concept of dynamic capabilities. In contrast to the resource-
based view, the theory of dynamic capabilities underscores the
significance of firms’ capacity to effectively integrate, develop,
and reconfigure resources in response to swiftly changing
environments (Teece et al., 1997).

From the perspective of the resource-based theory, digital
transformation can potentially impact the greening of businesses
by providing them with unique and valuable resources or enhancing
their ability to reconfigure resources. The acquisition of resources
and the development of capabilities further influence the input or
output of corporate greenization (Alzamora-Ruiz et al., 2021;
Barroso-Castro et al., 2022). However, the role of digital
transformation may vary between IOCG and OOCG. IOCG
refers to the financial investment made by enterprises in
exploring and developing new greening opportunities, which is
within their control. OOCG, on the other hand, represents the
final patented knowledge or newly developed product obtained after
a lengthy process, which is difficult for enterprises to control and
predict (Duran et al., 2016). Therefore, it can be observed that while
digital transformation promotes greenization output by expanding

resource sets, optimizing business processes, and restructuring
business models, it may also significantly increase investment in
digital assets, leading to a complex organizational structure and
potentially encroaching on green resources. Overall, while digital
transformation has a “promoting effect” on OOCG through the
acquisition of resources and capabilities, it may also have an
“inhibiting effect” on IOCG through the depletion of resources
and capabilities.

The behavioral theory of the firm conceptualizes a corporation
as a coalition of self-interested groups, and the conflicts arising
among these groups influence the decision-making process of the
corporation, including pricing, output, and other factors (Cyert and
March 1963). According to this perspective, corporations possess
multiple and diverse objectives that emerge from negotiations
among various self-interested groups. Furthermore, in the pursuit
of these objectives, enterprises do not aim tomaximize outcomes but
rather strive for satisfactory performance. Throughout the pursuit of
satisfactory performance, these groups encounter limitations in
terms of information availability, time constraints, resource
scarcity, managerial expertise, and uncertainties arising from
changes in external market conditions and competitors’ behavior.
Consequently, corporate decision-making involves a continuous
learning process through trial and error, ultimately enhancing the
adaptability of the enterprise (Walker, 2016).

According to the behavioral theory of the firm, the presence of
slack resources can help mitigate the conflict of interest between the
digital transformation group and the green innovation group during
the process of digitalization and greenization. To some extent, the
existence of slack resources can alter the acceptability of decision-
making standards and increase the tolerance for risks associated
with these initiatives. It also enables organizations to better cope
with uncertainties that arise during the digitalization and
greenization process (Thompson, 1967; Galbraith, 1973).
Ultimately, slack resources enhance organizational flexibility and
may weaken the negative relationship between digital
transformation and investments in greening initiatives.

The principal-agent theory considers the firm as a contractual
relationship where the principal delegates decision-making
authority to the agent to act in their best interests, while
compensating the agent for their services (Ross, 1973). In
modern corporations, where ownership and control are
separated, there exists an information asymmetry between
investors and executives (Holmstrom, 1979), and executives are
assumed to be rational economic agents (Holmstrom and Tirole,
1989). This gives rise to agency problems when executives act against
the interests of investors to pursue their own private gains (Arrow,
1985), such as managers choosing projects with lower risk and lower
returns when making investments. According to this theory, slack
resources can potentially undermine the efficiency of green
innovation (Zhu et al., 2022). Specifically, slack resources may
exacerbate the information asymmetry between external
investors or owners and corporate executives, providing
opportunities for executives to engage in moral hazard
behaviors to serve their own interests. They may also expand
the discretionary power of executives to a certain extent,
ultimately compromising the operational and decision-making
efficiency of the enterprise. Therefore, organizational slack not
only weakens the negative impact of digital transformation on
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IOCG but also hinders the positive relationship between digital
transformation and OOCG.

Building upon the aforementioned information, we draw a
theoretical framework (Figure 1) that illustrates the relationship
among the key variables. Utilizing this framework as a foundation,
we put forward a set of hypotheses that will be further expounded
upon in the forthcoming chapters.

2.1 Relationship between digital
transformation and corporate greenization

2.1.1 BODT/DODT and IOCG
Digital transformation has the potential to overshadow a

company’s commitment to environmental sustainability. The
process of digitalization often requires significant investments in
assets, personnel, materials, and funds. Similarly, the
implementation of green strategies within a company, aimed at
achieving energy conservation, emission reduction, and pollution
prevention (Gee and McMeekin, 2011; García-Pozo et al., 2015),
demands investments in new technologies, knowledge, and
innovative ideas. As a result, there may be a conflict between
utilizing digital resources and investing in green initiatives. Given
that the benefits of green investments often take a significant amount
of time to materialize (Chen and Ma, 2021), combined with the
performance and cash flow challenges associated with green
development, companies may prioritize limited innovation
resources towards digitalization rather than greenization.
Unfortunately, this can lead to a shortage of green resources
necessary for driving sustainable transformations.

Digital transformation has the potential to weaken a firm’s
ability to discover, integrate, and utilize resources. While digital
technology can generate and unlock value for businesses, it can also
result in a significant increase in external transaction costs and
internal organizational costs (Guo et al., 2023), ultimately hindering
the improvement of resource search capabilities and damaging the
identification of firm resources. Furthermore, digital transformation
may negatively impact the ability to adjust or reconfigure resources.
Although companies can monitor and analyze real-time data on
resource procurement channels, price fluctuations, and supply and
demand conditions through the use of data analysis models and

computational algorithms, the adoption of new technologies may
lead to a new monopoly where entities with higher digital power in
the innovation ecosystem may more easily acquire and integrate
resources (Li et al., 2016), ultimately resulting in unfair resource
allocation. Similarly, when digital transformation is too broad and
too fast, existing organizational capabilities may not meet the
requirements (Gebauer et al., 2020), leading to underutilization
or even waste of resources. In such situations, enterprises may be
reluctant to invest in green resources considering the externality and
public goods attribute of green activities (Chen et al., 2022).
Therefore, we propose the following hypothesis:

H1: Both BODT and DODT are negatively correlated with
IOCG overall.

2.1.2 BODT/DODT and OOCG
Digital transformation can bring the green resources needed for

green transformation. From a resource discovery standpoint, digital
transformation facilitates enterprises in establishing and expanding
their value networks, and a large amount of information and data are
constantly exchanged between enterprises and among enterprises’
internal entities, reducing their reliance on complementary green
resources to a large extent (He et al., 2023). Simultaneously,
digitalization promotes the upgrading of enterprise value chains
and optimization of industrial structures (Li X. et al., 2023; Zhang
W. et al., 2023; Wang J. et al., 2023), creating conditions for firms to
obtain green resources from a wider range of channels. In terms of
resource transfer, the use of digital and intelligent technologies helps
firms build digital supply chains with partners, creating digital
platforms among internal entities, which not only alleviates
information asymmetry but also greatly reduces the cost of
knowledge sharing (Zhang Q. et al., 2022). Regarding resource
absorption, based on new technologies such as artificial
intelligence and big data, firms can extract valuable information
from large-scale, real-time interactive data, strengthening risk
control in the process of resource utilization. Additionally,
digitization helps enterprises to update innovative resources in
real-time or restructure the relationship architecture between
resources. According to the resource-based theory, the discovery,
transfer, and absorption of green resources play a powerful role in
promoting enterprises to achieve green innovation goals.

FIGURE 1
Theoretical framework.

Frontiers in Environmental Science frontiersin.org05

Xie and Qi 10.3389/fenvs.2024.1340236

139

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1340236


Digital transformation may also enhance green innovation
capabilities and reduce the costs of green product development
(Yang et al., 2022). On one hand, digital transformation encourages
enterprises to reduce the production cost of green products through
routine updates, resource bricolage, and synergy effects. Routine
update is an essential process involved in the digitalization of
enterprises, which entails modifying and revamping existing
procedures and patterns. The combination of emerging
technologies and production processes prompts companies to
update or adopt new management models when offering
products to customers. This change in conventions creates
favorable conditions for firms to engage in green innovation,
such as “source reduction” and “end-of-pipe cleaning” (Liu X.
et al., 2023), ultimately accelerating the speed of green
transformation. Resource bricolage refers to the strategic
identification and integration of resources by utilizing modules
and interface rules offered by digital platforms, helping to
alleviate institutional and resource constraints. Compared to
acquiring resources from external networks or creating unique
resources, embedding in digital platforms ensures resource
specificity and reduces acquisition costs. Synergy effects occur
when firms and other entities cooperate and gain benefits that
exceed what they would achieve as independent units. Within an
ecosystem, network effects facilitate the sharing of product design
inspiration between firms and other entities, driving iterative
improvements based on market response and ultimately reducing
the cost of acquiring new ideas.

On the other hand, digital transformation has the potential to
enhance firms’ capabilities for green innovation through the renewal
of their knowledge base, iteration of intellectual capital, and
innovation in their business models. Knowledge base renewal
involves the reconstruction and updating of skills, knowledge,
tools, and other resources within a firm, facilitated by digital
technologies, to meet the specific needs and requirements of the
firm. Throughout the process of digital transformation, enterprises
can acquire new skills for task completion, learn novel methods of
value creation, and even generate entirely new knowledge.
According to the resource-based theory, the updating of the
knowledge base is expected to significantly expand enterprises’
capacity for green innovation, ultimately enabling the realization
of green transformation. Intellectual capital iteration refers to the
evolution of human capital, organizational capital, and relational
capital driven by the application of digital technologies. Serving as a
powerful driver of the synergistic transformation of various
elements within firms, digital change and innovation are
accompanied by continuous investments in intellectual capital (Li
J. et al., 2023). The investment in intellectual capital will inevitably
enhance the innovation capacity of green processes and products,
thereby exerting a positive influence on the greening of enterprises.
Business model innovation entails the adjustment of the value
creation process based on changes in business logic, supported by
digital technology. As digital transformation continues to advance,
firms have the opportunity to innovate their business models based
on customer feedback, surpassing previous experiences and limited
rationality. Aligned with business model innovation, the capacity for
green innovation is strengthened, ultimately overcoming barriers to
the transformation into environmentally friendly enterprises.
Therefore, we propose the following hypothesis:

H2: Both BODT and DODT are positively correlated with
OOCG overall.

2.1.3 Differences in the effects of BODT and DODT
BODT and DODT may have distinct influences on the greening

of enterprises. BODT, which stands for breadth of digital asset
deployment (Ye et al., 2022), refers to the number of technologies
and tools adopted by enterprises in their digitization efforts (Yang Z.
et al., 2023). On the other hand, DODT, or depth of digital asset
deployment (Ye et al., 2022), reflects the level of attention and
resource investment dedicated to digital asset deployment. While
BODT indicates the adoption of specific digital technologies, DODT
signifies the extent to which the potential of these technologies is
fully utilized (Blichfeldt and Faullant, 2021). When a technology is
fully leveraged, it demonstrates a firm’s solid foundation in
knowledge and expertise, acting as a critical catalyst for driving
innovation and progress within the firm (Katila and Ahuja, 2002).
Regarding the relationship between digitalization and greenization,
a broader BODT enables firms to explore more combination
innovations in green processes and products. Conversely, a
deeper DODT suggests that firms are more familiar with new
technologies and possess a stronger knowledge base tailored to
these technologies (Blichfeldt and Faullant, 2021), increasing the
likelihood of implementing green innovation strategies.
Furthermore, some studies have compared the effects of BODT
and DODT, finding that DODT has a stronger impact. For instance,
in the context of the relationship between digital asset deployment
and supply chain agility, the depth of digital asset deployment has a
significant positive effect on supply chain agility, rather than the
breadth of deployment (Ye et al., 2022). Based on the above, we
propose the following hypothesis:

H3: Compared with BODT, the relationship between DODT and
IOCG/OOCG is stronger.

2.2 The moderating role of slack resources

2.2.1 The moderating role of slack resources in the
relationship between BODT/DODT and IOCG

The presence of slack resources can help mitigate conflicts and
tensions between advocates of digital transformation and
proponents of green investment. As self-interested individuals
with different priorities, the concerns of digital transformation
advocates and green investment supporters may not align,
leading to competition for limited corporate innovation
resources. In situations where resources are scarce, these
stakeholders may engage in bargaining and political struggles,
potentially diverting management decisions away from strategic
goals and towards serving their own interests (Moch et al., 1977).
However, when an organization has abundant slack resources, the
needs and demands of both digital transformation initiatives and
green investment proponents can be more adequately met. With
sufficient resources available, the intensity of their competition for
resources is reduced. This, in turn, weakens the negative impact of
digital transformation on the implementation of green initiatives, as
both parties can find a more harmonious balance between their
respective goals.
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The presence of surplus resources can influence an
organization’s inclination towards adopting digital and green
solutions, as well as the level of commitment exhibited by
managers towards digital and green risks. On one hand, when
considering performance objectives, digital transformation
primarily serves short-term performance goals, whereas greening
initiatives aim to achieve harmonious development between the
organization and the environment. In situations where resource
limitations are a concern, enterprises may prioritize enhancing
short-term performance and hesitate to allocate necessary
resources towards greening efforts. Conversely, in resource-
abundant scenarios, enterprises are more inclined to invest
substantial funds, even if greening initiatives do not yield
immediate results. This shift occurs because the selection criteria
for enterprise transformation plans transition from “maximization”
to “satisfactory” (Simon, 1967). On the other hand, both
digitalization and greening initiatives entail significant risks for
organizations. When faced with the choice between the two,
companies may prioritize digitalization over greening. However,
when enterprises possess surplus resources, they need not
excessively worry about the high risks associated with innovation
and change (Baird and Thomas, 1985; Singh, 1986). This allows
them to consider both digital innovation and green development,
rather than neglecting one in favor of the other.

Slack resources help enterprises to reduce resource crowding
and misappropriation brought by digital transformation while
advancing digitalization in an orderly manner under uncertainty.
By acting as a “buffer” for both the organization and the
environment, organizational slack create a margin of
improvement that allows the enterprise to navigate
environmental changes more effectively (Levinthal and March
1981). This, in turn, enables the enterprise to gradually or
cautiously implement digital transformation initiatives.
Consequently, the core operations of the enterprise experience
minimal disruption (Thompson, 1967), and the overall shock
caused by the transformation is mitigated, thereby reducing the
adverse effects of digital transformation on greening efforts. Based
on these observations, the hypothesis is proposed:

H4: Both USR and ASR play a negative moderating role in the
impact of BODT/DODT on IOCG, that is, the more ASR and USR,
the weaker the negative correlation between BODT/
DODT and IOCG.

2.2.2 The moderating role of slack resources in the
relationship between BODT/DODT and OOCG

While slack resources can provide certain benefits, it is
important to acknowledge that they can also exacerbate
information asymmetry and create conditions that encourage
executives to engage in moral hazard behaviors to serve their
own interests. As a buffer, redundant resources introduce a
barrier between external investors and executives, making it more
challenging for investors to observe and predict the utilization of
green resources (Zhu et al., 2022). Particularly in situations where
there is an expectation gap or organizational decline, idle resources
can transmit ambiguous or even misleading signals to stakeholders,
reducing the regulatory pressure faced by executives and weakening
their sense of urgency in implementing corporate strategies (Wang

et al., 2016). Furthermore, these surplus resources enable executives
to allocate resources towards the development of innovative
products in a manner that prioritizes their personal interests,
without adequately considering the overall economic interests of
the company (Child, 1972). As agents operating under the
separation of ownership and control, executives are motivated to
pursue personal goals such as power and prestige. In the presence of
slack resources, they may become overly confident or excessively
optimistic, evading corporate responsibilities related to
environmental protection and sustainable development (John
et al., 2008). They may disregard the long-term value that can be
derived from the enterprise’s green innovation (Tan and Peng,
2003), leading to inefficient resource utilization, wastage, and
ultimately, a negative impact on the enterprise’s capacity to
produce green patents and green products (Arena et al., 2018).

In addition to exacerbating information asymmetry and moral
hazard, slack resources also increase the discretion of executives,
resulting in higher corporate governance costs. On one hand, while
these resources can provide protection against external
environmental impacts (Liu et al., 2014), they also enable top
management teams (TMTs) to exercise greater decision-making
autonomy. When executives harness innovative resources, they
often rely on their instincts rather than engaging in trial-and-
error to identify the most effective resource utilization strategies.
Consequently, in the context of digital transformation, the presence
of slack resources may lead managers to over-diversify their resource
utilization practices (Salge and Vera, 2013). This not only
diminishes their ability to effectively search for, integrate, and
utilize resources but also increases the management costs
associated with resource transfer, allocation, and related
procedures. As a result, the positive impact of digital
transformation on OOCG is weakened. On the other hand, the
existence of slack resources requires enterprises to invest significant
time and energy in transforming these resources into products or
services, which also increases the costs for stakeholders to supervise
the utilization of these resources to a certain extent. When the scope
of resource integration extends beyond firm boundaries or becomes
excessively large, the time and cost associated with resource
selection, integration, and utilization escalate. This may even
result in diseconomies of scale and scope in technology
application (Breschi et al., 2003). Moreover, when enterprises
possess excess resources, executives gain more opportunities to
prioritize their own “favored projects,” potentially impeding
resource owners or providers from effectively monitoring
executive behavior due to false resource utilization (Li-Ying et al.,
2014). Consequently, agency costs rise, significantly diminishing the
role of digital transformation in promoting environmentally
sustainable output. Therefore, we propose the following hypothesis:

H5: Both USR and ASR play a negative moderating role in the
impact of BODT/DODT on OOCG, that is, the more ASR and USR,
the weaker the positive correlation between BODT/
DODT and OOCG.

2.2.3 Differences in the roles of ASR and USR
Both ASR and USR have an impact on the relationship between

digitalization and greenization, but their effects may differ. ASR are
resources that exist for a specific business or process during product
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production and are difficult to use for other purposes once they are
applied to the production process of a product (Sharfman et al.,
1988). In contrast, USR are not limited to a specific technical field,
business operations, or production management (Tan and Peng,
2003) and can be used for more innovative activities. In the context
of digitalization influencing green development, ASR has a higher
degree of specificity, greater coordination cost, and is more likely to
generate resource stickiness and structural rigidity (Greve, 2003).
When resources are excessively invested in business operations, it is
more likely to produce a “siphon effect,” which can lead to
enterprises falling into a dilemma of resource allocation.
Therefore, the moderating role of ASR may be greater than that
of USR. On the other hand, ASR has a lower conversion efficiency
than USR, as it is less flexible and liquid, and its utilization and
transformation also require higher costs. When a firm faces
organizational inertia (Henderson and Clark, 1990), inadequate
management incentive systems, or internal control failures (Hitt
et al., 1991), ASR may exhibit a higher degree of inefficient
allocation. Thus, compared to USR, ASR has a stronger
moderating effect. Based on these considerations, we propose the
following hypothesis:

H6: Compared with USR, ASR has a stronger moderating effect.

3 Research design

3.1 Sample and data

To investigate the association between BODT/DODT and
IOCG/OOCG, as well as the moderating influence of ASR/USR,
we utilize data from companies listed on the Shanghai and Shenzhen
stock exchanges in China spanning the period from 2011 to 2020.
The choice of 2011 as the starting year aims to mitigate the potential
influence of executive discretion on disclosure practices. In 2010, the
Ministry of Environmental Protection issued the “Guidelines for
Environmental Information Disclosure of Listed Companies,”
mandating that companies operating in heavily polluting
industries commence regular environmental information
disclosure and publication of environmental reports from
2011 onwards. After excluding observations with missing values,
our final dataset comprises 26,902 observations. To mitigate the
impact of outliers, we winsorize the tails of the continuous variables
by 1 percent. Data collection involves manual compilation from
company annual reports or retrieval from the CSMAR database.

3.2 Measurements of variables

3.2.1 Dependent variables
Corporate greenization is characterized by a dynamic and

evolving process. In this study, we adopt the classification
proposed by Qi et al. (2023) and categorize it into two
dimensions: IOCG and OOCG. IOCG, as defined by Huang and
Lei (2021), includes the investments and expenditures made by
enterprises in environmental protection equipment, cleaning
technology, and pollution control measures. To address the
inherent right-skewness in green investment data (Fan et al.,

2023), we apply a natural logarithm transformation after adding
1 to the total green investment of listed companies. Regarding
OOCG, we adopt the analytical perspective put forth by He et al.
(2023) and Feng et al. (2022), which utilizes the number of green
patent applications as a proxy measure. The choice of using the
number of green patent applications is motivated by its intuitive
reflection of the efficiency of green resource utilization by
enterprises. Furthermore, it is considered more stable, reliable,
and timely compared to patent grant data (Li and Shen, 2021).
Specifically, we measure OOCG by considering both the number of
green patents applied for by individual companies and those applied
for jointly with other companies.

3.2.2 Independent variables
Previous literature has employed three distinct methodologies to

measure digital transformation. The first approach involves using a
binary variable to indicate whether an enterprise has undertaken
digital transformation (Wang C. et al., 2023). However, this method
has been criticized for its limited ability to comprehensively capture
the extent of organizational transformation (Fan et al., 2023). The
second method involves selecting a restricted set of financial or non-
financial indicators (Wen et al., 2021), which may not fully reflect
the multi-faceted nature of digital transformation. The third method
involves administering questionnaires to subjects, but this approach
has limitations in terms of objectivity.

In line with the methodology proposed by Li J. et al. (2023) and
Zhang G. et al. (2023), this study employs a textual analysis of annual
reports from publicly traded companies to evaluate the content and
extent of digital transformation. The procedural sequence is as
follows: Firstly, a digital transformation text database is created.
To ensure the comprehensiveness, accuracy, and authority of the
texts, we utilized a compilation of texts from Chinese and English
literature, as previously explored by Wu et al. (2021) and Ren et al.
(2022). These articles encompassed various sources of text,
including policy documents, research reports, academic papers,
and corporate annual reports. Notably, Wu et al. (2021) extracted
text from sources such as the “Special Action Plan for Digital
Enablement of SMEs”, the “2020 Digital Trends”, and the
government work report. Subsequently, pairwise comparisons
were conducted on the collected texts, resulting in the
identification of 120 non-duplicate keywords associated with
digital transformation. To illustrate the interrelationships among
these keywords, we categorized them into two groups: “underlying
technology” and “practical application.” The “underlying
technology” category encompasses texts related to four key
technologies, namely, artificial intelligence, big data, cloud
computing, and blockchain. On the other hand, the “practical
application” category includes texts describing new tools,
patterns, or phenomena arising from the integration of these
technologies with various business or scenario contexts. In
summary, the aforementioned five types of keywords, totaling
120, constitute the digital transformation text database. Table 1
presents the keywords associated with digital transformation.

Secondly, the annual reports of publicly traded companies were
manually collected. Annual reports serve as authoritative documents
disclosed by listed companies, providing insights into their
development direction and strategic decisions (Donovan et al.,
2021). Therefore, we utilized these reports as a foundation for
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assessing the digital transformation of listed companies. Initially, we
downloaded the annual reports from various platforms (e.g.,
eastmoney.com) and then cross-referenced them with the stock
codes in the CSMAR database to identify any missing reports.
Subsequently, we conducted a thorough search for the
corresponding annual reports of the companies with missing
reports, supplementing our dataset accordingly.

Thirdly, we employed the Jieba function in Python for word
segmentation. Utilizing a language model, we identified text sections
within the company’s annual reports that were relevant to digital
transformation. Subsequently, we performed segmentation on the
identified text, eliminating insignificant modal particles,
conjunctions, and duplicate content.

Finally, the segmented text is compared against the digital
transformation text database, and the corresponding statistical
results are utilized to measure BODT and DODT. In measuring
BODT, if the segmented company annual report text does not
contain any digital transformation keywords, a value of 0 is
assigned. If there is one digital keyword present, a value of 1 is
assigned. Similarly, if there are two digital keywords, a value of 2 is
assigned, and so on. In other words, BODT is determined by the
number of digital transformation texts disclosed within a company’s
annual report.

Yang Z. et al. (2023) utilized the summation of digital
technology-related phrases divided by the number of digital
technology types implemented by enterprises to measure
DODT. They posited that this approach identified the average
effort of enterprises in each digital technology. However, this
method solely reflects the degree of emphasis and resource
allocation of a single enterprise towards digitalization, without
considering the overall impact of digital transformation and
potential spillover effects. To achieve a more accurate and
comprehensive measurement, we propose an enhancement to

Yang Z. et al. (2023)’s method by employing the
following formula:

DODTi,t � ni,t
∑ni,t

(1)

In formula 1, ni,t is the number of digital transformation texts
disclosed by listed company i in its annual report for year t;∑ ni,t is
the sum of the digital transformation texts disclosed by all listed
companies in their annual reports in year t.

3.2.3 Moderator variable
Based on theoretical analysis, we introduce slack resources as

moderating variables, specifically USR and ASR. Following the
approach of Iyer and Miller (2008), Peng et al. (2010) and Wu
and Hu (2020), we employ the quick ratio to quantify USR. The
quick ratio is calculated as the disparity between current assets and
inventories divided by current liabilities. As for ASR, it is assessed by
determining the ratio of the total management expenses and sales
expenses to the operating revenue.

3.2.4 Control variables
To control for various factors that may influence enterprise

greenization, we consider their own attributes, financial
performance, and governance arrangements, as outlined by
(Wang C. et al., 2023). The own attributes we examine are age
(Age) and size (Size). Age is included to control age-related effects
(Czarnitzki and Hottenrott, 2011), while size is considered to
address the scale effect (Xiang et al., 2022a). Regarding financial
performance, we incorporate the following variables: leverage ratio
(Lev), return on assets (Roa), cashflow (Cashflow), growth rate
(Growth), sales revenue to operating expenses ratio (Mpower).
These variables have been found to have some influence on
corporate environmental performance (Xue et al., 2022; Li

TABLE 1 The keywords of digital transformation.

Dimension Category Key word

Underlying technology Artificial intelligence artificial intelligence; business intelligence; image understanding; investment decision aid; intelligent data analysis; intelligent
robot; machine learning; deep learning; semantic search; biometrics; face recognition; speech recognition; authentication;
autonomous driving; natural language processing

Big data big data; data mining; text mining; data visualization; heterogeneous data; credit investigation; augmented reality; mixed
reality; virtual reality; imaging; ICT

Cloud computing cloud computing; stream computing; graph computing; in-memory computing; multi-party security computing; brain-like
computing; green computing; cognitive computing; converged architecture; 100 million-level concurrencies; EB-class storage;
Internet of Things; information physical systems; 10 billion-level concurrencies; supercomputer; computing science; cloud
platform; edge computing

Blockchain blockchain; distributed computing; differential privacy technology; digital currency; smart financial contract

Practical application mobile internet; industrial internet; Bailian network medical; E-commerce; mobile payment; third party payment; NFC
payment; intelligent energy; B2B; B2C; C2B; C2C; O2O; Network connection; smart wear; smart agriculture; intelligent
transportation; intelligent medical; intelligent customer service; smart home; intelligent investment advisor; intelligent cultural
tourism; intelligent environmental protection; intelligent power grid; intelligent marketing; digital marketing; unmanned
retail; internet finance; digital finance; Fintech; financial technology; quantitative finance; open banking; new energy
digitalization; intelligent new energy; intelligent new energy system; intelligent new energy management; digital new energy;
intelligent emergency; intelligent operation and maintenance; Digital interconnection; digital ecology; digital process; digital
business; interactive power grid; digital power grid; intelligent hydropower; hydropower digitization; intelligent battery;
intelligent wind power; digital wind power; digital offshore wind power; new energy information; digital wind farm; intelligent
microgrid; intelligent photovoltaic; digital photovoltaic; photovoltaic cloud platform; intelligent hydrogen; intelligent light
energy; intelligent solar energy; virtual power plant; intelligent oil and gas pipeline; intelligent nuclear energy; intelligent power
plant; intelligent power equipment; digital enablement; digital new energy industry; digital new energy monitoring; digital
management; intelligent new energy infrastructure
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J. et al., 2023). In terms of corporate governance, we adopt the
recommendations of Choi et al. (2020) and Feng et al. (2022).
Specifically, we include integration of two functions (Dual), number
of directors (Board), proportion of independent directors (Indep)
and proportion of the largest shareholder (Top1). Additionally, we
consider whether the enterprise is state-owned or not (Soe). Please
refer to Table 2 for a detailed explanation and measurement of
each variable.

3.3 Empirical model

Based on existing literature (e.g., He et al., 2023), the following
multiple linear regression model (Eqs 2, 3) was established:

IOCG OOCG( )i,t � α0 + α1BODT DODT( )i,t +∑ αkControlsi,t

+εi,t (2)

IOCG OOCG( )i,t � δ0 + δ1BODT DODT( )i,t + δ2ASR USR( )i,t
+ δ3BODT DODT( )i,t*ASR USR( )i,t
+∑ δkControlsi,t

+ εi,t (3)

Equation 2 tests the direct effect of BODT or DODT on the
greening of an enterprise. Equation 3 investigates the influence
of the interaction of digital transformation and slack resources
on corporate greenization. To account for industry sector and

year-specific trends in greenization input or output, we
incorporate industry and year fixed effects into our
regression models.

4 Empirical results

4.1 Descriptive statistics

Table 3 presents the descriptive statistics for the key
variables. In this table, the IOCG variable exhibits a high
mean value and a large variance, suggesting that the sampled
enterprises have made substantial investments in
environmental protection equipment and green processes,
with significant variations in investment levels. Conversely,
the OOCG variable displays a small mean value but a large
variance, indicating that the sampled companies have relatively
few green patent applications, yet the number of patent
applications differs significantly across companies. The mean
and variance of BODT are calculated as 2.3894 and 3.2313,
respectively, while the corresponding values for DODT are
0.0002 and 0.0006, respectively. These results suggest that
the sampled companies employ diverse digital technologies,
but their overall level of digital transformation remains
relatively low. Regarding slack resources, both the mean and
variance of ASR are smaller than those of USR, implying that the
sampled enterprises tend to allocate resources with
higher liquidity.

TABLE 2 Definitions and measurements of main variables.

Variable Measurement

IOCG The natural logarithm of one plus the environmental protection expenditure of corporate

OOCG The number of green patents independently applied by the corporate and jointly applied with other corporates

BODT The types of digital text in corporate annual reports

DODT The number of digital text in corporate annual reports/the sum number of digital text of all corporate annual reports in the same year

ASR (Administrative expenses + selling expenses)/operating revenue

USR (Liquid assets-inventory)/liquid liabilities

Age The number of years since the listing date

Size The natural logarithm of annual total assets

Lev The annual total liabilities/annual total assets

Roa Net profit/annual total assets

Cashflow Current net cash flow/annual total assets

Growth (Operating income in year t- operating income in year t-1)/operating income in year t-1

Dual Same person equals to 1, otherwise 0

Board The natural logarithm of the number of directors

Indep The number of independent directors/the number of directors

Top1 Shareholding ratio of the largest shareholder

Soe State owned equals to 1, otherwise 0

Mpower Ln (selling income/operating expenses)
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4.2 Correlation analysis

Table 4 presents the Pearson correlation coefficients among the
key variables. The results show that both BODT and DODT are
negatively correlated with IOCG. On the contrary, there is a clear
positive correlation between them and OOCG. These findings
suggest that digital transformation does not necessarily lead to
improved environmental performance in enterprises. Regarding
the role of slack resources, both ASR and USR exhibit significant
negative correlations with corporate greenization, while displaying
significant positive correlations with digital transformation. This
indicates that these resources have a positive impact on the
digitalization of enterprises. Additionally, the absolute values of

the correlation coefficients for each variable are generally small,
suggesting the absence of multicollinearity issues.

4.3 Empirical results

4.3.1 Effects of digital transformation
To examine the impact of digital transformation on the greening

of firms, we employ ordinary least squares (OLS) estimation. The
regression model controls for various firm and industry
characteristics that may affect greenization. Additionally, year
and industry dummy variables are included to account for
potential time and industry-specific effects. The results of the

TABLE 3 Descriptive statistics.

Variables Obs Mean Std. Dev. Min P50 Max

IOCG 26,902 5.2032 7.6339 0.0000 0.0000 20.7047

OOCG 26,902 1.9262 6.2167 0.0000 0.0000 45.0000

BODT 26,902 2.3894 3.2313 0.0000 1.0000 15.0000

DODT 26,902 0.0002 0.0006 0.0000 0.0000 0.0041

ASR 26,902 0.1730 0.1431 0.0153 0.1326 0.8107

USR 26,902 1.8991 2.2305 0.1619 1.1902 14.3952

Age 26,902 2.8077 0.3651 1.6094 2.8903 3.4657

Size 26,902 22.1607 1.2995 19.5914 21.9927 26.1467

Lev 26,902 0.4344 0.2133 0.0539 0.4246 0.9553

Roa 26,902 0.0367 0.0691 −0.2890 0.0367 0.2178

Cashflow 26,902 0.0437 0.0709 −0.1842 0.0436 0.2417

Growth 26,902 0.1020 0.3238 −0.9893 0.0928 1.4697

Dual 26,902 0.2751 0.4465 0.0000 0.0000 1.0000

Board 26,902 2.1278 0.1982 1.6094 2.1972 2.7080

Indep 26,902 0.3754 0.0533 0.3333 0.3571 0.5714

Top1 26,902 0.3406 0.1477 0.0873 0.3181 0.7409

Soe 26,902 0.3441 0.4751 0.0000 0.0000 1.0000

Mpower 26,902 0.3772 0.3137 −0.0229 0.2928 1.7390

TABLE 4 Pearson correlation.

Variables IOCG OOCG BODT DODT ASR USR

IOCG 1.0000

OOCG 0.0871*** 1.0000

BODT −0.1797*** 0.1222*** 1.0000

DODT −0.1612*** 0.0708*** 0.6219*** 1.0000

ASR −0.1747*** −0.0670*** 0.0900*** 0.1440*** 1.0000

USR −0.1483*** −0.0505*** 0.0467*** 0.1106*** 0.2374*** 1.0000

Note: ***, ** and * represent 1%, 5% and 10% significance levels, respectively.
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basic regression analysis are presented in Table 5. In columns 1 and
2, the coefficient of the digital transformation dimension on IOCG is
found to be negative and statistically significant at the 1% level.
These findings support hypothesis H1, suggesting that digital
transformation indeed utilizes green resources, thereby weakening

green innovation and creating a “crowding out effect” on green
investment. This result aligns with previous studies, such as Truby
(2018) who argued that the energy-saving effect of digital
transformation is limited. In fact, the application of digital
communication technology can even lead to a rebound effect,
resulting in increased energy consumption.

In columns 3 and 4, the coefficient of the digital transformation
dimension on OOCG is positive and statistically significant at the
1% level, supporting hypothesis H2. These results suggest that while
digital transformation may crowd out IOCG, it can also enrich green
resources, enhance green technology innovation, and ultimately lead
to green innovation outcomes for enterprises. These findings are
consistent with previous studies, such as He et al. (2023), Feng et al.
(2022), and Zhang G. et al. (2023).

The coefficient of BODT on IOCG is −0.2910, while the
coefficient of DODT is −884.1720. Similarly, the coefficient of
BODT on OOCG is 0.2193, while the coefficient of DODT is
660.1011. These results indicate that both BODT and DODT
have a consistent direction of influence on enterprise greening.
However, the absolute value of the DODT coefficient is
significantly larger than that of the BODT coefficient, suggesting
that DODT is a more powerful driver of enterprise greening. This
finding supports hypothesis H3. Similar results have been found in
previous studies. For instance, Khayer et al. (2023) analyzed the
relationship between cloud computing deployment and enterprise
performance and found that the coefficient of cloud computing
assimilation depth is greater than the breadth.

4.3.2 Roles of slack resources
Table 6 presents the moderating effect of slack resources on the

relationship between digital transformation and IOCG. In columns
1 to 4, the coefficients of BODT*ASR, BODT*USR, DODT*ASR and
DODT*USR are all positive and statistically significant at the 1%
level. This indicates that the presence of more slack resources
weakens the impact of digital transformation on IOCG, thereby
confirming hypothesis H4. These findings suggest that slack
resources can help mitigate internal stakeholder conflicts,
influence the risk attitudes of enterprises, act as a “buffer”
between the environment and enterprises, and weaken the
resource preemption effect of digital transformation.

Table 7 presents the moderating effect of slack resources on the
relationship between digital transformation and OOCG. In columns
1 to 4, the coefficients for BODT * ASR, BODT * USR, DODT * ASR,
and DODT * USR are negative and statistically significant at the 1%
level. This indicates that as slack resources increase, the impact of
digital transformation on OOCG is reduced, thus confirming
hypothesis H5. The results suggest that an increase in slack
resources can enhance managerial discretion, induce higher
governance costs, and ultimately weaken the positive effect of
digital transformation on OOCG. This finding contrasts with
some existing literature that emphasizes the strengthening effect
of slack resources on the relationship between digitization and
greenization (e.g., Ying et al., 2023).

From a comparative perspective, in Table 6, the coefficient of
BODT*ASR is significantly larger than that of BODT*USR, and the
coefficient of DODT*ASR is also significantly larger than that of
DODT*USR. Similarly, in Table 7, the coefficient of the interaction
term between digital transformation and ASR is much larger than

TABLE 5 Basic regression.

Variables IOCG IOCG OOCG OOCG

BODT −0.2910*** 0.2193***

(0.0168) (0.0142)

DODT −884.1720*** 660.1011***

(76.8119) (64.7859)

Age 0.2908** 0.3041** −0.4932*** −0.5035***

(0.1355) (0.1359) (0.1143) (0.1146)

Size 1.2908*** 1.2322*** 1.3158*** 1.3603***

(0.0428) (0.0427) (0.0361) (0.0360)

Lev −0.6106** −0.5948** 0.5136** 0.5246**

(0.2653) (0.2663) (0.2239) (0.2246)

Roa −1.6451** −1.5467** 4.9229*** 4.8486***

(0.7780) (0.7803) (0.6565) (0.6581)

Cashflow 2.6031*** 2.6816*** 1.1464** 1.0849**

(0.6596) (0.6617) (0.5566) (0.5581)

Growth 0.0202 0.0295 −0.5446*** −0.5510***

(0.1402) (0.1407) (0.1183) (0.1187)

Dual −0.4357*** −0.4856*** 0.1537* 0.1915*

(0.0993) (0.0995) (0.0838) (0.0840)

Board −0.0596 −0.0395 0.5980*** 0.5831**

(0.2723) (0.2731) (0.2298) (0.2303)

Indep −2.3158** −2.4397** 1.1329 1.2283

(0.9530) (0.9560) (0.8043) (0.8063)

Top1 0.3530 0.4112*** −0.7146*** −0.7595***

(0.0472) (0.3083) (0.2593) (0.2600)

Soe 0.7622*** 0.8380*** −0.0205 −0.0781

(0.1064) (0.1065) (0.0898) (0.0899)

Mpower −2.5614*** −2.5457*** −0.4174*** −0.4287***

(0.1581) (0.1587) (0.1334) (0.1339)

_cons −21.6121*** −20.1555*** −28.4354*** −29.5393***

(1.1728) (1.1711) (0.9898) (0.9877)

Industry FE YES YES YES YES

Year FE YES YES YES YES

N 26,902 26,902 26,902 26,902

Adj-R2 0.1943 0.1893 0.1347 0.1304

Note: ***, ** and* represent 1%, 5% and 10% significance levels, respectively.
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that between digital transformation and USR. These results indicate
that ASR has a stronger effect on the relationship between
digitization and greenization compared to USR, thus confirming
hypothesis H6.

4.4 Robustness tests

4.4.1 Replace variables
In order to mitigate the bias resulting from the measurement of

single variables, we conducted a substitution of independent
variables and re-evaluated the analysis. Specifically, we revised
the measurement approach for BODT, shifting from a
quantitative assessment based on the quantity of digital
transformation keywords to a categorical evaluation. For instance,
if we extract 10 digital transformation keywords from the relevant
text of a company’s annual report, with each keyword falling into
one of two major categories, a value of 2 will be assigned.
Additionally, recognizing the substantial variation in the extent
of digital transformation across industries, we modified the
measurement of DODT. Instead of calculating the ratio of a
company’s digital transformation keywords to the total number
of digital transformation keywords across all companies in a given
year, we computed the ratio of a company’s digital transformation
keywords to the total number of digital transformation keywords
within its respective industry. The empirical findings subsequent to
the substitution of variables are presented in Table 8. In panel A, the
coefficients of digital transformation and IOCG exhibit a significant
negative relationship, while the coefficients of BODT and OOCG
demonstrate a significant positive association. The coefficients of
DODT, although positive, do not reach statistical significance. In
panel B, both ASR and USR exert a significant negative regulatory
influence on the relationship between BODT/DODT and IOCG. In
panel C, slack resources exhibit a significant negative moderating
effect on the relationship between BODT/DODT and OOCG.
Specifically, USR demonstrates a significant negative moderating
effect on the relationship between BODT and OOCG, but does not
exhibit a significant negative moderating effect on the relationship
between DODT and OOCG. Overall, the empirical results

TABLE 6 Moderating regression (IOCG).

Variables IOCG IOCG IOCG IOCG

BODT −0.3852*** −0.3755***

(0.0238) (0.0210)

DODT −1570.442*** −1304.5970***

(115.7421) (96.5874)

ASR −5.0691*** −4.9396***

(0.4908) (0.4680)

USR −0.2376*** −0.2129***

(0.0279) (0.0267)

BODT*ASR 0.5655***

(0.0938)

BODT*USR 0.0426***

(0.0065)

DODT*ASR 3239.9500***

(381.3209)

DODT*USR 162.6690***

(22.5544)

Age 0.3499** 0.2761** 0.3746*** 0.3002**

(0.1353) (0.1353) (0.1357) (0.1357)

Size 1.2142*** 1.2942*** 1.1520*** 1.2285***

(0.0436) (0.0428) (0.0434) (0.0427)

Lev 0.6358** −0.3385** 0.6576** −0.4168

(0.2649) (0.3080) (0.2657) (0.3092)

Roa −3.4879*** −1.7136** −3.5394*** −1.4903*

(0.8211) (0.7769) (0.8211) (0.7794)

Cashflow 1.8853*** 2.4019*** 1.9043*** 2.4253***

(0.6619) (0.6595) (0.6636) (0.6617)

Growth −0.2120 −0.0189 −0.2137 −0.0042

(0.1425) (0.1401) (0.1430) (0.1407)

Dual −0.4502*** −0.4289*** −0.4900*** −0.4786***

(0.0991) (0.0992) (0.0993) (0.0994)

Board −0.0177 −0.0640 0.0165 −0.0475

(0.2718) (0.2719) (0.2725) (0.2727)

Indep −2.2356** −2.3062** −2.3167** −2.4049**

(0.9516) (0.9516) (0.9537) (0.9545)

Top1 0.2317 0.3961 0.2691 0.4479

(0.3070) (0.3069) (0.3077) (0.3079)

Soe 0.7424*** 0.7247*** 0.8150*** 0.8234***

(0.1062) (0.1064) (0.1063) (0.1064)

(Continued in next column)

TABLE 6 (Continued) Moderating regression (IOCG).

Variables IOCG IOCG IOCG IOCG

Mpower −1.4444*** −2.4678*** −1.4160*** −2.4645***

(0.2112) (0.1597) (0.2114) (0.1602)

_cons −19.6031*** −20.7878*** −18.1793*** −19.2782***

(1.1877) (1.1798) (1.1844) (1.1784)

Industry FE YES YES YES YES

Year FE YES YES YES YES

N 26,902 26,902 26,902 26,902

Adj-R2 0.1975 0.1966 0.1937 0.1918

Note: ***, ** and, * represent 1%, 5% and 10% significance levels, respectively.
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subsequent to the substitution of explanatory variables are basically
consistent with the above hypothesis testing results.

4.4.2 Adjust sample
To mitigate the abnormal impact of the COVID-19 outbreak

that commenced in 2020, we excluded the observation data from
that year. The empirical findings based on the revised sample are
presented in Table 9. In panel A, the coefficient representing the
relationship between digital transformation and IOCG is
significantly negative at the 1% level, while the coefficient
indicating their influence on OOCG is positively significant. In
Panel B, slack resources exert a significant negative regulatory effect
on the relationship between digital transformation and IOCG. In
panel C, both ASR and USR exhibit a significant negative regulatory
effect on the relationship between BODT and OOCG. Furthermore,
ASR demonstrates a significant negative moderating effect on the
relationship between DODT and OOCG, whereas USR does not
exhibit a significant moderating effect on the relationship between
DODT and OOCG. Overall, the empirical results following the
adjustment of the sample align closely with the aforementioned
hypothesis testing outcomes. Additionally, to further validate the
robustness of the findings, we conducted an additional analysis by
excluding the data from 2015, considering the financial crisis during
that period, and on this basis, we also removed the data of 2020 for
repeated verification. The results from both analyses remain
basically consistent with the previous findings.

4.4.3 Instrument variable approach
To address the issue of endogeneity, we followed the approach

outlined in refer to Breuer et al. (2018) and utilized agglomeration-
level data, specifically the mean values of BODT and DODT for the
same year in the same province, as instrumental variables (IV) in a
2SLS regression. The agglomeration layer data exhibits a significant
correlation with the explanatory variables, but not a direct
correlation with the explained variables, satisfying the
instrumental variable requirements. The empirical findings
subsequent to the use of instrumental variables are presented in
Table 10. In panel A, both the coefficients of digital transformation
and IOCG are significantly negative, while the coefficients of digital
transformation and OOCG are significantly positive. In panel B,

TABLE 7 Moderating regression (OOCG).

Variables OOCG OOCG OOCG OOCG

BODT 0.2614*** 0.2443***

(0.0201) (0.0178)

DODT 811.2039*** 745.8102***

(97.7809) (81.5810)

ASR 3.3017*** 3.0360***

(0.4146) (0.3954)

USR 0.0841*** 0.0657***

(0.0236) (0.0226)

BODT*ASR −0.2638***

(0.0792)

BODT*USR −0.0124**

(0.0055)

DODT*ASR −819.3124**

(322.1464)

DODT*USR −33.3406***

(19.0502)

Age −0.5291*** −0.4875*** −0.5377*** −0.5006***

(0.1143) (0.1143) (0.1146) (0.1146)

Size 1.1368*** 1.3153*** 1.4134*** 1.3620***

(0.0368) (0.0362) (0.0367) (0.0360)

Lev 0.5051** 0.8830*** 0.5127** 0.8708***

(0.2237) (0.2602) (0.2245) (0.2611)

Roa 6.3205*** 4.9509*** 6.3795*** 4.8490***

(0.6935) (0.6565) (0.6937) (0.6583)

Cashflow 1.6162*** 1.2258** 1.5356*** 1.1680**

(0.5591) (0.5573) (0.5606) (0.5589)

Growth −0.3804*** −0.5291*** −0.3816*** −0.5378***

(0.1203) (0.1184) (0.1208) (0.1188)

Dual 0.1614* 0.1500* 0.1944** 0.1877**

(0.0837) (0.0838) (0.0839) (0.0840)

Board 0.5637** 0.6015** 0.5413** 0.5881**

(0.2296) (0.2298) (0.2302) (0.2303)

Indep 1.0465 1.1312 1.1059 1.2233

(0.8038) (0.8041) (0.8057) (0.8062)

Top1 −0.6311** −0.7304*** −0.6734** −0.7721***

(0.2593) (0.2593) (0.2600) (0.2600)

Soe −0.0096 −0.0095 −0.0688 −0.0752

(0.0897) (0.0899) (0.0898) (0.0899)

(Continued in next column)

TABLE 7 (Continued) Moderating regression (OOCG).

Variables OOCG OOCG OOCG OOCG

Mpower −1.2286*** −0.4580*** −1.2664*** −0.4652***

(0.1784) (0.1349) (0.1786) (0.1353)

_cons −29.7769*** −28.7600*** −30.8037*** −29.8486***

(1.0032) (0.9969) (1.0006) (0.9953)

Industry FE YES YES YES YES

Year FE YES YES YES YES

N 26,902 26,902 26,902 26,902

Adj-R2 0.1367 0.1350 0.1323 0.1306

Note: ***, ** and * represent 1%, 5% and 10% significance levels, respectively.
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both ASR and USR demonstrate a significant negative regulatory
effect on the relationship between BODT/DODT and IOCG. In
panel C, both ASR and USR exhibit a significant negative
moderating effect on the relationship between BODT/DODT and
OOCG. Additionally, the Cragg-Donald Wald F statistic is
considerably larger than 10, rejecting the null hypothesis of weak
instrumental variables. Therefore, even after addressing the
endogeneity issue using instrumental variables, the results
remain robust.

5 Conclusion and discussion

5.1 Research findings

This study utilizes text analysis and OLS estimation to examine
the impact of BODT/DODT on IOCG/OOCG within companies
listed on the Shanghai and Shenzhen stock exchanges in China,
covering the period from 2011 to 2020. Additionally, it investigates
the moderating effect of USR/ASR. The findings are summarized
as follows:

Firstly, digital transformation (BODT/DODT) exhibit a
substantial negative influence on IOCG, whereas they
demonstrate a significant positive impact on OOCG. This study
reveals a “double-edged sword” effect, wherein digitization
negatively affects the input side of greenization while positively
influencing the output side. This finding shares similarities with
previous research that has examined the U-shaped relationship
between digitalization and greening at the micro-enterprise level
(Peng et al., 2022), as well as the inverted U-shaped relationship

TABLE 8 Replace variables.

Panel A:
Variables

IOCG IOCG OOCG OOCG

BODT −0.6384*** 0.4196***

(0.0366) (0.0309)

DODT −1.1847*** 0.0174

(0.1232) (0.1040)

Controls YES YES YES YES

Industry FE YES YES YES YES

Year FE YES YES YES YES

N 26,902 26,902 26,902 26,902

Adj-R2 0.1944 0.1881 0.1330 0.1270

Panel B: Variables IOCG IOCG IOCG IOCG

BODT −0.8093*** −0.7998***

(0.0508) (0.0448)

DODT −1.8021*** −1.6008***

(0.1833) (0.1578)

ASR −5.1982*** −4.6172***

(0.5182) (0.4633)

USR −0.2469*** −0.1779***

(0.0296) (0.0260)

BODT*ASR 1.1262***

(0.2096)

BODT*USR 0.0838***

(0.0135)

DODT*ASR 3.2237***

(0.6634)

DODT*USR 0.1870***

(0.0453)

Controls YES YES YES YES

Industry FE YES YES YES YES

Year FE YES YES YES YES

N 26,902 26,902 26,902 26,902

Adj-R2 0.1974 0.1966 0.1913 0.1896

Panel C: Variables OOCG OOCG OOCG OOCG

BODT 0.4919*** 0.4895***

(0.0430) (0.0379)

DODT 0.3091*** 0.0469

(0.1549) (0.1334)

ASR 3.3683*** 3.2931***

(0.4381) (0.3915)

(Continued in next column)

TABLE 8 (Continued) Replace variables.

Panel A:
Variables

IOCG IOCG OOCG OOCG

USR 0.0970*** 0.0551**

(0.0250) (0.0219)

BODT*ASR −0.5096***

(0.1772)

BODT*USR −0.0363***

(0.0114)

DODT*ASR −1.5798**

(0.5606)

DODT*USR −0.0122

(0.0383)

Controls YES YES YES YES

Industry FE YES YES YES YES

Year FE YES YES YES YES

N 26,902 26,902 26,902 26,902

Adj-R2 0.1349 0.1335 0.1293 0.1272

Note: ***, ** and * represent 1%, 5% and 10% significance levels, respectively.
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TABLE 9 Adjust sample (2011–2019).

Panel A: Variables IOCG IOCG OOCG OOCG

BODT −0.2883*** 0.2296**

(0.0188) (0.0162)

DODT −846.3055*** 655.9072***

(79.4962) (68.5722)

Controls YES YES YES YES

Industry FE YES YES YES YES

Year FE YES YES YES YES

N 23,411 23,411 23,411 23,411

Adj-R2 0.1952 0.1911 0.1372 0.1332

Panel B: Variables IOCG IOCG IOCG IOCG

BODT −0.3875*** −0.3717***

(0.0269) (0.0235)

DODT −1488.8800*** −1253.7870***

(119.4481) (99.4374)

ASR −5.0085*** −4.9620***

(0.5235) (0.5019)

USR −0.2385*** −0.2218***

(0.0291) (0.0280)

BODT*ASR 0.5799***

(0.1027)

BODT*USR 0.0417***

(0.0073)

DODT*ASR 3030.0650***

(390.1825)

DODT*USR 156.4480***

(22.8525)

Controls YES YES YES YES

Industry FE YES YES YES YES

Year FE YES YES YES YES

N 23,411 23,411 23,411 23,411

Adj-R2 0.1985 0.1976 0.1954 0.1938

Panel C: Variables OOCG OOCG OOCG OOCG

BODT 0.2846*** 0.2593***

(0.0232) (0.0203)

DODT 794.1567*** 732.9191***

(103.1868) (85.9090)

ASR 3.6042*** 3.2877***

(0.4520) (0.4335)

(Continued on following page)
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(Dou and Gao, 2022). Additionally, some studies have verified these
relationships at the macro level (Li et al., 2021; Xiang et al., 2022b).
However, the aforementioned studies approach greenization as a
unified concept or employ a single indicator, such as carbon
emissions, to measure it, and then conduct nonlinear analyses. In
contrast, our study adopts a deconstructive approach to analyze
greenization in terms of its input and output aspects, and
meticulously investigates the heterogeneity of the relationship
between digital transformation and greenization in both
dimensions.

Secondly, DODT has a stronger impact on corporate
greenization compared to BODT. In interdisciplinary research
that explores the intersection of digitalization and greenization,
similar to corporate greenization, scholars often treat digital
transformation as a holistic concept and give less attention to the
difference between digital transformation models. While some
literature does differentiate digitalization based on its breadth
and depth (Blichfeldt and Faullant, 2021; Ye et al., 2022; Yang Z.
et al., 2023), there is a lack of specific analysis regarding the influence
of different modes on green development. To address this gap and
build upon existing literature, we divide digitalization into breadth
and depth, and subsequently examines and compares their
respective impacts on corporate greenization. This analysis aims
to enhance our understanding of the relationship between corporate
digitalization and greenization.

Thirdly, slack resources alleviate the negative relationship
between digital transformation and IOCG, and weaken the
positive impact of digital transformation on OOCG. To date,
several studies have examined various variables in their research.
For instance, Chen and Hao (2022) have focused on board
characteristics, while Wang et al. (2023d) have explored the effect
of natural resource rent and anticorruption regulation. Additionally,

Wang et al. (2023c) have investigated the impact of geopolitics.
However, there is a limited amount of research that has delved into
the moderating effect of slack resources. For example, Ying et al.
(2023) discovered that organizational slack enhances the positive
correlation between artificial intelligence and green total factor
productivity. In contrast, our findings reveal a consistent negative
moderating effect of slack resources on various main effects. This
comparative perspective enhances our understanding of how idle
resources influence a company’s strategy and behavior. Moreover, it
offers novel insights into the integration of corporate behavioral
theory and agency theory, shedding light on the organic
combination of these two theoretical frameworks.

Fourthly, ASR play a stronger moderating role than USR in the
relationship between digitalization and greenization. Scholars have
conducted research on the influence of these resources on corporate
behavior (Zhu et al., 2022). For instance, Xie (2022) and Hernandez-
Vivanco and Bernardo (2022) have specifically examined the impact
of these resources on green behavior. However, there is currently a
lack of comparative analysis regarding their moderating effect.
Building upon this idea, we further expand the concept by
categorizing slack resources into two types: USR and ASR. We
then analyze their respective moderating effects on the relationships
between BODT/DODT and IOCG/OOCG. This approach allows for
a more comprehensive understanding of the distinct roles played by
different categories of slack resources within an organization.

5.2 Policy implications

Our findings have significant implications for management
practice. Firstly, it is crucial for governments and relevant
departments to recognize the differentiated impact of digital

TABLE 9 (Continued) Adjust sample (2011–2019).

Panel A: Variables IOCG IOCG OOCG OOCG

USR 0.0850*** 0.0621**

(0.0252) (0.0242)

BODT*ASR −0.3321***

(0.0886)

BODT*USR −0.0148**

(0.0063)

DODT*ASR −771.3872**

(337.0642)

DODT*USR −29.7013

(19.7434)

Controls YES YES YES YES

Industry FE YES YES YES YES

Year FE YES YES YES YES

N 23,411 23,411 23,411 23,411

Adj-R2 0.1395 0.1375 0.1353 0.1334

Note: ***, ** and * represent 1%, 5% and 10% significance levels, respectively.
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TABLE 10 IV in 2SLS.

Panel A: Variables IOCG IOCG OOCG OOCG

BODT −0.6092*** 0.3031***

(0.0379) (0.0312)

DODT −6207.3320*** 2012.9270***

(357.9285) (274.9518)

N 26,902 26,902 26,902 26,902

Anderson LM 3766.5190 1157.5950 3766.5190 1157.5950

Cragg-Donald Wald F 4377.4390 1209.0160 4377.4390 1209.0160

Panel B: Variables IOCG IOCG IOCG IOCG

BODT −0.9714*** −7.8994***

(0.0861) (1.1405)

DODT −28270.6200*** −10576.5400***

(2944.9540) (703.2226)

ASR −6.5067*** −18.6414***

(0.7341) (1.9307)

USR −3.7568*** −0.8192***

(0.5384) (0.0546)

BODT*ASR 1.9827***

(0.2885)

BODT*USR 1.8222***

(0.2754)

DODT*ASR 74,798.6300***

(8126.5880)

DODT*USR 1655.1920***

(122.7584)

N 26,902 26,902 26,902 26,902

Anderson LM 2003.1280 50.5370 120.5560 620.9880

Cragg-Donald Wald F 2162.9930 50.6020 121.0270 635.2830

Panel C: Variables OOCG OOCG OOCG OOCG

BODT 0.5079*** 2.4112***

(0.0708) (0.4899)

DODT 14,484.7100*** 3206.2960***

(1905.4100) (514.9436)

ASR 5.2027*** 11.2895***

(0.6034) (1.2491)

USR 1.1108*** 0.2293***

(0.2313) (0.0400)

BODT*ASR −1.0734***

(0.2372)

(Continued on following page)
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transformation on corporate green investment and output. This
understanding should inform the development of targeted
defense and incentive policies. Currently, most existing
policies treat digital transformation as a unified concept and
do not differentiate between the input and output aspects of
greening from a dynamic perspective. However, digital
transformation can simultaneously promote green output
while inhibiting corporate investment in green resources due
to resource exploitation and production capacity loss. In light of
this, governments should actively promote the digital
transformation of enterprises while simultaneously increasing
corporate information disclosure and strengthening supervision
of green resource utilization. For instance, tax incentives and
other methods can be employed to encourage enterprises to
undertake digital transformation.

Secondly, it is essential for governments and relevant
departments to establish an evaluation system for enterprise
digital transformation. This system can provide decision-making
references for the implementation of incentive policies. As our study
shows, DODT has a more significant impact on corporate green
output than BODT. This finding suggests that companies can
improve their green levels to a greater extent by focusing on
deepening digital technology capabilities in specific areas and
strengthening the in-depth integration of these technologies with
corporate operations. Therefore, relevant decision-making
departments should evaluate the depth of enterprise digital
transformation and implement incentives in a focused manner
based on the evaluation results.

Thirdly, enterprises should pay special attention to the role of
slack resources in the impact of digital transformation on greening.
Slack resources weaken the “crowding out” effect of digital
transformation on green investment, implying that companies
should maintain a reasonable level of remaining resources and
leverage their diminished advantages during the process of
digitalization and greening. For example, retaining some unused
production equipment and idle resources can help companies
respond to demand and market risks effectively. However, it is
important to note that slack resources also weaken the promotion
effect of digital transformation on green output. In this regard,
strengthening internal controls can be an effective approach to

enhance the positive impact of digital transformation.
Furthermore, our study reveals that ASR have a stronger
moderating effect than USR. This finding suggests that ASR is
the key to understanding the extent to which digitalization
negatively affects IOCG and positively promotes OOCG.
Therefore, companies should focus on ASR rather than USR
during the aforementioned process.

5.3 Limitations and future recommendations

This paper possesses certain limitations that can be addressed
in future research. Firstly, regarding the research design, further
enhancements are required in terms of variable classification and
measurement, sample data, and research methodology. In this
study, the core variables were solely categorized based on the
application of digital technology and greenization input and
output, with measurement conducted solely through text
analysis, thereby neglecting alternative approaches. Future
research endeavors could propose more precise dimension
divisions and variable measurement methods by leveraging
novel tools such as artificial intelligence and machine learning.
Additionally, the sample data employed in this study originated
exclusively from listed companies in China, thereby failing to
reflect industry and national-level disparities. Subsequent
research could integrate secondary data with firsthand
questionnaires or case data. While our study primarily focuses
on standardized quantitative analysis methods, it overlooks
qualitative research methods that offer closer alignment with
practical applications. Future research could incorporate
qualitative comparative analysis (QCA) and case studies to
supplement the findings.

Secondly, with regards to the research findings, further
exploration is warranted regarding the mediating mechanisms
and boundary conditions. On one hand, our attention was solely
directed towards the direct impact of digital transformation on
enterprise greening, without delving into the intermediary
variables that exist between them. Future studies could
investigate the influence mechanism through multiple pathways,
encompassing both positive and negative aspects, drawing upon

TABLE 10 (Continued) IV in 2SLS.

Panel A: Variables IOCG IOCG OOCG OOCG

BODT*USR −0.5364**

(0.1183)

DODT*ASR −38309.4400**

(5257.9700)

DODT*USR −453.2379***

(89.8914)

N 26,902 26,902 26,902 26,902

Anderson LM 2003.1280 50.5370 120.5560 620.9880

Cragg-Donald Wald F 2162.9930 50.6020 121.0270 635.2830

Note: ***, ** and * represent 1%, 5% and 10% significance levels, respectively.
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relevant theories and literature. This would enable the provision
of more comprehensive explanations regarding how
digitalization affects greenization. On the other hand, our
focus was limited to the moderating role of organizational
slack, neglecting the potential impact of other contextual
factors. Subsequent research endeavors could select additional
moderating variables at the firm, industry, or even national level,
thereby facilitating a more comprehensive understanding of the
boundary conditions surrounding the relationship between
digitalization and greenization.

Thirdly, in terms of applicable contexts, it is imperative to
consider a broader range of contexts and levels, as well as to
assess the reliability and validity of the findings. The impact of
digitalization on greenization is a significant topic that encompasses
multiple disciplines and spans macro andmicro levels. However, our
focus has been limited to exploring the relationship between digital
transformation and the greening of enterprises solely within the
Chinese context at the enterprise level. Future studies should aim to
expand the research context and level, allowing for comparisons of
similarities and differences in research outcomes. This would
contribute to the generation of new and enhanced knowledge
regarding the relationship between digitalization and
greenization. For instance, it would be valuable to examine the
disparities between developing and developed countries in terms of
the enabling effects of digitalization on greenization. Additionally,
testing the applicability of the conclusions drawn in this paper to
companies across various industries would further enrich the
understanding of this relationship.

Finally, with regards to the theoretical tools employed, it is
essential to reassess existing theories or frameworks. In this study,
we discovered that the impact of digitization on greenization varies
significantly across different dimensions, and that slack resources
represent a “sweet burden” for their relationship. It is evident that
the explanations of the relationship between digitization and
greenization provided by the resource-based theory, the
behavioral theory of the firm, and the principal-agent theory are
insufficient and incomplete. Therefore, future research endeavors
should aim to revise or integrate these theories based on more
detailed empirical analyses conducted across multiple contexts. This
would facilitate the establishment of a more robust foundation for
advancing research in this area.
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The heterogeneous impacts of
environmental technologies and
research and development
spending on green growth in
emerging economies: the
moderating role of financial
globalization
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Yiyang Vocational and Technical College, Yiyang, Hunan, China

Introduction: Understanding the heterogeneous impacts of environmental
technologies (ETs), research and development (RD) spending and financial
globalization (FG) on green economic growth (GEG) is worthwhile to promote
progress toward GEG. Besides, exploring themoderating role of FG is essential to
uncover the nuanced dynamics that shape the relationship between ET, RD, GEG,
and the influence of global financial integration. Thus, this study examines the
effects of ET, RD and FD on GEG in emerging market economies (EMEs). In
addition, we investigate the moderating role of FG on the effects of ETs and RD
on GEG.

Methods: Themethod ofmoments quantile regression (MMQR) is applied using a
fixed effects model that can capture distributional heterogeneity and
nonnormality concerns for the panel of 25 EMEs from 2000 to 2019. In
addition, other alternative models are applied to conduct robustness analysis.
We use green total factor productivity (GP) to proxy for GEG using the
Malmquist–Luenberger Productivity Index (MLPI) strategy based on the
directional distance function (DDF).

Results and discussion: The findings imply that ETs significantly impact GEG,
revealing evidence that promoting environmental innovation positively
contributes to GEG progress in EMEs. Likewise, RD promotes GEG
progression in EMEs. Additionally, FG positively impacts GEG. FG also
positively moderates the effects of ETs and RD on GEG, implying that
countries open to FG can better harness the positive roles of investment in
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ETs and RD on GEG in EMEs. Therefore, policymakers should develop prudent
policies to encourage ETs and RD to promote GEG in EMEs, which aligns with the
goals of controlling climate variation (SDG-13) and fostering innovation (SDG-9) to
promote GEG in EMEs.

KEYWORDS

green economic growth (GEG), environmental technologies (ETs), research and
development (RD), financial globalization (FG), emerging market economies (EMEs)
acronyms CO2 carbon dioxide

1 Introduction

The promotion of GEG has significant theoretical and practical
implications for countries. Green growth is aimed at decoupling
economic growth from environmental impacts (Fletcher and
Rammelt, 2017), as it relies on the assumption that economic
performance and environmental development can concurrently
improve (Bina, 2013). Therefore, the development of low-carbon,
resource-efficient, and socially inclusive green economies is
encouraged to promote GEG, and GEG serves as a crucial
roadmap for sustainable development in nations worldwide
(Liang and Qamruzzaman, 2022).

In light of the current ecological issues, EMEs have increased their
resource and energy efficiency to limit pollution-producing outputs and
promote GEG. These countries have grown substantially and are
striving for rapid expansion (OECD, 2017). However, exploiting
natural resources degrades the environment and is a major growth
factor. Thus, economic growth negatively impacts environmental
quality during the initial stage of economic development (see
Supplementary Figure SA1). For instance, the top ten nations in the
Organization for Economic Cooperation and Development (OECD) in
terms of the contribution of subsoil assets to economic growth and their
partner nations are all EME countries (OECD, 2017).

Furthermore, little progress has been made regarding resource use
efficiency and productivity (Capozza and Samson, 2019). Additionally,
resource-based economic activity frequently results in environmental
conflicts for EMEs. Regarding global environmental conflicts, some
EME members are among the top fifteen nations (Capozza and
Samson, 2019). However, some of these countries have implemented
new GEG initiatives and policies to improve their environmental
performance and economic growth, and rising environmental
destruction and resource depletion pose serious threats.

Theoretically, it is argued that ETs play a decisive role in
fostering growth (Solow, 1956). ETs represent the number of
patents connected to environmental-related technology
development and are important indicators of a nation’s
innovative capacity (Fernandes et al., 2021; Hussain et al., 2022).
The theoretical relationship between ETs and GEG can be elucidated
through the lens of endogenous growth theory, which predicts
increasing returns to scale in innovation, thereby fostering long-
term knowledge-based growth (Cortright, 2001) and ecological
modernization theory frameworks, which argues that promoting
environmental-related innovation promotes GEG (Jänicke, 2020).
This theory is consistent with a Green Solow model by Brock and
Taylor (2010) that could be adapted to endogenize the abatement
function. Moreover, according to growth theories, a sustainable
growth path can be established by fostering technical innovation
through patents, innovations, and taxes (Acemoglu et al., 2016).

By creating new strategies for sustainable development and
pollution control that significantly reduce the environmental cost of
economic growth, ETs promote GEG (Hart, 1995). Additionally,
growth theories suppose that a sustainable growth path can be
established by promoting technical innovation (Acemoglu et al., 2016).

Empirically, some scholars argue that ET investments are vital
mechanisms and important means of achieving GEG (Fang et al.,
2022; Fletcher and Rammelt, 2017; Fernandes et al., 2021). In other
words, ET investment contributes to GEG by promoting cutting-
edge innovations in technology and business that have a positive
effect on society and the planet (Adams et al., 2016; Zhao et al., 2022)
and mitigating the adverse effects of energy consumption (Jin et al.,
2019; Wang andWang, 2019). Additionally, Fernandes et al. (2021),
Sohag et al. (2021), and Nosreen et al. (2021) inferred that ETs play a
role in GEG in both OECD and EU countries. In contrast, other
scholars argue that ETs negatively affect GEG progress by increasing
carbon emissions (Santra, 2017). It is also argued that ETs contribute
to the depletion of ecological resources, resulting in the deterioration
of GEG progress. These adverse impacts on GEG are due to
technological or energy rebound effects (Van der Ploeg, 2011).
Additionally, Wang and Wei (2020) provided evidence that the
promotion of ETs can negatively affect environmental quality and
GEG progress through the energy rebound effect. Therefore, despite
the empirical studies reviewed in this paper, economists still have no
clear consensus regarding the impacts of ETs on GEG in EMEs, and
the results remain inconclusive.

Moreover, because of its effect on innovation in many areas of
the economy, RD has piqued the attention of scholars and
researchers (Han et al., 2023). RD denotes current and capital
investments in experimental, fundamental, and applied research.
Spending on RD reflects the allocation of public financial resources
toward research concerning the environmental dimensions of the
economy (UN, 2006; Alvarado et al., 2021).

Theoretically, the connection between RD and GEG is based on
the notion that increased RD spending leads to developments in
environmentally friendly innovation, including the promotion of
green energy production, which can significantly contribute to GEG
(Lee and Min, 2015). Moreover, the connection between RD and
GEG is established within endogenous growth theory, which posits
that investing in RD and innovation facilitates sustained knowledge-
driven growth (Aghion and Howitt, 1997).

Additionally, the promotion of RD enhances GEG progress
through the foundation of creative ideas and knowledge and
contributes to ecological sustainability (Alvarado et al., 2021;
Kihombo et al., 2021; Jiang et al., 2023). Therefore, RD
investment can provide green means and low-emissions
strategies, ultimately affecting GEG (Jiang et al., 2023).
Additionally, RD investments can facilitate this increase by
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promoting the development of the latest technologies for limiting
CO2 emissions (Ma et al., 2022). Moreover, RD is an essential
component of innovation that further develops human resources
and knowledge assets and increases innovation capacity (Irfan et al.,
2021; Boeing et al., 2022). Although these studies have been
conducted to investigate the impacts of RD on GEG, they have
primarily been focused on advanced countries and only a few
emerging markets.

Furthermore, the impacts of globalization on GEG progress have
led to unresolved empirical puzzles, some of which have exerted
positive effects on the environment and economic activity (Solarin
et al., 2017; Haseeb et al., 2018; Shahbaz et al., 2018) and adverse
effects on environmental quality (Urom et al., 2022). On the one
hand, promoting the flow of commodities and services, investment,
economic activities, and urbanization due to globalization negatively
affects GEG, as these activities require greater consumption of
energy and other resources (Solarin et al., 2017; Haseeb et al.,
2018; Shahbaz et al., 2018). Trade globalization boosts
investments in clean energy and reduces CO2 emissions, which
can help drive GEG (Ahmed et al., 2022).

On the other hand, FG, which brings foreign capital
accompanied by skills and creativity that can facilitate the
transition to cleaner and safer energy sources and improved
environmental quality, promotes GEG (Urom et al., 2022). The
broad effect of financial development is demonstrated through FG
(Gygli et al., 2019). Additionally, in the current age of globalization,
ETs being used in particular countries can be adopted by other
countries as a result of spillover effects (Pineiro-Chousa et al., 2019).
Therefore, by increasing the financial flow to green innovation, FG
can moderate the ET-GEG nexus (Chen et al., 2023a). In addition,
FG stimulates the links between financial flow and RD-led clean
production activities, thus promoting GEG (Sbia et al., 2017). FG
increases the incentives for scientific RD associated with FDI
(Dauvergne and Lister, 2012), which promotes the flow of
financial capital that can be used to solve the financial
constraints of RD and drive investment in ETs (Deng and Zhao,
2022). Specifically, FG and ETs support each other (Majeed et al.,
2022). In other words, an efficient and thriving financial sector
provides convenient access to a diverse array of financial services
and products that can support RD operations, improve ETs, and
further develop renewable energy initiatives with the potential to
significantly enhance GEG (Murshed, 2020). However, Wang et al.
(2021) found a negative impact of FG on industrial sector green
productivity due to spillover effects. Previous studies have attempted
to separately link globalization to environmental quality and
economic growth; however, research on the impacts of FG on
GEG in EMEs and the moderating role of FG in the
relationships among RD, ETs and GEG is limited. Therefore,
investigating how ETs, RD and FG influence GEG specifically
within EMEs is worthwhile. The extent of the analysis of the
effects of ETs, RD and FG on GEG in EMEs remains limited in
the literature. Moreover, assessing the effects of ETs, RD and FG on
GEG gains substantial significance within the context of the SD
framework. Promoting ETs, RD, and FG aligns with SD objectives,
particularly SDG-13, SDG-9 and SDG-8, emphasizing the
imperative of reducing emissions, fostering innovation, and
promoting sustainable economic growth (UN, 2006). Also,
despite all the empirical studies, there is no clear consensus

among economists on the impacts of ETs, RD and FG on GEG
and remains rather inconclusive. This is because different studies use
different methods and timeframes and focus on different countries,
mostly advanced economies with a few developing ones. Thus, this
study is motivated to fill this gap by examining the impacts of ETs,
RD and FG on GEG in emerging economies. We chose EMEs based
on the following facts. First, EMEs had the fastest economic growth
in the last 30 years, contributing around 60% to global GDP growth,
and they are also newly industrialized (Lin and Wang, 2019; Borojo
et al., 2023). Second, the rapid growth has led to challenges like
increased energy use, depletion of natural resources, and low
progress in resource efficiency and productivity. Besides,
environmental conflicts related to resource-based economic
activities have also challenged progress in GEG in these
economies (Capozza and Samson, 2019; Khattak et al., 2020;
Borojo et al., 2023). Third, EMEs are significant contributors to
CO2 emissions, accounting for about half of emissions over the last
3 decades. Their ecological footprint, or environmental impact, has
grown faster than the world average. Lastly, despite these challenges,
EMEs have significantly increased the growth rate of new
technologies compared to other parts of the world (Borojo
et al., 2023).

Thus, against this background, this study deals with solving the
following specific questions. First, what are the effects of ETs on
GEG progress in EMEs? Second, does RD contribute to the progress
toward GEG in EMEs? Third, how does FG moderate the impacts of
ETs and RD on GEG in EMEs? Motivated by these research
questions, this study aims to provide fresh evidence regarding the
effects of ETs, RD, and FG on the GEG progress of 25 EMEs using
data from the 2000 to 2019 period. We regress ETs, RD, FG and
other control variables with GEG progress using the MMQR with
fixed effects as proposed by Machado and Silva (2019). We use
the MMQR to control for individual heterogeneity and
distributional heterogeneity. We further investigate the
moderating role of FG on the impacts of ETs and RD on
GEG. These findings imply that the GEG of EMEs is positively
affected by ETs, RD and FG. Additionally, countries are more
open to FG because of the positive impacts of ETs and RD on
GEG. The analysis is repeated using the two-step GMM system,
the FMOLS and Tobit models to control for endogeneity
concerns and to obtain long-term estimates. Our findings
indicate that ETs, RD and FG have a robust positive impact
on GEG, showing evidence that ETs, RD and FG promote GEG
advancement in all quantiles in EMEs. Furthermore, our analysis
of the moderating role of FG on the effects of ETs and RD on GEG
highlights that the FG positively moderates the
relationship. Therefore, the practical implications of this study
lie in navigating these findings, emphasizing the importance of
well-designed and evaluated policy actions to integrate ETs and
RD in the FG framework to harness GEG in EMEs.

This study contributes to the current literature in several ways.
First, to the best of our awareness, this is the first study to examine
the impacts of ETs, RD and FG on the GEG of several EMEs. Hence,
this paper is valuable since it offers a greater understanding of the
effects of ETs, RD and FG on GEG in EMEs, which account for more
CO2 emissions than advanced economies and are more likely to
suffer from environmental disasters (Ullah et al., 2022). Therefore,
by focusing on EMEs, the study can provide valuable insights into
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how these factors interact and influence green growth in contexts
that have been less explored.

The second greatest contribution is the study’s investigation of
the moderating effect of FG on the effects of ETs and RD on GEG,
which is a noteworthy undertaking. As we revisit this relationship in
light of the moderating role of FG on the impacts of ETs and RD on
GEG, this study advances the theoretical and empirical literature on
the impacts of ETs, RD and FG on GEG. Third, we derive a GP
indicator using the MLPI method based on the directional distance
function (DDF). Fourth, unlike earlier studies, this study uses a more
specific FG index proposed by Gygli et al. (2019). The use of FG thus
enables us to account for the impact of financial openness on GEG in
EMEs, in contrast to the conventional approach of using either of the
two composite indices of globalization.

Fifth, applying the MMQR with fixed effects to capture
heterogeneity and nonnormality represents an interesting
endeavour of this study. This strategy is justifiable due to the
GEG heterogeneity of EMEs. Therefore, applying a model that
can incorporate individual and distributional heterogeneity across
the conditional quantiles of GEG progress is worthwhile because it
provides an estimation of the differential effects of globalization and
ETs on GEG for countries with various current GEG levels. It also
employs a panel data model, namely, the two-step system GMM, the
Tobit model under the FMOLS method, for robustness tests.

Therefore, examining the impacts of ETs and RD on GEG in
EMEs with a focus on the moderating impact of FG presents
innovative perspectives. This research illuminates how different
ET approaches and RD investments influence GEG in EMEs,
considering the varied economic contexts in emerging markets.
Understanding the role of FG in moderating these connections
reveals intricate pathways for promoting sustainable development.
This exploration of the role of FG in shaping the effectiveness of
environmental initiatives offers crucial insights for policymakers
and stakeholders, contributing to a holistic comprehension of how
global financial integration intersects with GEG strategies, which is
imperative for formulating effective sustainability policies.

The remainder of this study is organized as follows. Section two
provides the literature review. Section three presents the data and
methodology. Section four contains the results and discussion.
Section five provides a robustness analysis. Section six reports the
results of the causality test. Finally, section seven presents the
conclusions and policy implications.

2 Literature review

2.1 Theoretical literature

The concept of the green economy appears to constitute a
new ecological conservation and modernization terminology.
This concept has been accepted worldwide as a requirement
for global sustainable development (Lorek and Spangenberg,
2014). The idea of green economic growth is based on the
work of Stavrakakis (1997), who developed the idea of the
green economy to address environmental deterioration and
provided the framework for a new environmental strategy. As
a result, environmental law, policy, and management in the
corporate sector all increased during the 1990s.

Then, GEG theory began with the straightforward observation
that the natural environment is also a factor of production, but it has
been largely disregarded in both classical growth theory and the
historical patterns of economic expansion in practice (Solow, 1974).
The theory was first proposed as a paradigm, theorizing that
achieving GEG necessitates striking a balance between economic
activity and the environment. Thus, GEG exemplifies decoupling the
effects of economic expansion growth from environmental
sustainability (Fletcher and Rammelt, 2017). According to eco-
modernization theory, human initiatives can effectively balance
economic progress with environmental development (Mol and
Sonnenfeld, 2000). Further, this idea was revived after the
financial crisis of 2008. Measures taken to improve the
environment can help stimulate growth in economies that have
been hit hard by the recession (Pollin et al., 2008).

Based on the abovementioned theoretical underpinning, the
GEG concept can be understood as a resource-efficient, low-
carbon-intensive approach to achieving economic development.
Therefore, in the framework of a green economy, economic
growth is fueled by public and private green investments that can
increase the efficiency of resources and energy, safeguard ecosystems
and biodiversity, and stimulate the economy by reducing
CO2 emissions.

The theoretical relationship between innovation and GEG is
based on Solow’s (1956) model, which depicts the relationship
between growth and innovation and implies that innovation
plays a decisive role in fostering growth. In addition, Hart (1995)
provided a concise definition of the term “ETs,” stating that it refers
to the process of creating new tools for sustainable development and
pollution control that significantly reduce the environmental cost of
economic growth, thus promoting GEG. Besides, the association
between ETs and GEG is based on endogenous growth theory that
forecasts increasing returns to scale in innovation to promote long-
term knowledge-based growth (Cortright, 2001). The central tenet
of this theory is to explicitly model investment in technological
progress and RD (Aghion and Howitt, 1997). Therefore, resource-
saving innovations envisioned in most endogenous growth models
are likely to be technologies to decrease pollution and conserve the
use of raw materials and energy inputs. In this regard, endogenous
growth theory supports the sustainability view (Burgess and Barbier,
2001). Besides, Maris and Holmes (2023) added an important
dimension to endogenous growth models. By endogenizing
technological change, this view of Maris and Holmes (2023)
considered how investments in green innovation and RD could
shift the growth path. This theory is consistent with a Green Solow
model by Brock and Taylor (2010) that could be adapted to
endogenize the abatement function.

Moreover, according to growth theories, a sustainable growth
path can be established by fostering technical innovation through
patents, innovations, and taxes (Acemoglu et al., 2016). However,
promoting technological innovation can negatively impact
environmental quality and GEG development. Improving energy
efficiency, for instance, lowers carbon emissions, but when efficiency
gains increase the level of resource and energy use, the rebound
effect causes CO2 emissions to rise as a result of technical
advancement (Wang and Wei, 2019).

Furthermore, theoretically, the connection between RD and
GEG can be explained by different mechanisms. For instance,
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increased RD investment leads to advancements in technology in the
energy sector and promotes the production of green energy, which
can significantly contribute to GEG (Lee and Min, 2015) and energy
use efficiency (Ma et al., 2022). In addition, driving GEG through
investment in RD can be considered critically important because it
plays a vital role in abating CO2 emissions.

Additionally, FG leads to greater financial openness and economic
integration (Agénor, 2004). Through the exchange of commodities and
services, information, technology, and foreign direct investment,
globalization links nations worldwide (Grossman and Krueger,
1991). By linking nations, globalization encourages economic activity
and raises living standards. There are two points of view regarding how
globalization affects advancing economies and environmental quality.
On the one hand, globalization negatively affects environmental quality
by boosting the movement of goods and services, FDI, economic
activity, and urbanization, as these activities require greater
consumption of energy resources (Solarin et al., 2017; Haseeb et al.,
2018; Shahbaz et al., 2018). On the other hand, globalization encourages
the diffusion of information and the transition of economies from
industry to service, positively impacting environmental quality. The
impact of globalization on the environment is discussed in terms of
scale, composition, and technology.

Theoretically, FG impacts GEG through three channels such as
scale effect, technique effect and composition effect (Ulucak et al., 2020;
Chen et al., 2023b). The scale effect delineates how FG amplifies
economic endeavours, resulting in heightened consumption of fossil
fuels. This, in turn, deteriorates environmental quality, consequently
impeding GEG. Conversely, the technique effect channel suggests that
by fostering efficient and environmentally friendly green innovations,
FG has the potential to mitigate pollution emissions, thereby fostering
green growth. The literature also deliberates on another channel, the
composition effect, which characterizes a debatable correlation between
FG and GEG (Danish et al., 2018; Chen et al., 2023a; Huo et al., 2023).
Also, ecological modernization theory aims to safeguard the quality of
the environment through resource-efficient innovations (Jänicke, 2020),
which can positively influence the progress toward GEG.

Furthermore, FG boosts the allure of RD and tends to improve
GEG (Huang et al., 2021). FG is a factor of liberalization, financial
openness, and digital financial inclusion. In this sense, the pollution
haven and pollution halo hypotheses, which are both significant,
explain the connection between globalization and the environment.
According to the pollution haven hypothesis, environmentally
hazardous enterprises shift their activities from industrialized
economies to less-developed countries with lax environmental
quality requirements and laws (Doytch and Uctum, 2016). On
the other hand, the pollution halo hypothesis claims that FDI
and commerce improve the environment by transferring effective
management techniques and technologies (Sbia et al., 2014).

2.2 Empirical literature and hypothesis
development

2.2.1 Environmental technologies, research and
development and green growth

In addition to the theoretical basis discussed in the previous
section, several empirical works have been conducted on the impacts
of ETs and RD on different aspects of environmental quality and

GEG propagation. For example, according to Luo et al. (2022), ETs
help to reduce environmental pollution. It has been argued that by
positively impacting the economy and environment, ETs meet the
requirements of economic actors with fewer negative consequences
than traditional alternatives (Adams et al., 2016; Goodman et al.,
2017). This perspective encourages ecologically friendly
technologies and lowers the cost of environmental sustainability
(Popp, 2012). In other words, ETs promote economic development
by making sophisticated machinery more accessible and reducing
environmental contamination. Thus, ET is a key determinant in
promoting GEG (Obobisa et al., 2022). ETs can contribute to GEG
by reducing production waste and pollution emissions (Ghisetti and
Quatraro, 2017).

Furthermore, Meiling et al. (2020) evaluated how technological
innovation affects green total factor productivity (GP) in OECD
countries. Their findings suggest that technological innovation
significantly boosts GP. Additionally, Onifade and Alola (2022)
showed that environmentally related technological innovations
have robust CO2 emission mitigation effects in seven emerging
countries. Furthermore, Fernandes et al. (2021) demonstrated how
ET encourages GEG by analyzing ETs encourage GEGs by analyzing
the contribution made by ETs to GEG using aggregated country-
level data from OECD countries. In addition, Ali et al. (2023)
examined the effects of ETs on CO2 in OECD countries and
found that they play a significant role in reducing CO2 in
OECD economies.

Similarly, Wei et al. (2023) argued that the environmental
quality of most green economies is significantly improved
through ET improvement. Chen et al. (2023b) found that ETs
significantly help improve the environmental quality of
G7 countries. In addition, Ramzan et al. (2023) investigated the
effect of ETs on the sustainability of the environment and energy
transition in the United Kingdom and found that ETs play a role in
improving environmental sustainability.

Similar estimates of the effect of ETs on GEG in European
Union nations have been made by Nosreen et al. (2021). Their
study indicated that green technology considerably boosts GEG.
In addition, Sohag et al. (2021) found that nations with many
sustainable inventions are more likely to advance GEG progress.
This finding is comparable with the findings of Alola and Onifade
(2022), providing evidence that ETs help mitigate carbon
emissions in Finland. Zhang et al. (2022) examined the effects
of different shocks in innovation on sustainability. Their results
reveal that positive technological innovation shocks promote
environmental quality, while negative technological shocks
adversely affect environmental sustainability. These findings
are analogous to the results of Alola and Adebayo (2022), who
provided tangible evidence that environment-related
technologies mitigate greenhouse gas emissions in
Nordic countries.

However, ETs are sometimes thought to constrain the
promotion of GEG. This is because these innovative technologies
can inadvertently lead to increased energy use and pollution, thus
countering the efforts made toward environmental sustainability
and reducing green growth (Zhang et al., 2018). Furthermore, some
companies prioritize profit over environmental considerations when
adopting green innovations to save money on resources such as
capital and labor. This pursuit of profit without attention to
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environmental impacts can escalate pollution and waste and
negatively impact green growth (Zhang and Vigne, 2021).

Limited studies have been conducted regarding the impacts of
RD, and we could not find any study focusing on this nexus in EMEs
using appropriate GEG proxies. However, a few studies have been
conducted to investigate its impacts on different aspects of
environmental sustainability. For example, Alvarado et al. (2021)
suggested that RD exerts a heterogeneous influence on
environmental degradation, positively impacting some countries
and negatively impacting others. Furthermore, they assert that
the innovation mechanisms connected to RD expenditures can
produce biodegradable products that only minimally contaminate
the soil or emit fewer greenhouse gases. In contrast, Kihombo et al.
(2021) revealed that RD is negatively connected to the deterioration
of the environment and that expenditures on RD substantially
reduce carbon emissions. Additionally, Petrovi and Lobanov
(2020a) revealed that an increase in RD investments reduces CO2

emissions over time. Similarly, Han et al. (2023) proved that
accelerating RD reduces CO2 emissions only at lower quantiles.
Nonetheless, Pata et al. (2023) asserted that sustainable energy-
related RD reduces CO2 emissions, while nuclear energy-related RD
has little or no effect on the quality of the environment. In addition,
Herzer (2022) suggested that RD spending reduces CO2 emissions in
G7 nations. Finally, Yang et al. (2022) discovered that RD spending
in G7 countries serves a similar environmentally friendly purpose.
Thus, the following hypotheses are formulated.

H1. ETs positively impact GEG progress.

H2. RD spending positively contributes to GEG.

2.2.2 Financial globalization and green growth
Several studies have been conducted to explore the effects of

globalization on growth and environmental quality based on some
theoretical underpinnings. For instance, Shahbaz et al. (2018),
Haseeb et al. (2018) and Solarin et al. (2017) all examined the
effects of globalization on environmental quality and discovered a
negative association between them. These studies found that
globalization promotes FDI, resulting in environmental strain
through resource depletion and heightened pollution, albeit
alongside enhanced access to goods and services (trade). In
addition, the manufacture, delivery, and consumption of
commodities increase the use of fossil fuels, which is detrimental
to the environment. These findings are in line with the evidence
presented by Kirikkaleli et al. (2021) and Akadiri et al. (2021), who
contended that the globalization of economies increases economic
activity, increases energy consumption, and consequently causes
ecological contamination, which has a destructive impact on
environmental quality. Likewise, a study by Xia et al. (2022)
indicates a strong and positive correlation between globalization
and carbon emissions. Additionally, Ulucak et al. (2020) investigated
the relationship between FG and the quality of the environment in
developing nations and verified that FG exerts a positive impact on
environmental quality.

Using the MMQR approach, Chen et al. (2023a) argued that FG
significantly helps improve the environmental quality in
G7 countries. Additionally, Ramzan et al. (2023) investigated the
effect of FG on the sustainability of the environment and energy

transition in the United Kingdom and revealed that FG hinders the
energy transition. Wang et al. (2023a) found that the effects of FG on
CO2 emissions are asymmetric for some Asian economies.
Moreover, Jiang & Chang (2022) revealed that FG has a positive
influence on GEG, while Wang et al. (2021) reported a negative
impact on industrial sector green productivity due to
spillover effects.

Furthermore, FG can moderate the impacts of ETs and RD on
GEG. According to the technique impact channel, FG can minimize
pollutant emissions by enhancing effective and eco-friendly
innovative practices and consequently accelerating GEG (Chen
et al., 2023b). Moreover, ETs can promote a green revolution in
the manufacturing sectors of receiving nations (Li et al., 2019). FG
promotes GEG by facilitating environmental innovation and
renewable energy sharing. Financial liberalization also improves
the stimuli for FDI-related RD operations (Dauvergne and Lister,
2012). This view is supported by Zheng et al. (2023), who suggested
that FG significantly enhances technological innovation.

FG also stimulates the linkages between financial systems and
can lead host countries to adopt green manufacturing techniques
and RD-led green manufacturing activities (Sbia et al., 2017).
Globalization is another term for financial liberalization, and it is
utilized to attract RD activity as stimulated by FDI (Chen et al.,
2023a). An effective and thriving financial system delivers
convenient access to a diverse range of financial goods and
services, which can encourage RD tasks, improve technological
advancements, and boost energy efficiency initiatives to
significantly enhance the quality of the environment (Murshed,
2020). Likewise, FG provides eco-friendly and efficient innovative
technologies through its technique effect, enhancing GEG.

Moreover, Li et al. (2019) contended that FG drives
technological progress, hastening the transition to eco-friendly
practices within host economies’ industrial sectors, thereby
fostering GEG. Financial freedom and liberalization attract RD
endeavours from foreign investments (Chen et al., 2023b).
Additionally, FG enhances the efficiency and eco-friendliness of
green innovations through the technique effect, consequently
bolstering green growth (Chen et al., 2023a).

Hence, the following hypotheses are articulated.

H3. FG positively impacts GEG.

H4. FG positively moderates the effects of ETs and RD on GEG.

2.3 Literature summary and research gap

Most empirical literature on the connection between ETs and
GEG progress primarily focuses on economically advanced
countries. For example, Meiling et al. (2020), Fernandes et al.
(2021), Ali et al. (2023), Nosreen et al. (2021), Herzer (2022),
and Yang et al. (2022) focused their investigations on advanced
economies, such as OECD, G7 and EU countries, while the
remaining studies are focused on a single or only a few countries.
In addition, most of these studies examine the effects of ETs and RD
on environmental sustainability as proxied by CO2 emissions.
Hence, most previous research has concentrated on the impact of
ETs and RD on environmental sustainability. In contrast, this study
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offers a distinctive examination of the role of ETs and RD in
promoting green growth in EMEs. Therefore, this study bridges
this gap by investigating the effects of ETs on GEG in EMEs using
GEG, which proxies GTFP driven by the MLPI via the directional
distance function.

Moreover, most existing studies focus on the relationship
between FG and carbon emissions, primarily in developed
countries. Nonetheless, the empirical findings are conflicting.
Some researchers argue that globalization negatively influences
environmental quality, and some other scholars argue that it has
a positive effect on environmental quality. For example, Kirikkaleli
et al. (2021), Akadiri et al. (2021), Xia et al. (2022), and Ramzan et al.
(2023) contended that globalization has a destructive impact on
environmental quality, which can negatively influence progress
toward GEG. Conversely, Ulucak et al. (2020) and Chen et al.
(2023b) revealed that enhancing FG improves environmental
quality. Therefore, this research aims to address the current
research gaps and bridge conflicting findings on the effects of FG
on GEG in EMEs.

Besides, the existing research has a gap in bringing the role of FG
on the effects of ETs and RD on GEG. Therefore, this study bridges
this gap by examining the direct effect of FG on GEG and the
moderating role of FG on the effects of ETs and RD on GEG in
EMEs. Besides, globalization provides ecologically beneficial
technology; the quality of the environment will improve as
financial interaction increases (Ahmad et al., 2021). Besides, the
concept is based on the idea that FG enhances the interaction
between financial channels and international firms, potentially
facilitating significant technology transfer for ETs and RD to
EMEs (Fan and Hao, 2020). Furthermore, a high level of
complementarity exists between environmental innovation and
FG (Majeed et al., 2022). FG not only supports the growth of the
financial sector but also facilitates the transfer of knowledge and
technology to developing nations (Tesega, 2022), thereby
contributing to enhanced innovation within these countries
(Zheng et al., 2023). However, the existing literature is silent on
how FG moderates the role of ETs and RD on GEG in the EMEs.

Thus, this research is innovative in further building on the
literature by examining this intricate connection and shedding light
on the moderating effects of FG on the impact of ETs and RD on
GEG in EMEs using more advanced econometric strategies.

3 Methodology and data

3.1 Directional distance function

The DDF is an example of a production function that
incorporates positive and negative outcomes into the model (Xia
and Xu, 2020). This technique enables the alteration of numerous
outputs while leaving multiple inputs unaltered, thus increasing the
feasibility of the DDF (Chung et al., 1997). Shephard, (2006)
introduced the input-output distance function. In addition,
Chung et al. (1997) developed a DDF based on the Shephard
function to address its shortcomings. Based on these
methodologies, a production possibility set (PPS) was built to
account for environmental parameters when incorporating
elements such as energy and the environment.

We construct the GP using the output-oriented distance
function of Chung et al. (1997), which is used to examine the
output disparities among decision-making units (DMUs) under
identical inputs. Assume that for each DMU across time
t � 1 . . . T, there are N inputs w � (w1 . . . ,wn), M desirable
outputs h � (h1 . . . , hm), and I undesirable outputs
l � (l1 . . . , li). Thus, all units of a DMU exploit a vector of
inputs w ∈ BN+ , a vector of the desired output h ∈ BN+ , and a set
of unwanted outputs l ∈ BI+. Then, we can characterize technologies
by their product sets. All production occurs within period
t (1, . . . .,T) of the kth (1, . . . , k) decision-making unit.

D0 w, h, l( ) � inf ϕ: h, l( )/ϕ( ) ∈ P w( ){ } (1)
P w( ) � h, l( ): w can provide h, l( ){ } (2)

We begin by estimating whether reducing undesired output is
expensive, assuming in Eq. 3 that bad outputs are not easily disposed
of. This means that decreasing undesired output is achievable only
by concurrently decreasing the favourable outputs while
maintaining a fixed level of inputs.

h, l( ) ∈ P w( ) and 0≤ ϕ≤ 1 show ϕh,ϕl( ) ∈ P w( ) (3)

Furthermore, when an acceptable output is believed to be freely
reusable, the subsequent postulate in Eq. 4 can be stated.

h, l( ) ∈ P w( ) and h′≤ h imply h′, l( ) ∈ P w( ) (4)

Finally, as the desired and undesirable outputs are null-joint, we
construct Eq. 5. The undesired output is an inevitable consequence
of the intended outcome. Zero undesirable output equals nil
desirable output.

f h, l( ) ∈ P w( ) and h � 0 then l � 0 (5)
Therefore, the primary Malmquist index utilizes Shephard’s

distance strategy, which is defined as:

D0 w, h, l( ) � inf ϕ: h, l( )/ϕ( ) ∈ P w( ){ } (6)

This function proportionally increases the desired and
unwanted outputs (h,l). This strategy does not eliminate
undesirables since both desired and undesired outputs
increase concurrently, leading to the adjustment of the
former Malmquist technique. Thus, we employ the DDF as
stated in Eq. 7 to increase the desirable outputs while
minimizing the unwanted outputs.

�DO w, h, l; d( ) � sup α: h, l( ) + αd ∈ P w( ){ } (7)
where “d” is the vector of “directions” in which the outputs are
scaled. In our case, d=(h,−l), i.e., the desirable outputs increase, and
the undesirable outputs decrease.

3.2 Input and output variables and the GEG
measurement

The GP is calculated by applying the MLPI as established by
Chung et al. (1997), which is subject to the DDF. Supposing t �
1 . . . ,T periods, the MLPI with undesirable output is given
as follows:

Frontiers in Environmental Science frontiersin.org07

Borojo 10.3389/fenvs.2024.1351861

164

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1351861


MLPI

� 1 +Dt
o wt, ht , lt ,−lt( )( ) 1 +Dt+1

o wt , ht, lt; ht − lt( )( )
1 +Dt

o wt+1, ht+1, lt+1; ht+1,−lt+1( )( )(1 +Dt+1
o wt+1, ht+1, lt+1; ht+1,−lt+1( )

[ ]
1/2

(8)

The MLPI is calculated by computing the difference between
time t and time t + 1. The MLPI measurement suggests that
productivity increases when the values are greater than one and
decreases when the values are less than one. The Malmquist‒
Luenberger efficiency change (ECH) and Malmquist‒Luenberger
technical change (TCH) are two components of this index.

ECHt+1
t � 1 +Dt

o wt, ht, lt,−lt( )( )
1 +Dt+1

o wt+1, ht+1, lt+1; ht+1,−lt+1( )(
(9)

TCHt+1
t � 1 +Dt+1

o wt, ht , lt ,−lt( )( ) 1 +Dt+1
o wt+1, ht+1, lt+1; ht+1 − lt+1( )( )

1 +Dt
o wt , ht , lt ,−lt+1( )( )(1 +Dt

o wt+1, ht+1, lt+1; ht+1,−lt+1( )
[ ]

1/2

(10)

TCHt+1
t calculates the shift in the Frontier with the geometric mean

of the technical change between t and t + 1 using input vectors from
the two periods. ECHt+1

t shows the variation in relative efficiency
between t and t + 1. These indices show that productivity increases
when the values are greater than one.

Finally, according to the current research, the labor force, capital
stock, and energy consumption are frequently used as inputs, and
real GDP is used as the desired output; CO2 emissions, SO2

emissions, and wastewater are used as proxies for undesirable
outputs (Kumar, 2006; Li and Lin, 2016; Sun, 2022). Considering
the availability of data, we use the labor force, capital stock, and
energy consumption as the inputs, real GDP as the desirable output,
and CO2 emissions as the undesirable output. We used capital stock
data from the Penn World Table database. In addition, total energy
consumption is used to represent energy input.

3.3 Theoretical underpinnings and model
construction

Theoretically, ET aims to achieve sustainable development and
pollution control to substantially reduce the environmental impact
associated with economic growth (Hart, 1995). Consequently, ETs
affect GEG by supporting green investments, which prioritize energy
savings, assist in the transition from fossil fuels to renewable sources
and reduce the level of gas emissions, thus positively contributing to
the GEG of EMEs.

In addition, RD can impact GEG through various mechanisms.
For example, increasing RD investments can facilitate technological
advancements in the energy sector, fostering the generation of clean,
green energy, which has the potential to make a substantial
contribution to GEG (Lee and Min, 2015) and enhance the level
of energy efficiency (Ma et al., 2022). Furthermore, RD investments
can be crucial in mitigating CO2 emissions, significantly
contributing to GEG.

Following endogenous growth theory, which aimed to model
investment in technological progress and RD to growth (Aghion and
Howitt, 1997), the green Solow model, which incorporates
abatement purpose (Brock and Taylor, 2010), modern growth
theories that suggest technological innovation positively
influences GEG (Acemoglu et al., 2016) and ecological

modernization theory (Janicke, 2020), this study defines the
expected effects of ETs and RD on GEG. Thus, based on these
theoretical backgrounds, the GEG defined in Eq. 11 below is
expected to be positively affected by ETs
(α � ∂lnGEG/∂lnET> 0). Likewise, the GEG is projected to be
positively affected by RD (η � ∂lnGEG/∂lnRD> 0). Furthermore,
based on the technique effect channel of globalization, which
suggests that by fostering efficient and environmentally friendly
green innovations, FG has the potential to mitigate pollution
emissions, thereby fostering green growth. Therefore, we propose
that FG is assumed to positively affect GEG
(θ � ∂lnGEG/∂lnFG> 0). However, the magnitude of ETs, RD
and FG effects are heterogeneous across the GEG distribution.

lnGEGit � βn′Xit + αlnETit + η lnRDit + θlnFGit + εit (11)

GEG represents progress toward GEG as proxied by GP. Xit

is the control variable and includes consumption, capital
formation, energy consumption, the labor force and natural
resources. RDit is research and development spending, FGit is
financial globalization, and ETit is environmental technology.
βs, α, η and θ are parameters of coefficients, and ε denotes the
stochastic term that is independently and identically distributed
across individual country i at time t. t represents time in years
(2000–2019), and i represents the panel of countries 1. . ..25.

Moreover, FG fosters connections between financial systems,
potentially through the introduction of green manufacturing
methods and RD-driven green manufacturing endeavours in
host countries (Sbia et al., 2017). Therefore, FG facilitates the
development of environmentally friendly and efficient innovative
technologies through its technique effect, thereby amplifying
GEG. According to the technique impact pathway, FG has the
potential to curtail pollutant emissions by bolstering the
adoption of efficient and eco-friendly innovative practices,
consequently expediting the progress toward GEG (Chen
et al., 2023a). Additionally, FG prompts the emergence of ETs,
which in turn catalyzes the green revolution of EMEs (Li et al.,
2019). Therefore, FG positively moderates and catalyzes the
positive effects of ETs and RD on GEG in EMEs (for details,
see Section 4.4).

GEGit � βn′Xit + ϑlnETit + η lnRDit + αlnFGit + ψlnFGit × lnETit

+ κlnFGit × lnRDit + εit

(12)
where ψ and κ are the coefficients of the interaction terms.

3.4 Model specification

In panel data investigations, capturing the individual effects on
the entire distribution, as well as outliers, to regulate and classify the
conditional heterogeneous covariance effects is crucial, particularly
when the error term is not normally distributed (Flores et al., 2014;
Musibau et al., 2021). These issues can be captured through the use
of quantile regressionmethods because quantile regression strategies
correct the sample size bias caused by endogenous regressors
(Canay, 2011) and eliminate the bias caused by distributional
heterogeneity (Zhu et al., 2016). However, despite being resilient
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to outliers, traditional quantile regression does not take into account
any possible unobserved heterogeneity across individuals in a panel
(Ike et al., 2020).

The MMQR model with fixed effects proposed by Machado and
Silva (2019) represents a robust and alternative method capable of
solving individual heterogeneity concerns. It produces accurate and
resilient results when the dataset’s distribution lacks a clear shape,
contains outliers, demonstrates minimal or no correlation, and
deviates from normality. It effectively discerns the unique
characteristics of different quantile values, tackling challenges
stemming from uneven distribution (Alhassan et al., 2020). This
method is used to identify the conditional heterogeneous covariance
effects of RD, ETs and FG on GEG by permitting the individual
effects to influence the entire distribution, as opposed to merely
altering means, as in Canay (2011). This strategy implies that the
covariate variables influence the distribution of the variables of
interest only through the location and scale functions and not
through location shifters alone. Consequently, the MMQR
estimation method is most applicable when the panel data
framework contains individual effects and endogenous
explanatory variables (Ike et al., 2020). It additionally offers
noncrossing regression quantile estimates. Moreover, it
accommodates asymmetry based on location, as the parameters
may vary based on the position of the predicted variable and income
inequality, and delivers reliable estimates across diverse conditions,
even in non-linear models (Halidu et al., 2023).

Hence, applying the MMQR estimation technique in our study
is justifiable because the progression of GEG in EMEs is quite
heterogeneous (Figure 1). Additionally, the economic status of
each country is reflected in its emission levels (Figure 2). Hence,
conducting studies incorporating individual and distributional
heterogeneity across conditional quantiles is worthwhile. We,
therefore, applied the MMQR with fixed effects. The econometric
model for investigating the effects of RD, ETs, and FG is defined in
the following Equation.

QGEGit τ/Zit( ) � βn′Xit + αlnETit + η lnRDit + θlnFGit + εit (13)
where QGEGit(τ/Zit) denotes the τth conditional quantile
function. Z represents all explanatory variables. The residuals
are orthogonal to Zit and normalized to satisfy the moment
conditions described in Machado and Silva (2019). All variables
are transformed to their natural logarithms, thus enabling the
estimation coefficients to be interpreted in terms of their
elasticities.

Equation 13 implies the following:

QGEGit(τ/Zit) � δi + αiq τ( )( ) + Zit
′ β + Xit

′ χq τ( ) (14)
δi(τ) ≡ δi + αiq(τ) is the scalar parameter, which is indicative of the
quantile-τ fixed effect for individual i. The α across individual i and
the sample quantile is depicted by q(α). X is a k-vector of identified
components of Z that are differentiable transformations with
element l given by Xl = Xl(Z), L = 1,2, . . . k. The individual
effects in this method do not represent intercept shifts.

This is evaluated by addressing optimization in the manner
described below:

min q ∑i
∑

t
ρτ R̂it − αi +Xit

′χ( )q( ) (15)
where

ρτ A( ) � τ − 1( )AΙ A≤ 0{ } + ΤAΙ A> 0{ } (16)

Due to the marginal change in i, the parameter for a dependent
variable (GEG) i might represent the marginal change in the rth
conditional quantile of QGEGit(τ/Zit).

In addition, Eq. 13 is modified to include the interaction between
ETs and globalization to illustrate the moderating role of FG on the
impacts of RD and ETs on GEG.

QGEGit τ/Zit( ) � βn′Xit + αlnETit + η lnRDit + θlnFGit

+ ψlnFGit × lnETit + κlnFGit × lnRDit + εit

(17)

FIGURE 1
Distribution of environmentally adjusted green productivity based on OECD data.
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In this approach, we divide the distribution into 25th, 50th, 75th
and 90th quantiles. The 25th quantile is regarded as the lower
quantile, the 50th and 75th quantiles are considered the middle
quantile, and the 90th quantile is considered the upper quantile.

Finally, we used the two-step system GMM, FMOLS and Tobit
models for robustness purposes. The MMQR model may not solve
endogeneity concerns. The two-step system GMM method
recommended by Arellano and Bond, (1991) and Blundell and
Bond (1998) is applied to solve potential endogeneity issues.
Endogeneity issues could occur through reverse causality between
GEG and any of the covariates, including our target variable. The
two-step system GMM model employs lagged differences of
variables as instruments for equations in levels to solve the
concerns. This approach exhibits better efficiency in mitigating
issues related to heteroscedasticity and autocorrelation. It
employs optimal weighting matrices and characterizes each
observation by its deviation from the future observations’ average
within the same individual while simultaneously standardizing the
variance by assigning appropriate weights to each deviation
(Blundell and Bond, 1998). Furthermore, it provides
asymptotically precise inference with minimal statistical
assumptions and employs internal instruments (Blundell and
Bond, 1998). It is particularly well-suited for scenarios with a
smaller time dimension than panels. Additionally, it incorporates
the lagged levels of the dependent variable as instruments for
equations in first differences. This approach effectively addresses
the issue of endogeneity, specifically the challenge of reverse
causality, thereby yielding consistent results. Moreover, the
FMOLS model can provide long-term efficient estimates because
it controls for the issues of cross-sectional dependency,
heterogeneity and serial correlation (Özcan, 2013). These
methods correct for serial correlation concerns (Özcan, 2013),
provide trustworthy estimates and address concerns regarding
cross-sectional dependency and heterogeneity issues (Zafar et al.,
2020). In addition, the FMOLS approach has become popular
because it accounts for bias and endogeneity concerns in small
samples (Zafar et al., 2020). Therefore, following Zafar et al., 2020,

we use the FMOLS estimator to examine the long-term role of
globalization, ETs and RD on GEG in EMEs. The compelling
evidence allows us to employ FMOLS to validate the long-term
association among the suggested variables. Panel FMOLS offers
several advantages, accommodating serial correlation, addressing
endogeneity and accounting for cross-sectional heterogeneity.
Additionally, it provides insights from both within and between
dimensions (Erdal and Erdal, 2020). Research design, including
methods of analysis and findings framework, is reported in
Supplementary Figure SA2.

3.5 Data

In light of the data, we utilize 25 EMEs covering the
2000–2019 period, depending on IMF classifications1. This study
period is delimited to 2000–2019 due to the lack of updated data
available on the stock of capital since 2019 in the Penn World Table
Database. The rationale for variables is based on the existing
theoretical and empirical literature. The data for all variables
have been collected from the most commonly used and reliable
secondary sources such as the WDI of the World Bank, OECD,
UNESCO, KOF Globalization Index and Our World in Data. These
sources are widely used to utilize secondary data. Details of each
variable have been discussed in the following sections and
Supplementary Table SA1.

3.5.1 Dependent variable
We utilize the green productivity index for GEG. GEG is derived

by employing the MLPI. To calculate GEG, we utilized the labor

FIGURE 2
Distribution of CO2 emissions based on Earth System Science data.

1 List of emerging economies: Argentina, Brazil, Bulgaria, Chile, China PR,

Colombia, Egypt, Georgia, Hungary, India, Indonesia, Malaysia, Mexico,

Morocco, Pakistan, Peru, Philippines, Poland, Romania, Russian

Federation, Saudi Arabia, South Africa, Thailand, Turkey and Ukraine.
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force, stock of capital, and energy consumption as inputs, GDP in
real terms as desired output, and CO2 emissions as unwanted
outputs. The real GDP and labor force were taken from the WDI
database. We used capital stock data borrowed from the PennWorld
Table Database. Capital stock data is preferable to calculate capital
from gross fixed capital formation. We utilized the energy
consumption data that were provided by Our World in Data
from the BP Statistical Review of World Energy. Finally, CO2

emission data were gathered from the Earth System Science
database. We repeated the exercise using CO2 emissions as a
dependent variable as a sensitivity analysis.

3.5.2 Target variables
Environmental technologies: Most of the available literature

uses the number of patents to estimate ETs since patents are
important indicators of a nation’s innovative capacity. According
to the studies of Fernandes et al. (2021) and Hussain et al. (2022), ET
is represented by the number of patents connected to ET
development in the OECD database. The choice of patents
connected to ET stems from the increasing significance of
advancing green technologies, which are intricately tied to
environmental policies (Urbaniec et al., 2021).

Research and development: We used RD expenditures as
complied by Our World in Data from the UNESCO database as
a percentage of GDP. This measure includes the current and capital
on basic, applied and experimental research. Data on expenditure
for RD is preferred to show the public resources that economies
invest in research on the environmental aspects of the economy. We
used linear interpolation to estimate somemissing values in the data.
We employed RD spending to represent RD following the works of
Alvarado et al. (2021).

Financial globalization: This study uses a new FG index, as
Gygli et al. (2019) suggested, rather than the conventional one.
Using data for the FG index from Gygli et al. (2019), available from
The KOF Globalization Index website, is more robust to represent
FG. In line with the findings of authors such as Nasreen et al. (2020)
and Ulucak et al. (2020), we propose that FG is a critical component
of environmental sustainability that favourably affects GEG.
However, most extant studies have employed FDI, trade
openness or composite indices as indicators of globalization.

3.5.3 Control variables
Gross fixed capital formation, total final consumption

expenditure, primary energy consumption, labor force and
natural resources are included as control variables following the
methods of Borojo et al. (2023) and Liu et al. (2022). The gross fixed
capital formation and total consumption expenditure data are
collected from the World Bank database. The energy
consumption data were compiled by Our World in Data from
the BP Statistical Review of World Energy and Shift Energy Data
Portal. These data came from the regression presented in a study by
Hussain et al. (2022). Energy consumption represents the total
energy consumption. The definitions of the variables and sources
of data are given in Supplementary Table SA1. Additionally, the
correlation coefficients of the variables are reported in
Supplementary Table SA2. The summary statistics of the
variables are given in Table 1 below.

4 Results and discussion

This section provides test results, regression analysis and
findings. Supplementary Figure SA2 A provides a detailed
presentation of the data analysis process.

4.1 The panel unit root and cross-section
independence tests

The cross-sectionally augmented IPS method of Pesaran
(2007) is used to test the unit root. The results show that all
the other variables are stationary at the first difference. In
addition, the dependent variable, GEG, is stationary at I (1).
Moreover, we determined if there was cross-sectional
dependence in the dataset using the cross-sectional
dependence test. The result demonstrates that EMEs have a
strong economic connection, as cross-sectional independence
is not accepted (Table 2).

TABLE 1 Summary statistics of the variables.

Variable Obs Mean Std. Dev Min Max

GEGi,t 500 1.035 0.324 0.277 2.225

LogCi,t 500 4.304 0.144 3.797 4.587

LogKi,t 499 24.921 1.283 21.519 29.441

LogEi,t 500 1.285 0.616 0.000 2.480

Logli,t 500 17.137 1.246 15.009 20.475

LogNi,t 474 0.091 0.393 −0.670 2.121

LogETi,t 500 7.497 1.724 0.000 13.289

LogRDi,t 481 0.613 0.413 0.042 2.245

LogFGi,t 500 3.993 0.256 3.220 4.499

TABLE 2 Cross-section and Stationarity tests.

Stationarity CD-test

Variables I (0) I (1) CD-test

GEGit −1.218 −13.296*** 24.641***

LogCi,t −1.034 −1.943** 21.955***

LogKi,t 1.138 −13.673*** 13.804***

LogEi,t 2.069 −17.556*** 89.921***

LogLi,t 0.374 8.855*** 12.367***

LogNi,t 0.404 −10.202*** 8.769***

LogETi,t 3.613 −14.416*** 6.169***

LogRDi,t −2.000 −16.00*** 7.361***

LogFGi,t 2.435 −16.868*** 79.613***

*** indicates significance at the 1% level. Lags are selected according to the AIC.
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4.2 Cointegration test

Several methods have been devised for testing the cointegration
of a set of variables. The cointegration connection is studied through
a variety of methodologies, such as Westerlund (2007), Pedroni
(1999), and Kao (1999). Therefore, we applied these methods in our
research. Kao’s (1999) cointegration test considers the intercepts of
cross-sections and homogenous coefficients on the first step of
regression. This method requires the intercept to be
heterogeneous across cross-sections and the slope coefficients to
be homogenous. Kao’s cointegration test results indicate that the
null hypothesis is rejected (Table 3).

4.3 The effects of RD, ETs and FG on
green growth

The results of the MMQR estimator are presented in Table 4.
These findings imply that capital formation and the labor force

have statistically robust positive effects on GEG in all quantiles aside
from the nonsignificant effect of the labor force that occurs in the
90th quantile. Similarly, the coefficients of consumption expenditure
that are used to proxy for fiscal policy measures are robustly positive
in the lower and middle quantiles (Q.25 and Q.5), inferring that an
increase in consumption expenditure improves the GEG in
countries with lower levels of GEG progress. In addition, the

effects of natural resources are weakly positive. However, the
estimates of total energy consumption show that total energy
consumption has a significant negative effect on GEG in all quantiles
aside from 90th quantile, denoting that an intensification in energy
consumption (nonrenewable) negatively affects the GEG of EMEs.
These results are not surprising given the extremely low diversity of
energy sources in EMEs, where fossil fuels generally dominate (Capozza
and Samson, 2019). Moreover, these findings support existing empirical
studies, such as those of Adebayo et al. (2022), Wu et al. (2022), Hussain
et al. (2022) and Wang et al. (2023b), that have revealed mitigating
emission effects of renewable energy consumption.

Concerning the target, the coefficients of ETs are positive and
statistically significant across all quantiles. Therefore, ETs have a
statistically significant beneficial effect on GEG, suggesting that ETs
encourage development toward GEG in EME countries. However,
the effect of ETs decreases from lower quantiles to higher quantiles,
indicating that improvements in ETs in countries with lower GP
levels have greater effects on GEG. Therefore, ETs serve as an
important determining factor in promoting the GEG of EMEs.
This may be because technological innovations can spur green
technological progress, enhance resource allocation, and
positively affect GEG. In other words, by developing eco-friendly
green technologies, firms in EMEs can reduce energy consumption
and pollution emissions, enabling green production to enhance
green growth. Additionally, green innovation and technologies
help in the reutilization of production waste and recycling
(Zhang et al., 2018), which can positively contribute to GEG in
EMEs. These outcomes are comparable with the findings of Sohag
et al. (2019), Jason and Giorgos (2020), Meiling et al. (2020), Wang
et al. (2018), Liu and Xin (2019) and Obobisa et al. (2022),
confirming that technological progress and ETs positively impact
GEG and sustainable development. Furthermore, by developing eco-
friendly green technologies, EMEs can reduce their energy
consumption and pollution emissions, thus enabling green
production to enhance GEG. Additionally, ETs help in the
reutilization of production waste and recycling (Zhao et al., 2021).

Moreover, the results of this study support the use of ecological
modernization theory frameworks, the Green Solow model and

TABLE 3 Kao cointegration test.

Kao (I)

Modified Dickey-Fuller (D.-F.)t −6.301***

D.-F. t −8.189***

Augmented D.-F. t −5.114***

Unadju. modified D.-F −13.784***

Unadju. D.-F. t −10.586***

*** indicates significance at the 1% level.

TABLE 4 The impacts of ETs, RD and FG on GEG.

Variables Location Scale 25th 50th 75th 90th

LogCi,t 0.082* (0.043) −0.082*** (0.028) 0.151*** (0.044) 0.091** (0.043) 0.018 (0.053) −0.068 (0.074)

LogKi,t 0.031*** (0.009) 0.004 (0.006) 0.028*** (0.009) 0.030*** (0.009) 0.033*** (0.011) 0.037** (0.015)

LogEi,t −0.027*** (0.008) 0.004 (0.005) −0.030*** (0.009) −0.027*** (0.008) −0.024** (0.010) −0.020 (0.014)

logLi,t 0.023*** (0.005) −0.006* (0.003) 0.028*** (0.006) 0.024*** (0.005) 0.019*** (0.007) 0.012 (0.009)

logNi,t 0.024* (0.014) 0.008 (0.009) 0.017 (0.014) 0.023* (0.013) 0.030* (0.017) 0.039* (0.023)

LogETi,t 0.126*** (0.008) −0.020*** (0.005) 0.142*** (0.009) 0.128*** (0.008) 0.110*** (0.011) 0.090*** (0.015)

LogRDi,t 0.129*** (0.022) −0.019 (0.014) 0.145*** (0.022) 0.131*** (0.022) 0.114*** (0.027) 0.094** (0.038)

LogFGi,t 0.150*** (0.021) 0.034** (0.013) 0.122*** (0.021) 0.146*** (0.020) 0.177*** (0.026) 0.212*** (0.036)

_cons −1.996*** (0.326) 0.630*** (0.210) −2.520*** (0.331) −2.066*** (0.322) −1.503*** (0.402) −0.852 (0.561)

Obs 455 455 455 455 455 455

***, ** and * indicate significance at the 1%, 5% and 10% levels, respectively; std. errors are displayed in brackets, i = 1, . . . ,25.
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extended endogenous growth theory, which argues that promoting
environmental-related innovation promotes GEG by advocating for
investments that not only yield economic benefits but also enhance
the broader goal of environmental sustainability (Aghion and
Howitt, 1997; Brock and Taylor, 2010; Jänicke, 2020).

Furthermore, the effects of RD on GEG are positive and statistically
significant across all quantiles (Q.25 to Q.9). The magnitude of the
coefficients of RD decreases from lower quantiles to higher quantiles,
implying that RD investment is more important for EMEs exhibiting
less GEG progress. Thus, the results verify that increasing the share of
RD spending promotes GEG in EMEs. This finding is driven by the
notion that investing in RD is a crucial means of shifting the economic
structure from a predominance of fossilized energy towards renewable
energy sources, thereby assisting EMEs in achieving their carbon
neutrality goals and GEG targets. In other words, RD contributes to
the improved utilization of resources, slows the growth of pollutants
associated with energy and other resource consumption, and constrains
economic expansion while driving GEG in EMEs. Similarly, RD
spending is anticipated to decrease the reliance of EMEs on fossil
fuels, encourage the adoption of renewable energy, and increase
investment in ETs. Our findings are in line with the justifications of
the studies by Kihombo et al. (2021), Petrović and Lobanov (2020b),
Han et al. (2023) and Herzer (2022), who argued that RD investment
positively contributes to CO2 mitigation and thus contributes to GEG.

Theoretically, the results corroborate the endogenous growth
theory, which posits that RD is a pivotal catalyst for economic
expansion, with investments in RD yielding enduring enhancements
in productivity (Brock and Taylor, 2010). Thus, within the
framework of GEG, directing RD investments toward creating
eco-friendly technologies can ignite innovation, enhance resource
utilization, and mitigate environmental repercussions, thereby
nurturing GEG’s progress.

Furthermore, FG positively affects GEG in all quantiles,
indicating that FG robustly enhances the progression toward
GEG in the EMEs. Additionally, the magnitude of the estimates
of FG increases from the lower quartile to the higher quantile (Q.25-
Q.9), implying that FG has a greater positive impact on the GEG of
countries that already exhibit a high level of GEG. These results can
be used to explain why FGs encourage firms to use environmentally
favourable manufacturing practices, which results in environmental
quality and contributes to GEG. The positive link between FG and
GEG is also based on the pollution halo hypothesis and technical
effect, which provides evidence that FG improves the environment
through the transfer of effective management techniques and
through financial and technological spillover and transfer (Sbia
et al., 2014). These findings are congruent with those of Huang
et al. (2021), Sbia et al. (2014), Xia et al. (2022), Chen et al. (2023a)
and Dauvergne and Lister (2012), who all reported positive
associations among environmental quality, green growth and FG.

4.4 Themoderating role of FG in the impacts
of ETs and RD on GEG

Table 5 provides the moderating effects of FG on the effects of
ETs and RD on GEG. The coefficients of the interaction terms are
positive and statistically significant in all quantiles.

To determine the marginal effects of ETs and RD on GEG under
FG in greater detail, the partial derivative of GEG is conditional on
FG. The marginal effect of the improvement in FG to the average
level in the sample can be calculated using the partial derivative
Formula below:

∂logGGi,t/∂FGi,t � β̂ + α̂logFGi,t (18)

where β̂ denotes the effect of a percent increase in ETs and RD on
GEG when FG is equivalent to zero and α̂ represents the coefficient
of the interaction term when FG is greater than zero.

For example, themarginal effect is calculated using the first quantile
(Q.25) of the MMQR estimates displayed in Table 5 and the average of
the natural logarithm of FG (Table 1). Thus, at the minimum FG in the
natural logarithm (3.220), the marginal effect of ETs on GEG as
conditioned on FG is 0.126+ (0.066p3.220) = 0.338. Nevertheless,
the conditional marginal impact of ETs on GEG subject to an
approximately average FG according to the natural logarithm
(3.993) is 0.126+ (0.066p 3.993) = 0.390. These results, therefore,
indicate that the positive effect of ETs is increasing with respect to
FG, implying that the openness of countries to FGpromotes the positive
effect of ETs on GEG. Similarly, at the minimum FG in the natural
logarithm, the marginal effect of RD on GEG as conditioned on FG is
0.149+ (0.058p3.220) = 0.336. Nevertheless, the conditional marginal
impact of ETs on GEG as subject to the approximately average natural
logarithm of FG is 0.149+ (0.058p 3.993) = 0.381, implying that the
beneficial effect of RD on GEG increases under FG.

Based on the theoretical framework, our findings align with the
technique effect mechanism of globalization. This suggests that by
promoting efficient and environmentally friendly green innovation,
FG can potentially decrease pollution emissions, thus
enhancing GEG.

In addition, our findings are congruent with those of Chen et al.
(2023b), Li et al. (2019) and Sbia et al. (2017), who argued that FG
stimulates connections between financial systems that could bring
about green manufacturing techniques and RD that may encourage
clean production activities and easy access to a vast array of financial
goods and services that can help encourage RD operations, improve
technological innovations, and improve GEG.

Therefore, FG enables the movement of capital across international
borders, providing EMEs access to funds from global markets, implying
that with greater financial resources available, firms in EMEs may
allocate more funding towards projects focused on ETs and RD, driven
by the desire to seize opportunities for innovation and competitiveness
in the global marketplace. Also, FG, marked by liberalization and digital
financial inclusion, enhances the allure of RD, bolstering green growth
(Chen et al., 2023b).

5 Robustness test

There is reverse causality between GEG progress and ETs and
RD. Therefore, we re-examined the impacts of ETs, RD and FG on
GEG using a two-step system GMM model to control for potential
endogeneity. The results are reported in Supplementary Table SA4.
These findings support the baseline results reported in Tables 4, 5.

Additionally, we investigated the effects of FG, RD and ETs
using the FMOLS and Tobit models to perform further sensitivity
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analysis. The findings are consistent with the baseline results. RD
and ETs have a beneficial impact on GEG, showing that RD and ETs
promote GEG. In addition, FG positively contributed to GEG
(Supplementary Table SA5; Supplementary Table SA6). These
results further confirm that the magnitudes of the interaction
terms are positive and statistically significant. Finally, we
investigated the effects of RD, ETs and FD on CO2 emissions
and the results are reported in Supplementary Table SA3.

6 Conclusion and policy implications

This study contributes to the current GEG literature by offering
novel evidence on the impacts of ETs, RD and FG on GEG in
25 EMEs using data covering the period from 2000 to 2019. We
extend the analysis to further investigate the moderating role of FG
on the effects of ETs and RD on GEG. We drive the proxy to GEG
using the DDF MLPI strategy. This study applies the MMQR with a
fixed effects model that can capture distributional heterogeneity,
nonnormality, endogeneity, and outlier concerns. It is a robust and
alternative method capable of solving individual heterogeneity
concerns. The two-step system GMM, FMOLS and Tobit models
are also used for robustness purposes. The two-step system GMM
method is applied to solve potential endogeneity issues. The FMOLS
model is used to get efficient findings because it solves heterogeneity
and serial correlation concerns.

The findings imply that ETs have a robust positive impact on
GEG, showing evidence that ETs promote GEG advancement in all
quantiles (Q.25, Q.5, Q.75 and Q.9). In addition, the effect of ETs
decreases from lower quantiles to higher quantiles, indicating that
improvements in ETs in countries with lower levels of GEG have
greater effects on GEG progress in EMEs. Thus, green technical

progress can be generated, efficiency can be increased, and the
allocation rate of resources in EMEs can be improved, thereby
contributing to GEG.

In addition, the impacts of RD on GEG are positive and
statistically significant in all quantiles (Q.25 to Q.9). Compared to
that of ETs, the magnitude of the RD coefficient decreases from
lower quantiles to higher quantiles, indicating that RD spending is
crucial for EMEs with less advanced GEG. Consequently, the
findings confirm that boosting the proportion of RD
expenditures advances GEG in EMEs. In addition, FG had a
positive impact on GEG, indicating that FG promotes GEG
progress in EMEs in all quantiles (Q.25, Q.5, Q.75 and Q.9).

In addition, the magnitude of the coefficient of FG decreases
from the lower quartile to the higher quantile (Q.25-Q.9), revealing
that FG has a greater positive impact on GEG in countries with
higher GP. These results further imply that the positive influence of
ETs and RD on GEG is greater after controlling for the moderating
role of FG, implying that EMEs the openness of EMEs to FG
promotes ETs and RD and, in turn, drives GEG. In other words,
the influence of FG on advancement toward GEG in EMEs can be
facilitated through policy measures and planning that promote ETs
through the development of novel innovations and economic
frameworks that improve the environment and advances in
technology in energy preservation, effectiveness and prevention
of pollution. Thus, our findings align with the technique effect
channel, which posits that FG can reduce pollutant emissions by
promoting sustainable and eco-friendly green innovation, hence
intensifying GEG. Therefore, FG increases efficient and eco-friendly
green innovations via the technique effect, improving GEG.
Moreover, our results show that FG positively influences the RD-
GEG nexus in EMEs, which infers that FG enhances the incentives
for RD activities related to FDI and capital inflow into EMEs. Hence,

TABLE 5 The moderating role of FG on the impacts of ETs and RD on GEG.

Panel I: The moderating role of FG in the impact of ETs on GEG.

Variables Location Scale 25th 50th 75th 90th

Control variables Yes Yes Yes Yes Yes Yes

LogETi,t 0.117*** (0.007) −0.011** (0.004) 0.126*** (0.006) 0.119*** (0.006) 0.109*** (0.008) 0.098*** (0.011)

LogRDi,t 0.135*** (0.019) −0.020* (0.012) 0.153*** (0.018) 0.139*** (0.018) 0.119*** (0.024) 0.099*** (0.033)

LogFGi,t 0.123*** (0.019) 0.022* (0.012) 0.103*** (0.019) 0.119*** (0.019) 0.139*** (0.024) 0.161*** (0.033)

LogETi,t* LogFGi,t 0.060*** (0.011) −0.007 (0.007) 0.066*** (0.010) 0.061*** (0.010) 0.054*** (0.013) 0.046** (0.018)

Panel II: The moderating role of FG in the impact of RD on GEG.

Variables Location Scale 25th 50th 75th 90th

Control variables Yes Yes Yes Yes Yes Yes

LogETi,t 0.120*** (0.007) −0.014*** (0.004) 0.132*** (0.007) 0.122*** (0.007) 0.110*** (0.009) 0.096*** (0.012)

LogRDi,t 0.128*** (0.019) −0.024** (0.012) 0.149*** (0.018) 0.132*** (0.018) 0.110*** (0.024) 0.086** (0.033)

LogFGi,t 0.025 (0.030) 0.064*** (0.019) −0.032 (0.029) 0.013 (0.029) 0.073* (0.039) 0.138** (0.053)

LogRDi,t* LogFGi,t 0.047*** (0.008) −0.012** (0.005) 0.058*** (0.008) 0.050*** (0.008) 0.038*** (0.011) 0.026* (0.015)

Obs 455 455 455 455 455 455

***, ** and * indicate significance at the 1%, 5% and 10% levels, respectively; std. errors are displayed in brackets, i = 1, . . . ,25.

Frontiers in Environmental Science frontiersin.org14

Borojo 10.3389/fenvs.2024.1351861

171

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1351861


FG can provide easier access to capital for EMEs to invest in ETs and
finance RD, thereby facilitating GEG.

This research provides substantial theoretical contributions
by offering insights into the impact of diverse strategies for
adopting ETs and varying degrees of RD investment on
achieving GEG in various EMEs. In this regard, the findings
support the theoretical views of ecological modernization, the
green Solow model and endogenous growth theory that claim
investments in green innovation and RD can shift the growth
path to more environmentally friendly. Besides, the results of
this research support the technique effect channel of
globalization, believing that by fostering efficient and
environmentally friendly green innovations, FG has the
potential to foster green growth.

Additionally, by exploring how FG moderates these
connections, this study enhances theoretical comprehension
by emphasizing the intricate nature of global financial
integration in fostering environmentally sustainable
economic development in EMEs. In addition, achieving a
balance among these elements is crucial for establishing
environments conducive to driving sustainable development
in emerging economies. Thus, our results support the
theoretical prediction that FG increases efficient and eco-
friendly green innovations via the technique effect, thereby
improving GEG.

From a practical perspective, the study can offer
policymakers, businesses, and other stakeholders in EMEs
actionable insights and evidence-based recommendations. By
understanding the specific impacts of ETs, RD, and FG on
GEG in their respective contexts, decision-makers can
formulate more effective policies and strategies to promote
GEG. More specifically, the findings of this study shed new
light on the implications of the literature and can advance
some beneficial contributions to scholars, policymakers, and
governments, as discussed below.

First, to speed up GEG development, policymakers and
governments in EMEs should implement ETs-friendly policies
and plans. The findings can guide governments and investors,
helping them decide how to allocate their investments towards
sustainable development projects. For example, to attain
environmental sustainability goals (SDG-13) and growth central
to the GEG, EMEs need to encourage ETs to promote innovation
(SDG-9). Therefore, EMEs should promote FG to enable the
movement of capital across borders, fostering greater investment
in sustainable projects and technologies designed to address climate
change. This encompasses funding for initiatives such as renewable
energy, energy efficiency, and other environmentally friendly
endeavours. In other words, in the framework of sustainable
growth, policymakers in EMEs must ensure that green
innovation and technology can resolve current economic and
ecological challenges and provide decent employment
opportunities, which can, in turn, contribute to achieving GEG.
Thus, EMEs should advocate for adopting ETs that improve
resource efficiency and promote sustainable practices, aligning
with the responsible consumption and production goals outlined
in SDG-8.

Second, the development of cautious strategies to promote
technologically innovative businesses is crucial for advancing

GEG in EMEs. In this respect, a relatively larger proportion of
green credit and incentives should be allocated to firms and
industries that prioritize green innovation and those
environmentally friendly, greener industries that are
committed to promoting industrialization and economic
growth while maintaining environmental quality.
Consequently, providing green financing through issuing green
bonds and green credits and subsidizing companies that invest in
eco-friendly innovation is crucial for facilitating the GEG of
EMEs. Also, setting regulations such as emission standards
and renewable energy targets will promote ETs in EMEs that
can boost the progress of GEG.

Third, regarding the FG, EMEs should focus on financial
liberalization and establish a political framework to entice
more foreign capital by promoting FG. In turn, financial
capital flow results in using novel manufacturing methods
and acquiring advanced technologies that are more energy-
efficient and environmentally benign, thereby promoting
GEG in EMEs.

Fourth, the practical roles of ETs and RD can be integrated
within FG frameworks to promote GEG in EMEs. This includes
designing policies that encourage the adoption of
environmentally friendly technologies while leveraging FG to
attract investment in green projects to promote GEG. In this
regard, FG can facilitate the transfer of ETs by providing the
necessary funding for technology acquisition and
implementation. FG stimulates cooperation among financial
channels and attracts capital with the technological and
financial capabilities to transmit ETs and RD to EMEs.
Therefore, EMEs should develop targeted policies to promote
FG so that spillovers from capital inflows from various countries
can promote GEG by providing the financial capacity to address
the financial constraints of EMEs regarding conducting RD and
investing in ETs.

Finally, the findings of this research show that increasing RD
spending is important for GEG and, therefore, investments in RD
projects should be increased and sufficient financial rewards for
undertaking meaningful research activities should be provided in
EMEs. Also, For RD to impact GEG, EME governments should
stimulate private sector investment in areas that include
environmental welfare-related technology development, energy
efficiency, and energy transition.

This study is limited by the availability of data on EMEs. Thus,
future research should extend and perform similar studies in the
context of a wide range of developing countries.
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Can intellectual property rights
pilots reduce carbon emissions?
Evidence from China

Haodong Han*

Fuzhou University, Fuzhou, China

In this paper, panel data from Chinese cities from 2000 to 2020 were used, and
the intellectual property pilot was used as a quasi-natural experiment. The double
difference model mainly tests the underlying mechanism of the impact of
intellectual property rights pilots on urban carbon emissions. This study
revealed that IPR pilots play an important role in reducing urban carbon
emissions. Heterogeneity experiments reveal that IPR pilots are conducive to
reducing carbon emissions in coastal as well as high greening cities and that the
underlying mechanism through which IPR pilots affect urban carbon emissions
mainly occurs at the level of innovation and the optimization of the industrial
structure. In addition, this paper also validates the smoothness of the model by
replacing the explanatory variables and performing a placebo test, which further
strengthens the reliability of the paper’s conclusions.

KEYWORDS

intellectual property pilot, carbon emissions, innovation level, industrial structure, China

1 Introduction

In recent years, global climate problems caused by excessive carbon emissions have had
negative impacts on human living environments and socioeconomic development, and
controlling carbon dioxide emissions has become the consensus of major countries
worldwide (Duan and Zhou, 2017). Reducing carbon emissions requires the synergy of
technology, environmental awareness and social responsibility, which means that carbon
emissions need to be regulated. However, currently, most of the regulation of carbon
emissions occurs in the private sector (Reinhard et al., 2023), which is far less efficient and
fair than state regulation. Therefore, it is necessary for the State as the main body to
formulate effective policies to reduce carbon emissions. According to the World Energy
Statistics Yearbook 2021, China’s carbon emissions will increase from 8.83 billion tons in
2011 to 9.90 billion tons in 2021, accounting for a larger proportion of the world’s total
carbon emissions; therefore, the conclusions drawn from selecting China’s policies as a
quasi-natural experiment can be somewhat representative (Yu et al., 2023).

Curbing carbon emissions is one of the hot topics of current research, and many
scholars have focused on the impact of different policies on carbon emissions. Based on the
carbon emission trading pilot (CETS) study conducted by selecting firm-level panel data
from 2010 to 2018, several scholars have suggested that total factor productivity
improvement can be promoted through government policy formulation to achieve the
effect of reducing carbon emissions (Pan et al., 2022). Moreover, according to a study on
environmental taxes utilizing data from G7 countries from 1994 to 2004, it has been
suggested that carbon emissions can be reduced by increasing the cost of corporate
emissions through government policies (Doğan et al., 2022). However, another group of
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scholars has argued that the effect of influencing carbon emissions
through policy formulation is limited. For example, carbon tax
policies do not necessarily lead to the generation of technological
innovations (Fu et al., 2023), and studies based on a large dataset of
32 OECD countries for the period 1997–2018 have shown that the
impact of government policies on carbon emissions is unstable at
different stages and that there is a rebound effect (Yıldırım
et al., 2022).

In addition, studies have shown that the increase in the
number of patent applications to prevent climate change is
inversely related to carbon dioxide emissions (Yu et al., 2021).
It is worth noting that China’s IPR pilot policy was initially
implemented in 2012 with the aim of strengthening the
economic, cultural and social orientation of IPRs through
improved laws and regulations and a sound judicial protection
system (Zheng et al., 2023). Since the implementation of the
policy, there have been six batches of IPR pilot projects in
77 cities, including 14 subprovincial cities, 54 prefectural-level
cities and 9 county-level cities. Therefore, what type of policy
effect has the implementation of the IPR pilot program had on
carbon emissions? Through what transmission of effects has such
an effect been achieved? These questions need to be answered.

The possible marginal contributions of this paper are threefold:
1) Unlike the literature that mainly studies the carbon emission
suppression effect of pilot policies on the enterprise or national level,
the data in this paper are selected at the city level, integrating the
innovation effect and industrial structure optimization effect
brought by the pilot policies and exploring their impacts on the
city’s carbon emissions. 2) Unlike established studies that conclude
that pilot policies produce a single promotion or inhibition, this
paper argues that IPR pilot policies have different effects on cities
with different levels of greening and different geographic locations,
and it develops a heterogeneous study to address these two points. 3)
The literature mainly focuses on the innovation effect and industrial
structure upgrading effect of the IPR pilot policy (Qian et al., 2023;
Song et al., 2023), and few articles directly discuss and study the
relationship between the pilot policy and carbon emissions.
Therefore, this paper explains the role of the IPR pilot policy in
carbon emission reduction on this basis.

The remainder of the study is structured as follows: Section 2
presents the theoretical foundations and research hypotheses;
Section 3 presents the research design; Section 4 presents the
empirical results and discussion; Section 5 provides further
analysis; and Section 6 presents the research conclusions and
countermeasure recommendations.

2 Theoretical analysis and hypothesis
formulation

2.1 Intellectual property pilot policies and
carbon emissions

In previous research on the impact of government support on
carbon emissions management, scholars have not reached a unified
opinion on whether government support can effectively reduce
carbon emissions; this paper adopts the perspective of
evolutionary economics to explore this issue.

According to the basic idea of evolutionary economics,
socioeconomic systems are complex systems that evolve
continuously from lower to higher levels (Capellán-Pérez et al.,
2014). By summarizing the three industrial revolutions that have
taken place, it can be found that the evolution of the socioeconomic
system is accompanied by the improvement of the efficiency of
resource utilization, and green economy technology, which is mainly
embodied by the reduction of carbon emissions, can improve the
situation of energy consumption in production and increase the
efficiency of energy utilization (Miao et al., 2018). Therefore, the
reduction in carbon emissions is one of the important symbols of the
evolution of the economic system to an advanced stage. In addition,
evolutionary economics also emphasizes that the system is an
important force driving economic evolution; institutional
innovation plays a key role in this process, and the pilot policy
on intellectual property is a typical institutional innovation that
reflects the evolution of the property rights system. This will
contribute to an increase in patent applications (Lemley and
Shapiro, 2005), which in turn will effectively contribute to a
reduction in carbon emissions.

From the perspective of evolutionary economics, this article
hypothesizes that the IPR pilot policy can have a positive inhibitory
effect on carbon emissions through government support, which may
be achieved mainly by increasing the emission costs of polluting
industries and encouraging the development of green industries.
Therefore, Hypothesis 1 is proposed.

H1: Pilot IPR policies can significantly reduce carbon emissions.

2.2 Theoretical mechanisms

The established literature suggests that clearly defining the
attribution of intellectual property is the first step in
guaranteeing a rational allocation of resources (Restuccia and
Rogerson, 2017), affirming that pilot IPR policies have an impact
on the level of innovation in cities; however, scholars are divided as
to whether IPR protection promotes the development of innovation
levels. One group of scholars argues that IPR pilot policies guarantee
monopoly gains for inventors (Parra, 2019), make firms more
inclined to innovate (Neves et al., 2021), and incentivize firms to
invest in R&D (Branstetter et al., 2006), which in turn promotes
innovation. On the other hand, another group of scholars argues
that IPR pilot policies increase the costs of technology introduction
and imitation of innovations (Hurmelinna-Laukkanen and
Puumalainen, 2007), thus inhibiting the development of
innovation. Although there is some disagreement among scholars
on this issue, more scholars still believe that IPR pilots can promote
innovation. Moreover, several studies have shown that an increase in
innovation level can inhibit carbon emissions (Gerlagh, 2007; Zhou
et al., 2010; Wang et al., 2020).

Specifically, for intellectual property rights, the relevant laws and
regulations are used to protect the rights of patent inventors. In turn,
this policy encourages enterprises and institutions to innovate, and
more patented inventions often mean that through the progress of
green technology, enterprises can optimize their own production
methods, for example, through online queuing, network enrollment,
online certificates and other ways to promote “paperless” offices to
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reduce the level of carbon emissions, and so on, Hypothesis
2 is proposed.

H2: Pilot IPR policies significantly reduce carbon emissions by
increasing the level of innovation.

In addition, existing research suggests that IPR pilot policies can
improve export trade structures by facilitating the acquisition of
competitive advantages by knowledge-intensive firms, thereby
contributing to the upgrading of the domestic industrial structure
(Markusen et al., 2001). At the same time, academics currently
believe that industrial structure upgrading inhibits carbon emissions
from energy consumption, technological progress and other paths,
and existing studies have shown that industrial structure upgrading
inhibits carbon emissions by affecting changes in the structure and
efficiency of energy consumption (Brannlund and Persson, 2012).

The specific performance of this mechanism is that the pilot
policy of intellectual property rights through the relevant laws and
regulations of the clean energy industry to provide financial
subsidies to increase the cost of emissions of high energy-
consuming industries, which makes the green industry more
competitive, to replace the traditional industry by the green
industry and to optimize the industrial structure. On the other
hand, according to the economic hypothesis, when a green industry
shows strong competitiveness and high profits, traditional industry
will also be driven by an interest in optimizing its own production
methods in the direction of green development to obtain high profits
and then upgrading its own industry, which promotes the
optimization of the industrial structure. In a city, a higher
proportion of green industries represents lower CO2 emissions;
thus, Hypothesis 3 is proposed.

H3: Pilot IPR policies significantly reduce carbon emissions by
improving the industrial structure.

The underlying mechanism through which the IPR pilot policy
reduces regional carbon emissions is illustrated in Figure 1.

3 Study design

3.1 Data description

This paper uses data from China’s prefecture-level cities from
2000 to 2020 as the research sample. Carbon emission data were
obtained from the Carbon Emission Accounts & Datasets (CEADs)
database, data on IPR pilots were collated from policy texts, all other
data were compiled from the China Urban Statistical Yearbook. Due
to missing data for some cities, 14 prefecture-level cities, including

Sansha and Danzhou in Hainan Province, Bijie and Tongren in
Guizhou Province, Suihua city in Heilongjiang Province, all
prefecture-level cities in the Tibet Autonomous Region, Haidong
in Qinghai Province, and Turpan and Hami in the Xinjiang Uygur
Autonomous Region, were excluded from the study. For some
missing value data, interpolation and geometric mean were used
to fill in the blanks. Finally, 285 cities with 5985 entries were
obtained as data samples.

3.2 Definition of variables

Explained variable: carbon dioxide emissions (co2): According
to Merz et al. (2021), we used the particle swarm optimization-
backpropagation (PSO-BP) algorithm for two sets of nighttime
lighting data inversion through the nonlinear modeling method
so that the carbon emission inversion data and the energy
accounting data fit the superiority data is significantly improved
to more accurately estimate the carbon emissions of the cities and,
ultimately, the carbon dioxide emissions of the various prefectures
(logarithmic) to measure the level of carbon emissions in the city.

Explanatory variable: intellectual property pilot (did). According
to the relevant policies and data disclosed by the State Intellectual
Property Office of China, the IPR pilot variable is a dummy variable,
i.e., for pilot cities, it is set to 1 for the year the policy was
implemented and subsequent years and 0 for the remaining years.

Innovation level: In this paper, the total number of patents
granted in the city is selected to measure the innovation level of the
city by taking the logarithm (patent). There are many indicators for
measuring the level of innovation, including R&D capital
investment, the output value of new products, trademarks and
patents. However, it is difficult for R&D capital investment to
reflect the actual innovation effectiveness of a region; moreover,
there are differences in the statistical standards of the output value of
new products, and the data for these indicators are difficult to obtain
at the city level. In addition, to improve their core competitiveness,
enterprises often obtain patents through technological innovation
before producing products and then registering trademarks.
Therefore, compared with trademarks, invention patents can
better reflect the nature of technological innovation and measure
the accumulation of knowledge in a region; therefore, this paper
adopts the “total number of patents in logarithmic terms” to reflect
the innovation level of a city (Nie et al., 2021).

Industrial structure upgrading: In this paper, the share of tertiary
industry in GDP (gdp3) is selected to measure industrial structure
upgrading. The optimization and upgrading of the industrial structure
reflects the evolution of the regional industrial level from a low level to a

FIGURE 1
Effect of IPR policy on carbon emissions.
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high level, which is mainly reflected in the optimization and upgrading
of the nonagricultural industrial structure.

Control variables: With reference to the literature, this paper
selects the following variables, mainly including fiscal dependence
(fin), a logarithmic measure of local general public budget revenue;
human capital (student), measured as the number of college students
enrolled at the end of the year (taking a logarithmic value); per capita
income level (pgdp), defined as the per capita income level taking a
logarithmic value, foreign direct investment taking a logarithmic
value (fdi); financial institutions’ loan balances taking a logarithmic
value (loans); and the logarithm of the total population (people) and
wage income (wage) (Hu et al., 2020; Chen et al., 2021).

Table 1 shows the descriptive statistics of the main variables,
which shows the mean value of carbon emissions (co2) is 5.719, and
the standard deviation is 1.304, which indicates that there is a large
difference in carbon emissions between the sample cities. The
maximum value of the proportion of tertiary industry (gdp3) is
0.839, and theminimum value is 0.0858, which indicates that there is
a large difference in the proportion of tertiary industry between the
sample cities. The mean of the total number of patents taken in
logarithm (pantent) is 5.998, and the standard deviation is 3.804,
indicating that there are significant differences in the level of
innovation among the sample cities. The statistical results for the
other variables also indicate that there are significant differences
between all the variables.

3.3 Model design

This paper adopts the double difference method to test the
impact of the IPR pilot policy on reducing carbon emissions. From
the sample of this paper, during the period 2000–2020, a total of
77 cities out of 285 cities were successively approved to become IPR
pilot cities, which provides a good quasi-natural experiment for the
study of this paper. The 77 cities that were affected by the policy will
then become the treatment group, and the remaining cities that have
not been approved constitute the control group of the study.
Referring to Beck et al. (2010), this paper constructs Model (1).

co2i t � α0 + α1didi t + α2controli t + εi t (1)

In Eq. 1, the subscript i denotes the city, t denotes time, co2i t is
the explanatory variable of this paper, which denotes the carbon
emissions of city i in year t, didi t is the core explanatory variable of
this paper, control denotes a set of other control variables that
change over time and affect the carbon emissions of the city, and εi t
is the error term. The coefficient α1 is the core parameter of interest
in this paper and indicates the effect of the IPR pilot policy on
carbon emissions. If the exogenous institutional arrangement of the
IPR pilot policy is indeed effective at reducing carbon emissions,
then the coefficient α1 should be significantly positive.

To further verify the mechanism of action, this paper constructs
Model (2) and Model (3) on the basis of Model (1).

Zi t � β0 + β1didi t + β2controli t + δi t (2)
co2i t � γ0 + γ1didi t + γ2Zi t + γ3controli t + μi t (3)

In Eq. 2 to Eq. 3, Zi t denotes the mechanism variable denoting
the mediating variables innovation level (patent) and industrial
structure (gdp3), respectively, and δi t and μi t are the random
perturbation terms. The first step is to test the impact of pilot
intellectual property policies on carbon emissions (Model 1); the
second step is to test the impact of pilot intellectual property policies
on mediating variables (Model 2); the third step is to insert pilot
intellectual property policies and mediating variables into the
equation to test their impact on carbon emissions (Model 3); and
if the pilot intellectual property policies andmediating variables pass
the test of significance in the three steps mentioned above, the
mediating mechanism has been verified.

4 Empirical results and analysis

4.1 Parallel trend test

The condition that the treatment group and the control group
satisfy the parallel trend in time is an important prerequisite for
policy assessment using the double difference method. The double

TABLE 1 Descriptive statistics of the variables.

Stats sd N p50 Mean Min Max

co2 1.304 5,985 5.743 5.719 0.333 10.49

did 0.235 5,985 0 0.0588 0 1

gdp3 0.0956 5,985 0.381 0.392 0.0858 0.839

patent 3.804 5,985 5.635 5.998 0 18.5

fin 1.39 5,985 14.1 13.9 0 18.24

student 1.475 5,985 10.13 10.13 4.895 13.96

pgdp 1.047 5,985 10.16 10.01 3.638 13.06

fdi 2.037 5,985 9.474 9.395 2.146 14.95

loans 1.26 5,985 15.57 15.67 13.68 18.27

people 0.7 5,985 5.901 5.849 2.721 8.14

wage 0.782 5,985 10.34 10.25 2.283 12.68

FIGURE 2
Parallel trend test plot.
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difference model with the same time point of policy implementation
is used in the parallel trend test. In the present study, there is
inconsistency in the year of implementation of the intellectual
property pilot policy, which belongs to the multiperiod double
difference model; therefore, the parallel trend test of the
traditional double difference model cannot be applied. To solve
this problem, this paper refers to the research of Beck et al. (2010) to
test the multiperiod double-difference parallel trend. In
combination with the sample time horizon, a window period of
10 years is set, i.e., 5 years before the approval of the IPR pilot policy
and 5 years after the approval. Based on these data, the dynamic
effect coefficients of the policy are analyzed to determine whether
the year of the policy shock to the cities as well as the carbon
emissions prior to that year satisfy the condition of the parallel trend,
and the results are shown in Figure 2.

As shown in Figure 2, before the implementation of the pilot
policy on intellectual property rights, the change in the dynamic
effect coefficient of the policy basically shows a horizontal trend,
indicating that before the implementation of the policy, the trend in
carbon emissions is not obvious, and in the year of the
implementation of the policy and the following 5 years, the
dynamic effect coefficient of the policy shows a rapid downward
trend. Therefore, the double-difference model in this paper satisfies
the parallel trend condition, which tentatively suggests that the IPR
pilot policy may contribute to the reduction in carbon emissions;
however, whether this effect is statistically and mathematically
significant still requires further testing. In addition, this article
finds that the effect on carbon emission suppression is
significantly stronger in the first 2 years of the IPR pilot policy,
probably due to the increasing returns to scale in the early years of
the implementation of the policy and the greater marginal gains for
the pilot cities. Although the policy effects in the following years are
smaller than those in the first 2 years after the start of
implementation, which seems to be in line with the findings of
Yıldırım’s (2022) study, the overall trend of the policy effects in the
following years shows a gradual increase. This phenomenon may be
attributed to the fact that the policy effects of gradual improvement

in IPR protection policies continue to increase over time and that the
IPR pilot policies can produce lasting benefits.

4.2 Correlation analysis

This paper uses the method of correlation analysis to test
whether there is a correlation between the explanatory variables.
If there is a failure to pass the test of significance between the
variables, this means that there is autocorrelation in the model, and
it is necessary to adjust the explanatory variables; the results of the
correlation analysis are shown in Table 2. As shown in Table 2, all
the explanatory variables pass the test of significance at the 10%
level, and the vast majority of the variables pass the test of
significance at the 1% level, indicating that there is no significant
correlation among the explanatory variables.

4.3 Analysis of regression results

On the basis of controlling for both temporal and individual
effects, this paper conducts a double difference test of Hypothesis
1 to estimate the direct impact of IPR pilot policies on carbon
emissions. Table 3 below shows the main regression results of this
paper, in which regression (1) is the regression controlling for only
year and individual effect fixed, regression (2) is the regression
adding control variables, and its regression coefficient is significantly
negative at the 1% level, indicating that the IPR pilot policy can
significantly inhibit carbon emissions; thus, Hypothesis H1 is
verified. In addition, the coefficients of financial dependence,
human capital, per capita income level, the loan balance of
financial institutions, the total population at the end of the year,
and wage income are all significantly positive, suggesting that city
development and an increase in the population may lead to an
increase in carbon dioxide emissions (Lei et al., 2011). The
coefficient of foreign direct investment is significantly negative,
indicating that the utilization of foreign investment can also, to

TABLE 2 Correlation analysis.

co2 did gdp3 patent fin student pgdp fdi loans people wage

co2 1.000

did 0.282*** 1.000

gdp3 0.352*** 0.212*** 1.000

patent 0.713*** 0.419*** 0.468*** 1.000

fin 0.595*** 0.305*** 0.375*** 0.811*** 1.000

student 0.649*** 0.311*** 0.420*** 0.753*** 0.644*** 1.000

pgdp 0.657*** 0.309*** 0.254*** 0.756*** 0.774*** 0.528*** 1.000

fdi 0.619*** 0.311*** 0.292*** 0.704*** 0.574*** 0.661*** 0.579*** 1.000

loans 0.713*** 0.385*** 0.521*** 0.919*** 0.823*** 0.787*** 0.741*** 0.709*** 1.000

people 0.223*** 0.138*** 0.144*** 0.417*** 0.407*** 0.546*** −0.021* 0.402*** 0.454*** 1.000

wage 0.497*** 0.281*** 0.360*** 0.718*** 0.816*** 0.431*** 0.836*** 0.415*** 0.697*** 0.042*** 1.000

Note: *p < 0.1, **p < 0.05, ***p < 0.01.
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some extent, contribute to the enhancement of local innovation
levels through the improvement of the quality of a city’s economic
development, andmore green technologies are put into use, which in
turn reduces carbon dioxide emissions; these findings are the same
as those of Mutafoglu’s (2012) study of Turkey.

4.4 Analysis of intermediary mechanisms

Among the theoretical analyses and hypotheses, this paper
concludes that IPR pilot policies significantly contribute to the
reduction of carbon emissions by increasing the level of
innovation and that the level of innovation plays a mediating
role in the process through which IPR pilot policies affect carbon
emissions. In accordance with Models (2) to (3) established in this
paper, the mediating effect of the level of innovation will be tested
empirically, and the results obtained are shown in Table 4.

As seen from Table 4, in regression (1), the impact of pilot
intellectual property policies on carbon emissions is significantly

negative at the 1% level, in regression (2), the impact of pilot
intellectual property policies on patent inventions is significantly
positive at the 5% level, and in regression (3), the regression
coefficients of the impact of pilot intellectual property policies
and patent inventions on carbon emissions are significantly
negative at the 1% level, which proves that the level of
innovation plays an intermediary role in the process of the
impact of pilot intellectual property policies on the reduction of
carbon emissions, and Hypothesis 2 has been verified. This may be
because IPR pilot policies can further promote green technological
innovation by firms and organizations through the mechanism of
protecting patent applications, and encouraging patent innovation is
an effective measure for reducing carbon emissions (Wahab et al.,
2021), which in turn reduces carbon emissions.

According to our theoretical analysis and hypothesis, this
paper proposes that the pilot policy of intellectual property rights

TABLE 3 Base regression.

(1) (2)

co2 co2

did −0.104*** −0.088***

(−3.463) (−2.932)

fin 0.036***

(2.828)

student 0.042***

(2.737)

pgdp 0.122***

(5.768)

fdi −0.016***

(−2.639)

loans 0.136***

(6.748)

people 0.459***

(5.653)

wage 0.140***

(5.109)

_cons 4.413*** −3.123***

(180.509) (-5.210)

Time Fixed YES YES

City Fixed YES YES

N 5,985 5,985

R2 0.6356 0.6485

adj. R2 0.6160 0.6292

Note: T values in parentheses, *p < 0.1, **p < 0.05, ***p < 0.01.

TABLE 4 Mediating effects of innovation level.

(1) (2) (3)

co2 Patent co2

did −0.088*** 0.155** −0.091***

(-2.932) (2.293) (−3.023)

patent −0.017***

(−2.970)

fin 0.036*** 0.009 0.036***

(2.828) (0.306) (2.818)

student 0.042*** 0.132*** 0.040***

(2.737) (3.793) (2.586)

pgdp 0.122*** 0.093* 0.121***

(5.768) (1.951) (5.693)

fdi −0.016*** −0.021 −0.016***

(−2.639) (−1.479) (−2.582)

loans 0.136*** 1.322*** 0.113***

(6.748) (29.121) (5.227)

people 0.459*** 1.645*** 0.430***

(5.653) (8.988) (5.265)

wage 0.140*** 0.152** 0.138***

(5.109) (2.464) (5.013)

_cons −3.123*** −29.384*** −2.565***

(−5.210) (−21.742) (−4.085)

Time Fixed YES YES Time Fixed

City Fixed YES YES City Fixed

N 5,985 5,985 5,985

R2 0.6485 0.8797 0.6491

adj. R2 0.6292 0.8731 0.6297

Note: T values in parentheses, *p < 0.1, **p < 0.05, ***p < 0.01.

Frontiers in Environmental Science frontiersin.org06

Han 10.3389/fenvs.2024.1336803

181

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1336803


significantly contributes to the reduction in carbon emissions by
improving the industrial structure and that the industrial
structure has an intermediary effect on the process through
which the pilot policy of intellectual property rights affects
carbon emissions. According to Model (2) to Model (3)
established in this paper, the intermediary effect of the
industrial structure will be empirically examined, and the
results obtained are shown in Table 5.

As seen from Table 5, in regression (1), the regression
coefficient of the impact of intellectual property pilot policy
on carbon emissions is significantly negative at 1% level, in
regression (2), the regression coefficient of the impact of
intellectual property pilot policy on the proportion of the
tertiary industry is significantly positive at 5% level, and in
regression (3), the regression coefficients of the impact of
intellectual property pilot policy and the proportion of the

tertiary industry on carbon emissions are significantly negative
at 1% level, which shows that the industrial structure of the pilot
policy on intellectual property rights plays an intermediary effect
on the process of the reduction of carbon emissions, and
Hypothesis 3 has been verified. This phenomenon may be due
to the pilot policy of intellectual property rights through the
protection of patent rights to encourage enterprises and
institutions to carry out technological innovation. On the one
hand, the progress of green technological innovation has initiated
the emergence of green emerging industries with lower carbon
emissions. Compared with traditional industries, emerging
industries with low costs and high profits that replace the
original industry to optimize the industrial structure,
encourage more green industries which means fewer carbon
emissions are generated (Zhang et al., 2014). On the other
hand, green technological innovation also helps traditional
enterprises optimize their own production methods, leading
them to upgrade their industries and change from their
original offline production and sales to online e-commerce

TABLE 5 Mediating effects of industrial structure.

(1) (2) (3)

co2 gdp3 co2

did −0.088*** 0.006** −0.089***

(−2.932) (1.996) (−2.984)

gdp3 −0.542***

(−3.839)

fin 0.036*** −0.001 0.036***

(2.828) (−0.473) (2.832)

student 0.042*** 0.002 0.041***

(2.737) (1.072) (2.669)

pgdp 0.122*** −0.030*** 0.135***

(5.768) (−14.012) (6.306)

fdi −0.016*** −0.003*** −0.015**

(−2.639) (−4.184) (−2.406)

loans 0.136*** 0.008*** 0.128***

(6.748) (3.900) (6.322)

people 0.459*** −0.003 0.466***

(5.653) (−0.392) (5.747)

wage 0.140*** −0.003 0.142***

(5.109) (−1.001) (5.191)

_cons −3.123*** 0.585*** −3.381***

(−5.210) (9.696) (−5.611)

Time Fixed YES YES Time Fixed

City Fixed YES YES City Fixed

N 5,985 5,985 5,985

R2 0.6485 0.5764 0.6494

adj. R2 0.6292 0.5531 0.6301

Note: T values in parentheses, *p < 0.1, **p < 0.05, ***p < 0.01.

TABLE 6 Robustness tests for replacing explanatory variables.

(1) (2)

Green Green

did 0.062** 0.068**

(2.164) (2.377)

fin 0.003

(0.279)

student −0.035**

(-2.396)

pgdp −0.119***

(-5.917)

fdi −0.004

(-0.633)

loans −0.169***

(-8.773)

people −0.306***

(−3.900)

wage −0.100***

(−3.850)

_cons −1.817*** 4.554***

(−78.100) (8.152)

Time Fixed YES YES

City Fixed YES YES

N 5,985 5,985

R2 0.6006 0.6146

adj. R2 0.5792 0.5934

Note: T values in parentheses, *p < 0.1, **p < 0.05, ***p < 0.01.
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and other forms, which in turn reduces carbon dioxide emissions
(Zhou et al., 2013).

4.5 Robustness testing

This paper adopts the method of replacing explanatory variables
to carry out the robustness test, and the results after re-regression are
shown in Table 6. These results show that the empirical results do
not largely violate the original conclusions and that the intellectual
property pilot policy (did) variable passes the test of significance at
the 5% level under the premise of fixed time effects and individual
effects, regardless of whether or not the control variables are added.
This finding proves that the findings of the present research
are robust.

In this paper, we conduct a placebo test by changing the time
point of policy implementation, randomly selecting 3 years in
advance of policy implementation as the dummy policy time
point for the placebo test, generating a new interaction term,

did_2, and then re-regressing. The specific regression results are
shown in Table 7. The regression coefficient of did_2 on
co2 is −0.018, and the t value is −0.746, which fails the
significance test. This finding indicates that the policy time point
is nonrandom, the policy effect of the IPR model city is significant
only for the given time and for the given city, and the above
conclusion again verifies the reliability of the benchmark
regression results.

5 Further analysis

5.1 Heterogeneity of coastal cities

Considering that the development degree and trade and export
conditions of the inland cities in the sample are relatively backward
compared with those of coastal cities, which may lead to different
effects of the IPR pilot policy on carbon emissions, this paper divides
the sample into a coastal city group and an inland city group

TABLE 7 Placebo test results.

(1)

co2

did_2 −0.018

(−0.746)

fin 0.021*

(1.829)

student 0.043***

(3.124)

pgdp 0.114***

(6.039)

fdi −0.018***

(−3.264)

loans 0.220***

(12.288)

people 0.281***

(3.875)

wage 0.155***

(6.351)

_cons −2.948***

(−5.531)

Time Fixed YES

City Fixed YES

N 5,985

R2 0.6475

adj. R2 0.6281

Note: T values in parentheses, *p < 0.1, **p < 0.05, ***p < 0.01.

TABLE 8 Heterogeneity test results between coastal and noncoastal cities.

Coastal cities Landlocked cities

co2 co2

did −0.075** −0.027

(−1.967) (−0.639)

fin −0.069** 0.069**

(-1.978) (2.524)

student 0.063** 0.042**

(2.344) (2.501)

pgdp 0.075* 0.126***

(1.798) (5.604)

fdi −0.043*** −0.013**

(-3.360) (−2.036)

loans 0.116*** 0.174***

(3.301) (7.194)

people 0.676*** 0.235**

(6.015) (2.209)

wage 0.233*** 0.151***

(6.129) (4.358)

_cons −3.213*** −2.684***

(-3.312) (−3.679)

Time Fixed YES YES

City Fixed YES YES

N 1974 4,011

R2 0.7032 0.6183

adj. R2 0.6839 0.5964

Note: T values in parentheses, *p < 0.1, **p < 0.05, ***p < 0.01.
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according to the geographic attributes of the cities. The
heterogeneity of the effect of IPR pilot policies on reducing
carbon emissions is further analyzed across subsamples. As
shown in Table 8, for the coastal cities, the regression coefficient
of the IPR pilot policy on carbon emissions is −0.075, which is
significantly negative at the 5% level; however, for the inland cities,
the regression coefficient of the IPR pilot policy on carbon emissions
is −0.027, which does not reach the level of significance. These
results show that the inhibiting effect of IPR pilot cities on carbon
emissions is more obvious. These results indicate that the inhibiting
effect of IPR pilot cities on carbon emissions is more obvious in the
coastal city group.

In addition, this article demonstrates that the coefficient of the
fiscal dependence indicator is significant in both coastal and inland
cities; however, in coastal cities, higher fiscal dependence suppresses
carbon emissions, while in inland cities, high fiscal dependence
corresponds to high carbon emissions. This may be because the high
fiscal dependence in coastal cities is due to the low proportion of
primary industries and the high proportion of emerging industries,

resource-based industries and high value-added industries. A greater
share of the above industries can inhibit the production of carbon
dioxide, which negatively affects local fiscal dependence and carbon
emissions. The high financial dependence of inland cities may be due
to their lower level of local development, greater dependence on
fiscal revenue to maintain GDP, and greater financial dependence,
which means that more energy-consuming enterprises discharge
emissions; thus, the financial dependence and carbon dioxide
emissions in inland cities are positively related. Compared to
inland cities, China’s coastal cities develop faster, so the
implementation of IPR pilot policies in such areas has an
inherent policy advantage as well as the impetus for industrial
structure upgrading, while inland cities are relatively backward in
terms of development, and the effect of the implementation of the
policy is hampered by the development of the policy, which
produces regional policy variability (Qian et al., 2018).

5.2 Heterogeneity in greening levels

Considering that plants consume carbon dioxide during
photosynthesis and that areas with higher levels of greening
are rich in vegetation and may absorb more carbon dioxide to
reduce carbon emissions, this paper divides the samples into a
high greening level group and a low greening level group
according to the greening level of the city. As shown in
Table 9, the regression coefficient of the pilot policy on
intellectual property rights on carbon emissions in the group
with a high greening level is −0.247, which is significant and
negative at the 1% level, while the regression coefficient of the
pilot policy on intellectual property rights on carbon emissions in
the group with a low greening level is −0.068, which is not
significant at the 1% and 5% levels and is significant and
negative at the 10% level. The results showed that the
inhibitory effect of the pilot policy on intellectual property
rights on carbon emissions was more significant in the group
with a high greening level. In addition, this article finds that
human capital, the loan balance of financial institutions, and
population size have significantly more positive impacts on
carbon emissions in cities with a low level of greening than in
cities with a high level of greening. This phenomenon may occur
because cities with a high level of greening have more complete
green infrastructure and government policy support, and the
capital for urban development is more invested in green
technology upgrading and other construction; thus, the
relationship between urban development and carbon emissions
is not significant. Cities with a low level of greening may
represent a city development strategy that focuses more on
economic development than on sustainable development, and
more funds are invested in energy-consuming enterprises, which
aggravates carbon emissions in the development process.
Compared with those of cities with low greening levels, the
green infrastructure of cities with high greening levels
provides a basic guarantee for the carbon reduction effect of
the IPR pilot policy, and the tilting of government policy
promotes the innovation of green technology and the
optimization of the industrial structure, which in turn has a
better carbon reduction effect.

TABLE 9 Heterogeneity test of greening level.

High level of greening Low level of greening

co2 co2

did −0.247*** −0.068*

(−5.012) (−1.903)

fin 0.080** 0.032**

(2.195) (2.289)

student 0.005 0.041**

(0.171) (2.300)

pgdp 0.160*** 0.120***

(3.469) (5.037)

fdi −0.014 −0.010

(−0.892) (−1.400)

loans 0.085** 0.149***

(2.311) (6.371)

people 0.307** 0.390***

(2.191) (4.063)

wage 0.116*** 0.166***

(3.256) (4.576)

_cons −1.545 −3.159***

(−1.384) (−4.536)

Time Fixed YES YES

City Fixed YES YES

N 924 5,061

R2 0.8028 0.6222

adj. R2 0.7863 0.6010

Note: T values in parentheses, *p < 0.1, **p < 0.05, ***p < 0.01.
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6 Research findings and policy
recommendations

Through theoretical analysis and empirical tests, this paper
proves the inhibitory effect of the IPR-related pilot policy on
carbon emissions and its underlying mechanism; specifically, the
IPR-related pilot policy has an obvious inhibitory effect on urban
carbon emissions, and furthermore, the carbon reduction effect of
the IPR-related pilot policy mainly comes from the improvement of
innovation levels and the optimization and upgrading of industrial
structures. Moreover, the carbon reduction effect of the IPR pilot
policy is significant in coastal cities and cities with a high level of
greening but not in inland cities or cities with a low level of greening,
which is characterized by obvious heterogeneity.

Based on the above research, the policy implications of this
paper are as follows:

First, carbon emissions management can be further enhanced by
introducing external investment. This paper finds that as local
carbon emission restrictions are more stringent due to carbon
emission management policies such as intellectual property rights
pilots, external investment enhances the dissemination of green
technologies while also being restricted from investing in highly
polluting industries, thus facilitating the management of
carbon emissions.

Second, carbon emission governance needs to adopt policy
coordination to enhance effectiveness. For knowledge-intensive
pilot policies, simultaneous implementation of policies
encouraging innovation, entrepreneurship, and industrial
upgrading can further promote the reduction of carbon
emissions. Additionally, the level of greenery significantly
influences the effectiveness of carbon reduction policies.
Encouraging cities to engage in green infrastructure construction
and upgrade green technology alongside the implementation of
carbon reduction policies can provide robust support, further
enhancing policy effectiveness and strengthening the inhibitory
effect on carbon dioxide.

Third, cities in different geographical locations should adopt
different strategies for carbon emission governance. Our research
indicates that due to the higher quality and greater level of
development in coastal cities in China, the effects of implementing
carbon reduction policies are more pronounced in these areas.
Therefore, for cities with good development quality and a high level
of development, implementing carbon reduction policies is more
suitable. Leveraging policy spillover effects and prioritizing these cities
during pilot projects can influence the coordinated development of less
developed regions. For cities with low development quality and a lack of
development, prioritizing industrial structure optimization and relevant
policy support should precede policy pilot projects for carbon reduction
to maximize policy effectiveness.

This study has some limitations, and future research in this area
is anticipated to address the following:

First, due to missing data, city data were used in this study.
Additionally, because of the lack of data, some cities chose to
exclude these data, and some of the data used for interpolation
and other methods to compensate for the empirical results were
affected to some extent. Second, because this paper discusses
China’s relevant policies, compared to scholars in other
countries, Chinese scholars in this aspect of the number of
studies, in this paper as far as possible to select the research
of scholars in different countries still appeared in the research
literature of various countries in the imbalance between the
proportion of the selection of the problem, We hope that in
the future more scholars in other countries will research this
policy from different perspectives.
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This study investigates the impact of hometown resource endowment on
farmers’ rural-urban migration decisions within the context of “Dual Carbon”
policies. It aims to understand the factors influencing migration decision-
making amidst the dynamics of urban and rural land occupation, particularly
focusing on the role of hometown resource endowments led by homesteads.
Using data from the China Migrants Dynamic Survey (CMDS), this study
analyzes the influence of hometown resource endowment, primarily
residential land, on farmers’ migration decisions. Ownership of
homesteads and contracted land significantly affects farmers’ settlement
in cities, while the dividend effect from village collectives is negligible.
Additionally, the administrative level of the hometown serves as a
significant factor in migration decision-making, particularly in family
migration. Homestead and contracted land ownership negatively impacts
both household and individual migration decisions. Specifically, owning
homesteads exerts a greater influence on whole family migration
decisions, reducing the probability of settling in cities by 21.1%. Regional
comparative analysis reveals varying effects of owning homesteads and
contracted land. While it positively influences household migration to
cities in the eastern region, it inhibits migration in the central and western
regions. The findings highlight the complex interplay between hometown
resource endowment, land use patterns, and rural-urban migration
decisions. Understanding these dynamics is crucial for designing effective
policies to address migration challenges in the context of environmental and
socioeconomic transitions.

KEYWORDS

land use, rural-urban migration, carbon emission, resource endowment, homesteads

1 Introduction

The growth of urban population, the expansion of construction land and the spread of
urban space have become important factors for the growth of land use carbon emissions.
Against the background of rapid urbanization, a large number of rural people have moved
from the countryside to the city, but rural construction land has increased rather than
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decreased. The data from the seventh national population census
reveals that, as of 2020, the urban population in China accounts for
63.89% of the total population. Compared to 2010, the urban
population has increased by 236 million people, while the rural
population has decreased by 164 million people. Interestingly,
despite the reduction in rural population, the total residential
construction land area in rural areas has increased by 203 million
square meters. According to statistics, the mobile population in the
country has grown by 69.73% over the past decade. Nearly
200 million farmers have settled in urban areas for long-term
work, maintaining residences in both urban and rural areas,
leading a lifestyle characterized by “dual residence” and “dual
profession” (Xia and He, 2017). China’s rural population and
labor flow have entered the “second generation of farmers” era,
with typical characteristics such as leaving the land and village,
alienation from the relationship with land and agriculture, non-
return of people and capital, urbanization of occupation, lifestyle
and communication rules (Liu, 2017). The land use of rural
residential areas did not decline in line with the growth in the
level of urbanization, mainly because the phenomenon of
“amphibious land use” in urban and rural areas occurred during
the flow of rural population to cities, thus wasting valuable land
resources (Fu and Liu, 2013). According to the sampling survey data
from the Ministry of Agriculture and Rural Affairs, the vacancy rate
of rural homesteads in China was 18.1% in 2019. In some areas, the
vacancy rate of farmhouses exceeded 35%. At least 70 million sets of
farmhouses nationwide are in idle status, and a large number of
them have become “dormant resources” (Zhao and Lin, 2018). The
annual increase in idle farmhouses due to rural labor migration
reaches 594 million square meters, equivalent to a market value of
about 400 billion yuan (Rural Development Research Institute of the
Chinese Academy of Social Sciences, 2017). Under the background
of the “dual carbon” strategy, there is an urgent need to alleviate the
occupation of land by households in both urban and rural areas and
optimize land use structure.

How is it possible to alleviate the current situation of farmers’
land use in both urban and rural areas? To answer this question, it is
necessary to analyze the logic of farmers’ land use in both urban and
rural areas. Considering the multiple functions of rural residential
land, it serves not only as the basic means of production and
livelihood for farmers but also as their most important asset.
China’s urban-rural dual structure is a protective structure for
farmers who are in a weak position in the market economy (He,
2013). Farmers shuttle between urban and rural areas, occupying
land on both ends but unwilling to vacate it (Lv and Zhang, 2020). At
the same time, the traditional form of production organization has
changed while the basic function of the homestead has gradually
changed from the function of housing security to the function of an
asset and its property attributes have been gradually enhanced
(Zhang and Fu, 2017). However, outdated land and household
registration systems restrict the manifestation of farmers’
property rights, leading to the inability of rural and urban factors
to move freely. The immobility of residential land and houses,
coupled with the asynchronous nature of population movement
between rural and urban areas, results in an imbalance in the
relationship between people and land.

Using data from the China Migrants Dynamic Survey (CMDS),
this paper explores the influence of the hometown resource

endowment of the homestead on migration decisions and further
examines its influence on different migration patterns and
heterogeneity in a number of regions. The main conclusions of
this paper will be helpful to make policies to alleviate land
occupation in both urban and rural areas, helping to, respectively
improve the efficiency of land use, optimize the land use structure,
achieve the carbon emission reduction targets, and improve carbon
sink capacity.

2 Literature review

2.1 Urbanization, land-use, and
carbon emissions

An increasing number of studies have found that rural-urban
migration has a significant effect on carbon emissions. Zhang and
Xu (2017) pointed out that China’s rapid urbanization brings some
economic, social and environmental problems, most of which are
related to land use. The results show that land use and land finance
have a significant impact on carbon emissions. Urbanization has
greatly increased carbon emissions (Zhang et al., 2016), and large-
scale population migration and related production and
consumption activities have a significant impact on the spatial
transfer of carbon emissions (Gao et al., 2021). Ahmad et al.
(2021) confirmed the data of one-directional positive effect on
environmental degradation in 31 provinces in China. Zhang et al.
(2018) found that land use and landscape patterns were significantly
associated with transportation-related carbon emissions. Li et al.
(2022) examines the relationship between land supply and carbon
emissions. Their results show that the cities with high land supply
and carbon emissions were mainly resource-based or economic
priority development cities. Xia et al. (2023) have found that the
impact of land use patterns on carbon emissions is mainly affected
by the long-term urban land use management. In addition, Li et al.
(2023) and Wang et al. (2020) also found that construction land
scale, industrial land marketization and land finance have a direct or
indirect impact on carbon emissions.

2.2 Rural-urban migration, land use and
carbon emissions

2.3 In general, rural to urban migration is often driven by
multiple factors, and land is one of the most important
considerations. Selod and Shilpi (2021) summarized through a
review of relevant literature that rural-to-urban migration is
driven by numerous factors, and the returns and costs associated
with migration are both very high. Takahashi et al. (2021) analyzed
that the migration from rural to urban was mainly natural, house
and food, and the factors considered by different groups also varied.
Mullan et al. (2011) explored the role of incomplete land ownership
in the decision-making of rural family migration. Zhao and Jiang
(2022) analyzed the impact of urban and rural migration and
migrant workers’ income on land efficiency, and found that
seasonal and permanent migration had a negative impact on land
efficiency. Hu et al. (2011) distinguished permanent migration from
circular migration and noted that due to current “hukou”
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restrictions and the lack of a rural land rental market, those with
more land at home are more likely to undergo circular rather than
permanent migration. Similar migration has an impact on energy
consumption and carbon emissions, thereby increasing the
resistance to carbon reduction in net outflow areas (Bu et al.,
2022). Determinants of rural-urban migration decision.

Han (2020) has traced the migration process of rural and urban
population in China since the founding of the People’s Republic of
China and found that population migration is mainly within the
province, with significant regional differences. The migration mode
of the rural and urban population is based mainly on family
migration, which tends to settle in small and medium-sized
cities. Sheng (2016) pointed out that family reunification, one of
the reasons for population migration, its seeing its importance
increasing with growing levels of urbanization. Family factors
such as family income, family size, children’s education, parental
support (Li, 2020), and housing, have a significant impact on the
migration of rural and urban populations (Zhu and Leng, 2018). The
registered residence system (Wang and Cai, 2008), rural land system
(Chen and Liu, 2013; Huang and Du, 2014), while the impact of
urban public service systems on migration behavior have received
attention (Xia and Lu, 2015; Liu and Yan, 2016). Some scholars have
also studied the influence of psychological capital on the behavior of
migrant families, and believe that it has a positive impact on the
integration of rural and urban migrant populations into cities.

3 Methodology

3.1 Theoretical foundation

According to the stochastic utility decision model developed by
Chen and Zhai (2015), whether rural-urban amphibious farmers will
continue to maintain their “amphibious” status or achieve a
transition from “amphibious to monoculture” in the future
depends on the size of the utility gap between living in urban
and rural areas. In order to more accurately grasp the
characteristics of the amphibious groups, we provide a detailed
definition based on existing research (see Table 1).

Assuming farmers continue to maintain an amphibious state,
the utility is U0, and the utility of changing the status quo
(urbanization) is U1. Therefore, the difference in utility between
the two options is T*. Only when the following conditions are met:

T* =U1 − U0 > 0, farmers are willing to change their amphibious
status. Although the utility difference T* is difficult to observe and
quantify, it can be represented by a series of observable variables.
Hence, the decision model for farmers whether to keep their
amphibious status or not can be defined as:

T* � g X( ) + u, T � 1, T*> 0
0, T*< 0{ ,

where T is a binary variable. If farmers settle in cities achieving
citizenship (T*> 0), then T � 1; otherwise, it will be equal to 0;X is a
series of exogenous variable vectors that affect whether farmers can
achieve urbanization; u is the random error term. According to Stark
and Taylor (1991) and Cai and Du (2002), the definition of the
household utility function for farmers depends on two indicators,
namely, absolute income and the position of their household incomeT
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in the reference group. Based on this, the household utility function
can be expressed as:

Ui � U y, RD( ),

where, y represents absolute income, and RD represents the degree
of relative poverty. Therefore, the utility U will increase with the
increase of y and decrease with the increase of RD. If there is a
difference in the overall utility level between maintaining
amphibious and settled cities, then farmers will make favorable
decisions to achieve a higher level of utility. At this point,

Ui
A yA

i , RD
A
i( )<Ui yB

i , RD
B
i( ).

Next, taking into account relative income, amphibious farmers
tend to change the current situation when yA

i <yB
i , RD

A
i >RDB

i .
In reality, migration comes with high costs that cannot be

ignored. This study assumes that amphibious farmers, due to
their commuting between urban and rural areas, will have higher
migration costs than urban settlers. At the same time, urban settlers
often have strong advantages in employment, income, housing, and
other aspects, as well as higher urban development capabilities.
According to Stark and Taylor (1991), the urban-rural utility
difference of one farmer can be expressed as:

ΔδA � ∫
T

0
eδt pu t( )yu − yr t( )[ ]dt − c,

where pu(t) represents the probability of stable employment in the
city, yu is the income obtained in city, and correspondingly, yr(t) is
the earnings obtained in rural areas. c denotes a series of migration
costs including transportation, living, and psychological costs. δ
denotes the discount rate. Next, an indicator of urban development
capacity is constructed. The urban development capacity index is a
function of urban employment rate, income, andmigration cost, and
is influenced by the discount rate. Under the condition of a certain
level of income from farming, the greater the income disparity
obtained by rural households through migration, the stronger is
considered their development capability in the city.

Furthermore, according to Yang (2018) and Deng (2020),
migration also depends on whether the connection with a
hometown is close, especially in terms of the degree of dependence
on land. Based on existing research and combined with practical
research information, farmers’ dependence on rural land and
housing is introduced into the migration decision model. The
migration decision of farmers depends on the combined force of
urban development capacity as well as the dependence on
homesteads and rural houses as core observation variables.
Migration is the result of the combined push and pull forces of the
inflow and outflow areas. The two functions of homestead land will
produce two effects. One is the guarantee effect, which allows farmers
to advance and retreat while defending, the other is the asset effect. If
stranded rural houses and homesteads can be revitalized and brought
into the city with investment, this will help further urbanization.When
the welfare benefits are dominant, the pulling force of relocation will
make urban farmers more inclined towards non-urbanization. On the
contrary, when the asset effect is dominant, the pulling force of the
destination will be beneficial for its urbanization.

On the basis of the above analysis, this paper proposes the
following hypotheses to be tested.

Hypothesis 1: Hometown resource endowment plays a significant
role in the decision-making process of rural households regarding
migration from rural to urban areas.

Farmers rely on the welfare and security functions of rural
houses and residential land, creating a pull factor from the place of
origin. This, in turn, inhibits the process of urbanization for dual-
residence farmers. When the social security and welfare functions of
homestead and rural housing are dominant, the resource
endowment of the hometown will play an inhibitory role in the
migration of farmers. When the asset effect is dominant, the
resource endowment of the hometown will accelerate the process
of citizenization by improving its urban development capacity. If the
asset effects of rural houses and residential land can be realized,
farmers will be able to bring capital into the city. This will help
enhance the urban development capability of amphibious farmers
and assist them in transitioning out of the amphibious status,
achieving complete urbanization.

Hypothesis 2: The role of hometown resource endowment on
urban and rural migration decisions varies according to the
migration mode.

Compared with individual migration, farmers will be more
cautious in their family migration decisions while considering the
influence of multiple factors. The influence of hometown resource
endowment on migration decisions will also be different in two
different migration modes: individual migration and
family migration.

Hypothesis 3: There are regional differences in the role of
hometown resource endowment on urban and rural
migration decisions.

From the perspective of regional and degree of economic
development, the homestead in the eastern region is more
efficient and has more circulation conditions, hence its asset
effect is easier to manifest. On the contrary, in the central and
western regions, farmers are more dependent on hometown
resource endowment such as homestead and contracted land,
mainly showing a lock-in effect. The relationship between rural-
urban migration, land use and carbon emissions are depicted in
Figure 1, which shows how migration-driven changes in land use
contribute to carbon emissions and how these dynamics align with
the broader goals of carbon peaking and carbon neutrality would be
helpful in terms of drafting effective policies and strategies to
promote sustainable and low-carbon urbanization.

3.2 Data and variables

This study uses the data of the China Migrants Dynamic Survey
(CMDS) in 2017 as the basis for its analysis. The data covers a wide
range and has a large sample size (169,989 respondents), which
mainly involves the statistical characteristics of the floating
population, homestead, contracted land, village dividends and
other information, as well as the survival and development status
of the inflow area, migration characteristics, and other key
information. It is convenient for us to study the effect of
hometown resource endowment on rural household migration
decisions. Since the main target of this study is the amphibious
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population, we use two criteria to achieve sample screening: (1) have
bought a house in the city; (2) still have an agricultural household
registration. First, the non-agricultural household registration
samples were removed and 37,434 samples were deleted.
Secondly, only those buyers who were already in the city were
retained, and another 109,603 samples were deleted. Finally, we
obtained an observable sample size of 22,952 for the amphibious
population.

We use the willingness to settle in the city as the dependent
variable. In the CMDS questionnaire, farmers were asked, “If
conditions are met, would you be willing to move your
household registration locally?” We consider the farmers’
responses as an indicator of their migration decision. If the
farmer answers affirmatively, the dependent variable is assigned a
value of 1; if not, it is assigned a value of 0. Additionally, in the
subsample regression, we further distinguish between individual
migration and household migration as subcategories. If three or
more family members live together in the city, we consider it as a
household migration, assigning a value of 1; otherwise, it is assigned
a value of 0.

The key explanatory variable is homestead ownership. In
addition, the influence of local resource endowments such as
contracted land and village dividends on migration decisions is
also investigated. The geographical location of the hometown is also
regarded as a special resource endowment of the hometown.
Compared with the rural areas, the administrative level of the
hometown is above the township, which will have additional
advantages in terms of resource acquisition, while this advantage
may also have an impact on the migration decision. In the CMDS
questionnaire, there is are questions asking “Does the hometown
have a homestead?”, “Does the hometown have contracted land?”,

and “Is there a collective dividend distributed by the village?” Thus,
this paper can investigate the role of resource endowment in the
migration decision of amphibious farmers.

Based on previous studies, this paper adds three variables as
control variables, namely, an individual characteristic variable, an
urban development ability variable, and a regional variable. Among
these, the individual characteristic variables include age, gender,
education level, marital status and health status. Regional dummy
variables include the east, middle and west regions, all of which are
bicategorical variables. The main variable assignment and statistical
description are shown in Table 2.

4 Empirical results and discussion

4.1 Estimation results

Based on the OLS, Logit and Probit models, the influence of
hometown resource endowment on rural households’ urban
settlement intention was estimated, and the results are shown in
Table 3. First, we employed the Ordinary Least Squares (OLS)
empirical analysis model for the baseline regression. Secondly,
considering the dependent variable is a binary categorical
variable, using a linear model to model discrete variables poses
various challenges. Subsequently, through some transformations, we
adjusted the value ranges on both sides of the model to be roughly
consistent. We introduced Logit and Probit models for regression,
which are more practical and provide a more convenient way to
observe the influence of hometown resource endowment on farmers’
migration intentions within different value ranges. In terms of
hometown resource endowment, the influence of contracted land,

FIGURE 1
Logical relationship framework.
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homestead and village dividend on farmers’ willingness to settle in
the city is significantly negative, and the influence of hometown
geographical location is significantly positive. This means that at the
current stage, hometown resources such as residential land continue

to primarily serve the basic functions of meeting the welfare and
housing security needs of most farmers. Due to restrictions on
transferability, it is challenging for the asset and wealth effects of
residential land to be fully realized. No matter whether the OLS,

TABLE 2 Variables description.

Variables Description Mean Standard deviation

Migration decision Urban settlement Willingness to settle down in city 0.39 0.49

Family migration Whether or not family migration 2.32 0.76

Individual characteristics Age Age of respondents at survey time 36.66 11.07

Gender Dummy; male = 1; female = 0 0.52 0.50

Education Education level 3.44 1.16

Marital Dummy; Married = 1; Otherwise = 0 0.81 0.39

Health Health condition 0.82 0.38

Resource endowment of hometown Grade Administrative level of hometown 1.42 0.90

Contracted land Whether or not have contracted land 0.44 0.50

Homestead Whether or not have homestead 0.57 0.50

Collective dividends Whether or not have collective dividend 0.02 0.14

Regional characteristics Eastern Whether or not in eastern area 0.43 0.50

Central Whether or not in central area 0.29 0.45

Western Whether or not in western area 0.28 0.45

TABLE 3 Results of regression analysis.

Variables Urban settlement

OLS model Logit model Probit model

Homestead −0.050*** (0.007) −0.231*** (0.031) −0.143*** (0.019)

Contracted land −0.108*** (0.007) −0.497*** (0.031) −0.301*** (0.019)

Collective dividends −0.023 (0.019) −0.112 (0.092) −0.065 (0.055)

Grade 0.043*** (0.006) 0.185*** (0.027) 0.114*** (0.017)

Age 0.001*** (0.000) 0.005*** (0.002) 0.003*** (0.000)

Gender −0.015** (0.006) −0.071** (0.030) −0.042** (0.018)

Education 0.035*** (0.003) 0.164*** (0.015) 0.099*** (0.009)

Marital −0.013 (0.011) −0.060 (0.052) −0.036 (0.032)

Health 0.058*** (0.008) 0.293*** (0.040) 0.175*** (0.024)

Eastern 0.088*** (0.008) 0.345*** (0.035) 0.209*** (0.021)

Central 0 Omitted −0.062* (0.037) −0.040* (0.022)

Western 0.013** (0.008) 0 Omitted 0 Omitted

_cons 0.138*** (0.025) −1.568** (0.115) −0.949*** (0.070)

R2 0.048

Pseudo R2 0.039 0.038

Number of obs 22952

Note: *, **, and *** represent significance levels at 10%, 5%, and 1%, respectively. Values in brackets are robust standard errors.
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Logit or Probit models are used, the results show that owning a
homestead has a locking effect on the migration behavior of farmers,
forming a pull from the relocation place, thus inhibiting the
migration decision of farmers to settle in the city. Age, sex,
education level, marital status, health status, and the geographical
location of the eastern and central regions of rural households have
significant effects on their intention to settle in the city. From the
perspective of individual characteristics, female, educated, married
and healthy farmers have a stronger intention to settle down. The
effect of rural resource endowment on the migration of rural
households is mainly manifested as a locking effect, while the
resource endowment of hometown has an inhibitory effect on
the migration decisions of rural households.

4.2 Heterogeneity test

In addition, in order to investigate the heterogeneity of resource
endowments of homesteads in rural households’ migration
decisions, we further distinguish two migration modes: family
migration and individual migration. Under the condition that
individual characteristics and urban characteristics are controlled
and other conditions remain unchanged, this paper examines the
heterogeneity of resource endowments such as homestead
ownership in rural households’ migration decisions (the results
are shown in Table 4). According to the number of households

living together in the CMDS survey as a reference, more than three
people living together are considered as constituting family
migration, and other cases are considered as individual
migration. From the perspective of sample composition, family
migration accounted for 85.7% of the total sample size.
According to the regression results, whether it is for the family
or individual migration of farmers, owning a homestead and
contracted land has an inhibitory effect on their willingness to
settle in the city. Compared with farmers without homestead, the
probability of moving their families to settle in cities is reduced by
21.1%. Farmers who own contracted land (as opposed to those who
do not) are 37.6% less likely to move their families to cities. The
location of hometown has a significant positive impact on the
migration of rural households. Compared with remote rural
areas, rural households living in towns, counties, cities and above
are more willing to migrate and settle in cities. For every step up in
the administrative rank of the hometown, the probability of the
family moving to the city increased by 17.8 percent. For individual
migrants, the probability of rural households with homestead
migrating to cities decreased by 16%. The probability of rural
households with contracted land moving to the city decreased by
48.3%. The probability of moving to a settled city increased by 31.1%
for every level of administrative rank in the hometown. At the same
time, whether to enjoy the village dividend has no significant effect
on both family and individual migrants, which is consistent with the
baseline regression results. Hypothesis 2, that the effect of

TABLE 4 Results of heterogeneity test.

Variables (1) Migration patterns (2) Regional difference

Family migration Individual migration Eastern area Central and western areas

Homestead −0.237*** (0.034) −0.175** (0.082) 0.149*** (0.051) −0.479*** (0.040)

Contracted land −0.471*** (0.034) −0.659*** (0.083) −0.635*** (0.051) −0.399*** (0.040)

Collective dividends −0.117 (0.099) −0.047 (0.253) −0.102 (0.142) −0.134 (0.123)

Grade 0.164*** (0.031) 0.271*** (0.061) 0.282*** (0.044) 0.119*** (0.036)

Individual characteristics control control control control

Constant −1.586*** (0.128) −1.259*** (0.280) −2.045*** (0.186) −0.946*** (0.148)

Sample size 19,662 3290 7,992 14,960

Note: 1) ***, ** and * represent significance levels of 1%, 5% and 10% respectively; 2) Standard error in parentheses; 3) only estimated parameters for key explanatory variables are reported.

TABLE 5 Results of robustness test.

Variables Family migration (Eastern area) Family migration (Central and western areas)

Homestead 0.112** (0.055) −0.468*** (0.043)

Contracted land −0.562*** (0.055) −0.403*** (0.043)

Collective dividends −0.136 (0.155) −0.115 (0.130)

Grade 0.264*** (0.050) 0.104*** (0.040)

Individual characteristics control control

constant −2.200*** (0.210) −0.870*** (0.164)

sample size 6,671 12,991

Note: 1) ***, ** and * represent significance levels of 1%, 5% and 10% respectively; 2) Standard error in parentheses; 3) only estimated parameters for key explanatory variables are reported.
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hometown resource endowment on rural households’ rural-urban
migration decisions is different according to migration patterns, has
been verified.

In addition, this paper further examines regional differences in
terms of the impact of resource endowments such as homestead
ownership on farmers’ migration decisions (as shown in Table 5).
The results show that rural households with homestead in the
eastern region are more likely to migrate to the city with their
families, while the influence of homestead on migration decision is
significantly positive. In the eastern region, compared with farmers
without homestead, the probability of migrating to the city with their
families increased by 16.1%. However, in the central and western
regions, the influence of homestead on the migration of rural
households still shows a significant negative inhibitory effect, and
the probability of rural households with homestead to migrate and
settle in the city is reduced by 38.1%. There is no significant regional
difference in the influence of owning contracted land on the
migration and settlement of farmers’ families. No matter whether
they are located in the eastern, central and western regions, owning
contracted land has a locking effect on farmers. Whether they have a
village dividend, the impact is still not significant. The
administrative level of the hometown has a significant positive
effect on the decision of rural households to move to the city.
When the administrative level of the hometown goes up by one level,
the probability of families moving to the city increases by 32.6% in
the eastern region and 12.6% in the central and western regions.
Explanation 3 of this paper verifies the role of regional differences in
the effect of hometown resource endowment on rural households’
rural-urban migration decisions. Our research findings further
support the discovery by Qi and Li (2020) that non-Hukou
migration in China increased national residential carbon
emissions. The largest transfer flows mainly originate from the
central and eastern regions.

From the perspective of individual characteristics, education
level and health status have a positive effect on the migration of rural
households, while the ratio of well-educated and healthy rural
households to migrate to the city is greater. Marital status has no
significant effect on rural households’ urban migration decisions. In
most cases, age and sex had little or no significant effect.

4.3 Robustness test

In order to verify the robustness of the results, this paper further
reduces the sample in order to verify the heterogeneity of resource
endowments such as homestead on rural households’migration and
settlement, as shown in Table 5. The result indicates that owning a
homestead in the eastern region has a significant positive effect on
rural households moving to cities to settle down, while the
probability of rural households with a homestead moving to
cities to settle down increases by 12.7%. For the central and
western regions, the rate of rural households with homestead
land settling in the city decreased by 37.4%. This result further
supports Hypothesis 3, that is there are regional differences in the
effect of resource endowments of homesteads on rural households’
rural-urban migration decisions. In the eastern region, there is a
positive asset effect, while in the central and western regions there
are mainly inhibition and locking effects.

5 Conclusion

The endowment of hometown resources, especially homesteads and
contracted land, is the most valuable asset for farmers and has a
significant impact on their migration behavior. Using the CMDS
data, this paper analyzes the influence of resource endowment of
hometown on the migration decision of rural households based on a
logic regression analysis. The main findings are: 1) The ownership of a
homestead and contracted land has a significant impact on the
settlement of rural households in cities, while the dividend from
the village collective is not significant. In addition, this paper uses the
hometown administrative level to measure whether it has special
convenience in terms of location, which is also regarded as a special
“resource endowment” in regression analysis, and the results show that it
also has a significant positive effect on familymigration decision-making.
2) The homestead is the primary hometown resource endowment for
farmers. Whether for households migrating as a whole or individual
migrants, it has a significant negative impact on their willingness to settle
in the city. Moreover, this impact is more pronounced for households
migrating as a whole. The locking effect demonstrated by homesteads
reduces the probability of householdsmigrating as a whole settling in the
city by 21.1%. 3) Through the comparative analysis of regions, this paper
finds that owning a homestead and contracted land in the eastern region
has a significant positive effect on the settlement of rural families, while
in the central and western regions it has a negative inhibitory effect. To
some extent, this means that, in the eastern region, the economy is
developed and the level of urbanization is high, which provides better
conditions for the manifestation of homestead assets. Moreover, after
adjusting the sample, the conclusions remained robust.

The conclusions of this study will help to formulate active
policies to show the value of resource endowment in rural areas,
improve their urban development ability, and promote the
amphibious groups between urban and rural areas to realize
the goal of moving their families to settle in cities. Especially
in the central and western regions, it is necessary to further
optimize the circulation, mortgage and paid exit policies of
residential land while further demonstrating the value of
residential land assets so that farmers who have moved to the
city with their families can realize the value of “citizenization”.
This study also contributes to a comprehensive understanding of
the relationship between land use and urban-rural migration
behavior against the dual carbon background while pointing out
a path for carbon reduction by reducing amphibious land
occupation and improving land use efficiency (Wang et al., 2022).
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Digital economy is being closely integrated with agricultural development and
tapping into its unique potential to alleviate agriculture’s carbon emissions To
explore the mechanism of how digital economy reduce the agricultural carbon
emissions, this paper constructs a systematic evaluation method with extend
STIRPAT model and panel data drawn from 29 provinces (or municipalities and
autonomous regions) in the Chinese mainland from 2013–2020. The results
show that the development of the rural digital economy has a significant negative
influence on agricultural CEs, and this result is still valid given robustness tests.
Second, the alleviation of CEs based on the rural digital economy is more
significant in the higher technological investment zones than that in the lower
technological investment zones, and the central and eastern regions also have
more significant CEs reduction effect. Third, the influence mechanism analysis
shows that agricultural green technology change is an effective means to
promote the rural digital economy’s CEs reduction effect. This paper not only
provide new empirical evidence for understanding nexus between digital
economy and agricultural carbon reduction, but also give constructive policy
implication to improve agricultural green development.

KEYWORDS

agricultural carbon emissions, agricultural green technology efficiency, rural digital
economy, rural digital finance, digitalization of agriculture

1 Introduction

Alleviating carbon emission is receiving more and more attention globally (Ma S. et al.,
2022). To maintain harmonious coexistence between humans and natures and realize the
United Nations’ Sustainable Development Goals, Chinese central government pledged the
global stakeholders that the Chinese people will try their best to have CEs peak before
2030 and achieve carbon neutrality before 2060, which demonstrates a strong
determination to solve the problem of climate change. Activities of agricultural sector
not only release CO2 but also hold carbon sequestration function, and the CEs and
sequestration function make agricultural production activities have function of
maintaining the carbon balance in the atmospheric. However, agricultural CEs have
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obvious spatial heterogeneity (Charkovska et al., 2019). Faced with
issues such as global economic instability, rising energy demand,
frequent adverse weather conditions, and expanding food demand
(Fahad et al., 2022), the Chinese government should attach
importance to cutting agricultural CEs. China is a large and
longstanding agricultural country with widespread and extensive
agricultural production activities. In the traditional agricultural
production mode, the overuse of pesticides and chemical
fertilizers, land ploughing and irrigation, as well as the problems
of low production efficiency and unreasonable resource allocation in
the agricultural production process, will directly or indirectly lead to
more agricultural CEs and their higher intensity, thereby seriously
restricting the development of low-carbon and high-quality
agriculture. The 14th Five-Year Plan for National Agricultural
Green Development emphasizes building an agricultural industry
system with characteristic of green, low-carbon, and circular, while
the 2023 Government Work Report further emphasizes the need to
continuously improve the ecological environment and achieve low-
carbon and sustainable development.

The digital economy plays an important role in promoting the
full and balanced development between urban and rural areas, and
its development has driven the economic development of
agricultural and rural areas (Zhao et al., 2023). In China, the
digital transformation of agriculture sector has shown initial
results. According to the Information Center of the Ministry of
Agriculture and Rural Affairs, the informatization level of national
agricultural production in 2020 was 22.5% and the national level of
agricultural product quality and safety traceability informatization
was 22.1%. In 2021, the online retail sales agricultural production
nationwide has reached 2.05 trillion Yuan, with growth rate of
11.3% compared to the level of the previous year. The construction
of digital rural areas has been promoted extensively, with
117 digital rural pilot projects established nationwide, nine
agricultural IoT demonstration provinces delineated, and
100 digital agriculture pilot projects established. Alongside these
tremendous achievements, the digital economy has a positive
impact on carbon emissions from agricultural production (Zhao
et al., 2023). Thus, the problem is how to realize the coordinated
relationship between them. Would the rural digital economy
development bring fresh momentum to reducing agricultural
CEs? Meanwhile, how can the rural digital economy empower
the reduction of agricultural CEs? Exploring these issues has
important practical value for the development of the rural
digital economy and improving the reduction of agricultural
CEs while also contributing to policy enlightenment in terms of
achieving the great mission of China’s “Carbon Peak and Carbon
Neutrality”.

The main contribution of this paper comparing to the existing
literature are as following. First, we use the extend STIRPAT model
to explore the influence mechanism of agricultural digital economy
on the agricultural carbon emission. Second, the agricultural green
production efficiency is used as a proxy for agricultural green
technology change, which not only considering the quantity of
the agricultural green development, but also capture the quality
of agricultural green development. Third, this paper use three
dimensions to measure the agricultural digital economy. Digital
infrastructure in rural areas, digitalization of agriculture, and rural
digital finance).

The rest of this paper is organized as follows. Section 2 is the
literature review. The theory base and research hypnosis are showed
in Section 3. Section 4 describes the models and data used in this
paper. Section 5 analysis the estimation results. Section 6 gave the
conclusion and presents the policy implications.

2 Literature review

So far, the relevant studies relating to CEs focus on the
challenges faced by China in realizing its CEs reduction strategy
and corresponding countermeasures. Hu (2021), OuYang (2021)
and others have analyzed the severe challenges faced by China in
realizing the goals of dual carbon strategy in terms of international
and domestic perspectives, respectively. Liu et al. (2021) and others
have analyzed the problems that exist in China in the context of
carbon neutrality from on the viewpoint of energy structure, and
have put forward countermeasures such as energy conservation and
efficiency improvement, while accelerating the transformation and
further promotion of energy structures. Adopting another approach,
some scholars have conducted empirical analysis on the CEs
reduction effect of the carbon trading pilot policy implemented
by the Chinese government through the synthetic control method
(Li et al., 2021; Yang et al., 2021), and have argued that China’s
carbon trading pilot policy has played a significant role in the
reduction of CEs, but there are problems such as insufficient
market driving force for low-carbon innovation, poor pilot policy
incentives, and regional heterogeneity. At the same time, Chen et al.
(2016) have emphasized that increasing CEs reduces green total
factor productivity (GTFP) based on studying the relationship
between CEs and GTFP and economic development, and Wang
et al. (2019) have also reached the same conclusion in relation to
GTFP in agriculture economy development.

In addition, many researchers have devoted attention to
agricultural CEs and carried out relevant research on the
characteristics and calculation of agricultural CEs, agricultural
CEs reduction policies, and influencing factors. Jin and other
authors (2021) have explored the structural characteristics of
China’s agricultural CEs, and drawn the conclusion that
agricultural CEs in China have a phased upward trend alongside
regional and provincial heterogeneity. In terms of policy research,
Zhang et al. (2001) compared different environmental and economic
instruments and argued that the environmental tax system has been
more advantageous; Zheng et al. (2011) elaborated on a number of
low-carbon special plans and proposed relevant recommendations,
such as the establishment of a Chinese low-carbon agricultural
model. Based on evolutionary game theory, Fan et al. (2011)
suggested that government support and intervention can guide
agricultural source farmers to choose CEs reduction strategies. In
terms of influencing factors, the empirical studies of Xu et al. (2022a)
and Xu et al. (2022b) have suggested that agricultural mechanization
and the rural finance service have significant preventative effects on
agricultural CEs. Furthermore, He et al. (2020) have discussed the
status and role of green production efficiency in agriculture in
various provinces.

The digital economy, a new engine of high-quality economic
growth, has also attracted extensive attention and discussion in the
academic community in recent years. On the one hand, there is
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research on the definition of the digital economy. Li et al. (2021a)
characterize the digital economy on macro, meso- and micro-levels,
asserting it includes four levels, namely, broad, middle, narrow and
narrowest, and explored the mechanism and evolution process
involved in data becoming a production factor (Li et al., 2021b).
On the other hand, researches about digital economy are mainly
about the comprehensive effect of digital economy, and they have
put forward the argument that the digital economy can reduce
environmental pollution (Deng, 2022), while driving high-quality
urban development and promoting a specific economic pattern,
which aim to coordinate development between regions (Zhao
et al., 2020).

Especially since the strategy “Carbon Peak and carbon
neutrality” was put forward, the relationship between the digital
economy and carbon emission has become an important topic, and
academia has also carried out extensive research (Yu et al., 2022).
While researchers hold different conclusion on the nexus between
digital economy and carbon emissions. Most studies show that the
digital economy has improved the environmental situation, and
provided impetus for emission reduction,Wang (2022) point out the
digital economy is helpful to reducing the carbon emissions. Zhang
(2022a) find that the digital economy plays a significant role in
carbon emission reduction. They all conduct their research based on
China’s urban data. However, some studies hold that the digital
economy has a heterogeneous influence on CEs. Some scholars
(Salahuddin et al., 2015; Avom et al., 2020) believe that, as the core
foundation of the digital economy, the development of digital
technology will lead to a large amount of power consumption
and energy consumption, thereby increasing carbon emissions.

Furthermore, there are many researches focusing on the
development of the digital economy in rural areas. According to
theoretical analysis, the existing literature mainly pays attention to
the mechanisms or development paths of the rural digital economy.
Wang et al. (2021), Yin and others (2020) and others have explored
the significance, practice mode and mechanism of the digital
economy development in agriculture production and rural
regions, and believe that it should be promoted by, respectively,
accelerating the construction of rural digital infrastructure,
promoting agricultural digitalization, and developing rural
e-commerce. Some researches on digital inclusive finance (DIF)
have argued that DIF can push the regional convergence of green
economic growth while less developed regions experience a more
significant convergence effect (Wang et al., 2022).

Many studies have also been carried out focusing on the
influence of digital economy on CEs, mainly adopting the
empirical analysis method with panel data based on province- or
city-level contexts in China, and have found that digital economy
growth can significantly alleviate the intensity of CEs (Xu et al., 2022;
Guo et al., 2023), however, there exist certain regional differences
(Miao et al., 2022; Xie, 2022).

A few researches have focused on the correlation between digital
economy growth and agricultural CEs in China or foreign countries,
and these literature mainly concentrate on the introduction of
information and communications technology (ICT) into the field
of smart agriculture, the promotion of sustainable agriculture, and
the reduction of chemical use on the basis of embedding artificial
intelligence (Patrício and Rieder, 2018), sensors (Basnet and Bang,
2018), robotics, and remote sensing technologies (Huang et al.,

2018) into agricultural modernization processes. ICT, as a main
focus of advanced technology trends, can promote comprehensive
productivity efficiency, total factor efficiency (TFP) and agricultural
sustainability (Dlodlo and Kalezhi, 2015). The prevalence of ICT not
only promotes agricultural productivity and TFP, but also improves
the progress of sustainable agricultural development. Ma S. Z. et al.
(2022) focus on the nexus between the development of the
agricultural digital economy and agricultural CEs; their
conclusions emphasize that digital economy development inhibits
agricultural CEs. In addition, advances in agricultural technologies,
the optimization of agricultural industrial structure, and
improvements in rural education all significantly inhibit the
agricultural CEs in the research area. Adding to the influence
factors outlined above, Zhang J. et al. (2022) emphasize that the
development of DIF has significantly reduced agricultural CEs.
Unlike other countries or regions, China’s agricultural digital
economy mostly stresses the digital transformation of rural
industrial models (Wu, 2021), agricultural industries (Zhao
MJ. et al., 2022; Zhao YL. et al., 2022) and the effectiveness of
the digital economy (Xie, 2020). These studies all pay attention to the
innovative developments in digital agriculture (Wang et al., 2020).
Through the systematic review of the literature outlined above, three
main shortcomings can be found in the existing research: First,
although many researchers have devoted attention to the correlation
between the digital economy and CEs, more of them have studied
this on urban level, and rarely extended this correlation to the rural
development context, hence there is a lack of research that directly
and empirically tests the correlations between the rural digital
economy and agricultural CEs. Second, when analyzing
heterogeneity, most existing studies only conduct sub-sample
studies by region, and consider to a lesser extent the role of R&D
in leading the high-quality development of the digital economy.
Third, the path or mechanisms of the digital economy in rural areas
in relation to the reduction of agricultural CEs is unclear, hence this
requires further research. Considering the three points mentioned
above, this article measures the intensity and amount of agricultural
CEs, the progress in agricultural green technology and the
development level of rural digital economy at a provincial level
in China and tests empirically the nexus between rural digital
economy and agricultural CEs. Meanwhile, this study not only
examines the regional heterogeneity of the rural digital economy
on agricultural CEs, it also analyzes the heterogeneity of this in
relation to the science and technology investment level.

3 The mechanism and research
hypotheses

The digital economy is an advanced economic mode with data as
the important production factor and its development depends on
the ability to obtain data. The establishment of a digital
infrastructure not only realizes the utilization and transmission of
data information, but also improves the efficiency of data
circulation, thereby accelerating the process of digital
infrastructure construction, the latter having become an
indispensable foundation for the promotion of the growth of the
digital economy. China has ascribed importance to the construction
of digital infrastructure, and since 2018, the Politburo of the Central
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Committee has repeatedly stressed the need to accelerate the roll out
and promotion of new digital infrastructure and its construction. At
the same time, the construction of digital infrastructure is an
important prerequisite for the integration of the digital and rural
economies; whether it is agricultural informatization, agricultural
product trading e-commerce, or the rural digital finance
development, the prerequisite is it must be a complete rural
digital infrastructure construction.

The reports of the China Academy of Information and
Communications Technology believe that the definition of the
digital economy can be divided into industrial digitization and
digital industrialization, whereby industrial digitalization means the
output and efficiency improvement brought about by the introduction
of ICT into traditional industries. With the empowerment of digital
technology, an environmental monitoring system for agricultural pre-
production and production can be established, while new formats
such as rural e-commerce goods can be formed after production,
thereby realizing the transformation of traditional agriculture into a
scientifically based and efficient modern model.

The integration of the digital and rural economies has improved
the practice model of digital financial services in China’s “San
Nong” field. The development of the digital economy has
spawned updated financial models while the innovative
development of digital finance has continuously added new
momentum to the digital economy. The integration of ICT and
traditional finance provides the possibility of opening up the
farmers’ “last mile”. Furthermore, digital finance enables rural
areas to address difficulties in accessing affordable financing at a
low cost, fully leveraging the inclusive and the sharing advantages of
digital finance, thereby contributing to the rural revitalization
strategy while promoting the in-depth and comprehensive
growth of the digital economy in today’s China.

Based on these insights, this article mainly explores the effect and
mechanism of the rural digital economy growth level (explained from
three aspects: rural digital infrastructure construction, agricultural
digitalization, and development of the rural digital finance
development) on agricultural CEs while also examining the
intermediary effect of green technologies progress, which was
measured by the agricultural green technological efficiency (see Figure 1).

3.1 Digital infrastructure in rural areas

Digital infrastructure as a foundation for the development of the
digital economy plays an important role in realizing agricultural

digitalization and rural digital finance. It contributes to promoting
the deep development of the digital economywhile limiting the digital
economy’s CEs. The agricultural CEs reduction effect of rural digital
infrastructure construction is mainly manifested in the following two
aspects: First, rural digital infrastructure construction can guide
residents in rural areas to form green environmental protection
concepts. The development of ICT enables rural residents to
accelerate their access to the online environment, understand news
and public opinion related to environmental pollution, and develop
green and environmental protection concepts, thereby promoting the
formation of informal environmental regulations on the Internet (Xu,
2014) while helping to alleviate agricultural CEs and reshaping
patterns of rural environmental governance. Second, the
establishment of perfect rural digital infrastructures can reduce the
limitations of geographical space, promote information
interconnections and sharing, and help achieve a rational
allocation of resources, thereby reducing the energy consumption
caused by spatial and time factors in production and life, improving
energy efficiency while unleashing CEs reduction effects.

3.2 Digitalization of agriculture

In terms of agricultural production management, the technology
of big data analysis can promote the establishment of large-scale and
standardized agricultural production bases, realize scientific analysis
and reasonable predictions of crop sowing, output and demand,
while reducing the imbalance between supply and demand and the
waste of resources caused by insufficient and asymmetric
information. In addition, through modern information processing
technologies such as remote sensing satellites, real-time data
collection, monitoring and analysis of agricultural production can
be realized, and a scientific environmental monitoring system can be
established so as to improve the allocation efficiency of production
factor, grasp changes in the ecological environment, accurately
measure CEs and trace them in time, thereby promoting effective
governance and green development.

Digital technology can also continuously enrich the marketing
methods of agricultural products, forming new sales models, i.e., rural
e-commerce and live streaming. The continuous popularization of the
rural Internet has connected farmers to online consumption cyberspace,
realized “point-to-point” transactions, and reduced resource waste and
CEs caused by the problems of information asymmetry and high
transaction costs in traditional agricultural sales models. In terms of
logistics and distribution, low-carbon logistics has become an important

FIGURE 1
Model of the impact of the rural digital economy on agricultural CEs.
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future development direction. The Vision 2035 Plan points out that
green and low-carbon development should be promoted in the
transportation industry while low-carbon freight logistics should also
be realized. Aim to achieve development of the low-carbon logistics,
relying on digital technology, the logistics and distribution industry is
gradually replacing traditional fuel vehicles with clean energy electric
vehicles, and accelerating the application of drones in rural areas for
logistics distribution to reduce CEs. Regarding the latter, Jingdong
drones have been used in some rural areas of Suqian City, Jiangsu
Province, and this has already achieved normalized delivery (Lin et al.,
2020). Relying on artificial intelligence technology can also promote the
intelligence of agricultural product logistics systems, while the
establishment of rural smart logistics information platform can
optimize distribution routes, achieve resource intensification,
continuously save costs, improve efficiency, and deepen the digital
economy’s Carbon reduction effect.

3.3 Rural digital finance

The development of rural digital finance has promoted the
establishment of rural environmental protection service platforms.
Participation in environmental governance and other activities has
effectively increased farmers’ enthusiasm for engaging in environmental
protection and has helped to improve their sense of social responsibility
(Meng et al., 2022; Dong et al., 2023). Taking the “Ant Forest” in
Alipay’s personal carbon account platform as an example, users collect
online energy and plant virtual trees to achieve real afforestation
projects in reality, which attracts lots of subscribers to participate in
environmental protection actions. In addition, it not only provides a
sense of gain for the masses, but also promotes agricultural green
development and reduces CEs. Furthermore, the rural environmental
protection service platform built by relying on the digital finance
development can also analyze the information of platform users
through big data technology while rationally allocating resources,
thereby reducing agricultural CEs. For example, Alipay’s “garbage
sorting and recycling platform” is specially set up for problems such
as the low recycling rate of domestic waste, supporting door-to-door
collection of waste items so that the resource recycling rate is improved.
Digital finance promotes green growth and green technological
significantly (Wu et al., 2022; Razzaq and Yang, 2023). Mobile
payment and online financial services can continuously reduce
farmers’ dependence on financial institutions, not only reducing the
transaction costs of paper money but also promoting the rational layout
of financial business outlets, lowering resource consumption, while
uniting both economic and environmental benefits.

In addition, digital finance can effectively compensate for the
neglect of traditional finance in rural areas. In the traditional
financial environment, farmers have difficulty in financing and
own single source of funds, which is not conducive to introduce
new agricultural technologies and form the extensive production
methods, resulting in more agricultural CEs, hence more serious
agricultural pollution problems. The promotion and application of
digital finance has broadened the channels of farmers’ capital
sources, assisted them to introduce efficient and low-carbon new
agricultural technologies, and formed a green agricultural business
model, thereby continuously reducing agricultural CEs’ intensity
and promoting green agricultural development. Besides, digital

finance can also alleviate the misallocation of financial resources
and provide more career options for rural residents.

3.4 The progress of agricultural green
technology

Generally speaking, a valuable way to achieve high-quality
agricultural development is via green agricultural technological
change (Deng et al., 2022).

In the existing agricultural economics research, more studies
focus on green technological change or environmental
technological change using different methods to assess agricultural
green technology’s efficiency or that of environmentally friendly
technology’s efficiency. According to the existing study on
agricultural green technology change (AGTC) of China, the
improvement of China’s agricultural productivity is overestimated
due to ignoring the influence of environmental factors. Considering
the regional heterogeneity of environmental conditions, agricultural
technological change in rural China shows an increase trend, while
there is a descending trend in the eastern, western, and central regions
respectively. The northeast region has experienced an obvious decline
in levels of technological change, while technological change without
environmental constraints has exhibited a descending trend from
eastern to western China (Jiang et al., 2022). He et al. (2021) have
identified some important factors affecting agricultural green
innovation efficiency, such as the level of agricultural technologies’
diffusion, absorption, implementation, and informatization, the
amounts of agricultural extension workers, the average schooling
of households, and levels of agricultural mechanization.

To estimate the green efficiency of agricultural production,
Korhonen and Luptacik (2004) developed and extended the DEA
considering environmental aspects. Existing literature usually through
two ways to calculate the green efficiency, one is choosing the
environmental factors as the inputs, the other is taking the
environmental factors, especially the bad environmental results as
bad outputs. The SBM-DEA taking account undesirable outputs is a
widely used model to deal with economic and ecological issues (Liu
et al., 2022). In this paper, we also chose the SBM-DEA model to
estimate the agricultural green production efficiency, taking the
carbon emission as the bad output in the DEA model.

In view of the above analysis regarding how the rural digital
economy influences agricultural CEs, this article puts forward two
research hypothesizes.

Hypothesis 1: The rural digital economy may reduce the level and
intensity of agricultural CEs significantly.

Hypothesis 2: The rural digital economy may reduce CEs through
green technological innovation efficiencies.

4 Research design

4.1 Constructing the modelling

The STIRPAT (Stochastic Impacts by Regression on
Population, Affluence, and Technology) model initially
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proposed by Dietz and Rosa (1994) explores the factors
influencing atmospheric emissions, such as socioeconomic,
demographic, and technological issues. In the existing
literature, the STIRPAT model mainly has been introduced to
explore the causes of CEs in different industries, countries or
cross-government economic organizations. These researches
have concluded that certain factors such as rising population
and affluence levels, the growth of urbanization, the structure of
economic development and energy consumption as well as the
energy mix and related technological issues are all responsible for
increasing emissions. The STIRPAT model is in introduced in
our study and is extended from a base IPAT model, which was
initially proposed by Ehrlich and Holdren (1971). The advantage
of this is that it allows for appropriate decomposition of
population, technology, and wealth, while also adding other
issues when analyzing environmental impact factors. The
expression is:

Ii � αPη
i A

κ
i T

φ
i μi (1)

where Ii is the influence in observational unit i from population P,
affluence A and technology T. μi is the random error term, α、η、κ
and φ are the parameters.

The fixed-effects model can be used to control regional invisible
differentiation, so the endogeneity issue generated by invisible or
unchanging is addressed (Liu et al., 2024). Because of the advantages
of fixed-effects, here we choose the fixed-effects model.

To effectively avoid the heteroscedasticity of the model, this
article converts the terms in Equation 1 into their logarithms
as follows:

ln AEit( ) � ln α + η ln Pit( ) + κ ln Ait( ) + φ ln Tit( ) + βADIGit + λi

+ εit (2)

where i indicates province; t indicates time; λi indicates provincial fixed
effects; and εit represents random error terms. β is the coefficient that
this article focuses on, and it is expected to be negative.

AEit stands for the agricultural CEs intensity of the ith province
(city) in the t year; ADIGit represents the comprehensive level of

rural digital economy growth in the t year of ith province (city),
which is the core explanatory variable of this paper. In York et al.
(2003), the STIRPAT model was introduced to interpret the
technology term, which can be composed of more than one
variable considering the needs of a given study. In the STIRPAT
model, the estimated coefficients of core explanatory variables can
be clarified as environmental effect elasticities, which means the
percentage change of CEs for one percentage change in digital
economy growth.

Thus in our paper we choose certain control variables, including
urbanization rate (URBANit), level of agricultural mechanization
(MECHit), planting structure (STRUit), agrochemical input
intensity (CHEMit), traffic (TRANit), rural electricity use
(ELECit) to represent the population, affluence and technology of
a given rural area.

Digital agriculture is conducive to the green transformation of
agricultural industry, meanwhile, the progress of green technologies
can decrease the CEs level of agricultural production. Thus, the
influence path of digital agricultural economy on CEs can be
expressed as the following models, as shown in (3) to (5).

ln AEit( ) � λ0 + λ1GTFPit + λ2ADIGit + λi ln CONit( ) + ]i + μit
(3)

GTFPit � ζ0 + ζ1ADIGit + ζ i ln CONit( ) + ψi + θit (4)
ln AEit( ) � ω0 + ω1ADIGit + ωi ln CONit( ) + τ i + εit (5)

Here, Eq. 5 is the total effect model, Eq. 4 is the estimated
model of the agricultural digital economy on agricultural green
production efficiency, and Eq. 3 is the estimated model that
considers both the agricultural digital economy and the
mediating mechanism. Where, the mediator variable is the
variable GTFP, the green agricultural production efficiency.
The coefficient ω1 in the formula (5) reflects the overall effect
of the digital economy on the agricultural CEs, the coefficient λ2
represents the direct effect of digital economy on the agricultural
CEs, and the magnitude of the mediating effect can be
determined by ω1 − λ2. If the coefficient ω1, λ2 and ζ1 are all
significant, and λ2 <ω1 or the significance of λ2 is lower than ω1, it
can be inferred that the mediating effect exists.

FIGURE 2
Average level of total agricultural CEs amounts and intensity in each province (city), 2013–2020.
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4.2 Variable selection

1. Variable to be explained: Agricultural carbon intensity (AE). In
this study, agricultural CEs intensity is chosen to measure the
level of agricultural CEs in provinces. Agricultural CEs
intensity is expressed by the ratio of total agricultural CEs
to agricultural added value. The total amounts of agricultural
CEs of each province were calculated from six dimensions:
agricultural fertilizer, pesticide, farm PE film, agricultural
diesel, tilling and irrigation (Li et al., 2011).

The CEs estimation formula is:

E � ∑Ei � ∑Ti · δi
where variable E is the total CEs generated by agriculture
production. Ei stands for the CEs amount of various carbon
sources, Ti is the amount of ith carbon source, and δi is the CEs
coefficient of ith carbon source. The CEs coefficients of different
carbon sources are listed as follows: 0.896 kg kg-1 for agricultural
fertilizers, 4.934 kg kg-1 for pesticides, 5.180 kg kg-1 for agricultural
film, 0.593 kg kg-1 for agricultural diesel, and 312.600 kg km-2 for
ploughing. Agricultural irrigation is 25 kg hm-2 (Dubey and Lal,
2009). After calculating the total agricultural CEs of each province,
divide by the agricultural added value of each province to get the
agricultural CEs intensity of each province (kg/10,000 yuan). The
average values of total agricultural CEs and agricultural CEs’
intensity from 2013–2020 in each province (municipality) are
shown in Figure 2. The top five average agricultural CEs are
Henan, Shandong, Heilongjiang, Hebei and Anhui, mainly in the
major agricultural provinces. Nearly half of whole country have
agricultural carbon emissions exceeding five million tons. From the
viewpoint of agricultural CEs’ intensity, the top five areas are Gansu,
Jilin, Inner Mongolia, Shanxi and Xinjiang, which produce large
volumes of CEs per 10,000 yuan of agricultural added value, all
exceeding 180kg, on the one hand because they may be dominated
by extensive agricultural production methods, while on the other
hand it is also related to the less development level of the agricultural
digital economy.

2. Core explanatory variable: Rural Digital Economy
Development Index (ADIG). Based on the existing research,
this paper selects 10 indicators such as rural Internet
penetration rate and agricultural meteorological observation
stations from the three aspects of rural digital economy
infrastructure construction, agricultural digitalization, and
rural digital services, and constructs an evaluation index
system for the growth level of the digital economy in rural
areas, as shown in Table 1. The Internet penetration rate in
rural areas is assessed using the proportion of rural Internet
broadband access users to the rural population in an area, while
the number of Taobao villages is taken from the Ali Research
Institute’s China Taobao Village Research Report,1 the DIF
coverage breadth index is obtained from the digital inclusive
financial index data of Peking University (Guo et al., 2020)
measured by account coverage status, including the number of
Alipay accounts per 10,000 people, the ratio of Alipay card
users, and the average amounts of bank cards bound to an
Alipay account. Other metric data is available directly. Among
these, the average population served by postal outlets is a
negative indicator while the others are positive indicators. In
this research, the entropy method is introduced to measure
10 indicators of rural digital economy growth at three
dimensions in order to get the rural digital economy
development index of each province (city).

The growth level of the rural digital economy in every
province (city) in 2013 and 2020 are shown in Figure 3. It is

TABLE 1 Evaluation index system of rural digital economy development.

Target layer Guideline layer Metric layer (properties) Indicator units

Rural digital economy indicator system Rural digital economy
infrastructure

Rural Internet penetration (+) %

Agrometeorological observation station (+) piece

Cable line length (+) kilometer

Rural delivery routes (+) kilometer

Digitalization of agriculture Number of Taobao villages (+) piece

E-commerce sales (+) billion

Rural digital services Postal outlets serve the average population (−) 10,000 people

Rural residents’ expenditure on transportation and
communication (+)

Yuan/person

Information technology services revenue (+) billion

Digital financial inclusion coverage breadth index (+)

1 Taobao Village: The Alibaba Research Institute’s recognition criteria for

“Taobao Village” mainly includes: 1) business premises (in rural areas,

administrative villages are the unit); 2) sales scale (the annual sales

volume of e-commerce reaches 10 million yuan); 3) scale of online

merchants (the number of active online stores in this village reaches

100, or the number of active online stores reaches 10% of the local

household size).
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found that there is significant heterogeneity in the growth level
of the rural digital economy between different regions and
different years.

3. Mediated variables: Green efficiency agricultural
development (GE). In the existing literature, the total
factor productivity (TFP) calculated by DEA-Malmquist
index is always used to measure the technological change,
while using the Malmquist index will sacrifice time
information. Thus, this paper uses agricultural green
technological efficiency with environmental constraints. In
the DEA model of this paper, agricultural added value was
defined as the good output, agricultural CEs constitute the
bad output, meanwhile the sown area of crops, fixed capital
investment and the agricultural workers were set as the
input variables.

From Figure 4, it is obvious that the green agricultural
technological efficiency of less than half province is more than 1,
which means that more than half of provinces have less efficient
green agricultural technologies. Thus, for China, there is still more

space to improve the green technologies. In this paper, we use GE to
stand for green technological efficiency.

4. Control variables. Due to the complexity of factors influencing
the agricultural carbon emission, considering only the impact
of the agricultural digital economy on agricultural CEs might
lead to bias, and even serious endogeneity issues. Therefore, the
following variables are selected to ensure the
comprehensiveness and accuracy of empirical analysis. Is
complexity and variables: 1) Urbanization rate (URBAN),
measured by the proportion of urban population in a region
to total population in the same area; 2) The level of agricultural
mechanization (MECH), expressed as the total power of
agricultural machinery; 3) Planting structure (STRU),
expressed as the ratio of the grain sown area to the crop
sown area; 4) Agricultural chemical input intensity (CHEM),
expressed as the ratio of fertilizer use to the crop sown area; 5)
Traffic conditions (TRAN), expressed as the sum of railway
operating mileage and highway mileage; 6) Rural electricity
consumption (ELEC), expressed in terms of agricultural power
generation. The above variables are logarithmic.

FIGURE 3
Comparison of comprehensive scores of rural digital economy development in 29 provinces (municipalities and districts) in China, 2013–2020.

FIGURE 4
Average green agricultural technological efficiency of 29 provinces, 2013–2020.
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4.3 Data

Considering the availability of data, the Institute uses all data for
29 provinces (cities) in China from 2013–2020 (excluding Shanghai,
Tibet, Taiwan, Hong Kong and Macao), which are derived from the
China Statistical Yearbook (2014–2021)2 and China Rural Statistical
Yearbook (2014–2021), the EPS data platform, the Ali Research
Institute Report, and the Peking University Digital Inclusive Finance
Index (2011–2020). The descriptive results for all variables chosen
are shown in Table 2.

As shown in Table 2, except for lnELEC, all other variables have
very small fluctuation trends, namely, less than 1.

5 Empirical results and analysis

5.1 Estimates of basic regression model

Firstly, only the core explanatory variable, namely, rural digital
economy development composite score (ADIG) is considered, while
the mixed-, fixed- and random-effects model is selected, and the
F-test is 25.04 and the p-value is 0.0000, and the fixed-effect model
should be selected. The Hausmann test shows that χ2 is 4.77 and the
p-value is 0.029, choosing a fixed-effect model. The other control
variables were then added, and mixed-, fixed-, and random-effects
models were selected, and the F-test was 42.79 and the p-value was
0.0000, and the fixed-effect model should be selected. The
Hausmann test showed that χ2 was 17.29 and the p-value was
0.0156, choosing a fixed-effect model.

Table 3 reports the baseline estimation of the influence effect of
the rural digital economy development on the intensity of
agricultural CEs. 1) considers only the core explanatory variable,
and finds that the rural digital economy growth significantly reduces
agricultural CEs intensity at the 1% level. Adding control variables to

column 2), it is found that for every 1 unit increase in the growth
level of rural digital economy, agricultural CEs intensity decreases by
40.01%, and this negative impact is still significant at the 1% level,
thus validating the research hypothesis. For one thing, the

TABLE 2 Description of main variables and descriptive statistical analysis.

Variable name Unit Obs Mean Std Min Max

lnAE kg/million 232 2.507 0.379 1.583 3.348

ADIG 232 0.143 0.118 0.017 0.738

lnURBAN % 232 4.068 0.171 3.635 4.472

lnMECH 104 kW 232 7.788 0.999 4.789 9.499

lnSTRU % 232 4.161 0.220 3.570 4.575

lnCHEM % 232 5.851 0.388 4.567 6.684

lnTRAN km 232 11.813 0.742 9.724 12.898

lnELEC 104kW h 232 12.053 2.480 5.808 15.298

GE 232 0.785 0.793 0.188 6.802

TABLE 3 Baseline regression results.

Variable (1) (2) (3) (4)

lnAE lnAE lnAE lnAE

ADIG −1.5674*** −0.4001*** −0.4564**

(0.1374) (0.1026) (0.2191)

ADIG(-1) −0.4337**

(0.2015)

lnURBAN −1.4729*** −1.7091*** −1.6341***

(0.1719) (0.2849) (0.2561)

lnMECH 0.0736 0.0412 0.0962

(0.0502) (0.1218) (0.1067)

lnSTRU 0.0603 −0.0173 0.0232

(0.1062) (0.1227) (0.1563)

lnCHEM 0.3073*** 0.3074 0.2530

(0.0759) (0.1948) (0.2097)

lnTRAN −0.6176*** −0.5841** −0.6580***

(0.1348) (0.2159) (0.2357)

lnELEC 0.0114 0.0377*** 0.0041

(0.0199) (0.0125) (0.0249)

Constant 2.7306*** 13.0925*** 13.9179*** 14.5534***

(0.0218) (1.4781) (2.8412) (2.6103)

Provincial fixed effect YES YES YES YES

R-squared 0.3045 0.7681 0.8137 0.8094

N 232 232 203 203

Note: Standard errors in parentheses, *p < 0.1, **p < 0.05, ***p < 0.01.

2 The China Statistical Yearbook (2014) shows the development of whole

economic and social status in the year 2013, the rest can be done in the

same manner.
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development of the rural digital economy accelerates rural residents’
access to the network environment, not only promoting information
interconnection and sharing while realizing the rational allocation of
resources, but also helps rural residents establish the concept of
green consumption and to develop informal network environment
regulations, thereby reducing agricultural CEs intensity. And for
another, the close combination of digital technology and agriculture
helps farmers to, respectively, grasp agricultural production data
accurately, improve production efficiency, and effectively reduce
agricultural pollution caused by waste of resources. In addition, in an
environment marked by the continuous development of rural digital
finance, rural residents can broaden financing channels, introduce
efficient and low-carbon new agricultural technologies, form a green
business model, and promote the transformation of traditional
extensive agricultural production methods to intensive ones,
thereby realizing the agricultural CEs reduction effect of the rural
digital economy.

5.2 Endogeneity test

To alleviate the impact of endogeneity on empirical results, this
article also verifies the relationship between agricultural digital
economy with a lag of one period and agricultural CEs, the
results are in the column 3) in Table 3. The results of Table 3
have verified the negative impact of agricultural digital economy on
agricultural carbon emissions. If the digital economy is an

endogenous variable, then the estimation results in this paper are
biased. This paper will test the core explanatory variable and each
control variable with a lag of one period to overcome the possible
reverse causal relationship between contemporaneous variables. The
corresponding empirical results are shown in column 4) of Table 3.
The regression results show that the coefficient of the core
explanatory variable is −0.4564, with a p-value of 0.047,
excluding the possibility that agricultural digital economy is an
endogenous variable.

5.3 Robustness test

1. Replace the explanatory variable. In the baseline regression, the
logarithmic form of agricultural CEs intensity was used as the
explanatory variable. In order to further enhance the
robustness of the conclusion, the dependent variable was
replaced with the total amounts of agricultural CEs
(logarithmic value) for robustness testing, and the results
are shown in columns 1) and 2), Table 4. With the
variables to be replaced, the growth of the rural digital
economy still has a significant negative impact on
agricultural CEs.

2. Exclude part of sampling. Considering substantial
heterogeneity in the levels digital economy growth among
Chinese provinces, in order to further strength the

TABLE 4 Robustness test results.

Variable (1) lnCE (2) lnCE (3) lnCE (4) lnCE

ADIG −0.5085*** −0.3151*** −0.8891*** −0.8716***

(0.0622) (0.0690) (0.1216) (0.2586)

lnURBAN 0.2335** 0.3314***

(0.1156) (0.1254)

lnMECH 0.2552*** 0.0832***

(0.0338) (0.0272)

lnSTRU 0.0158 −0.1106

(0.0714) (0.0829)

lnCHEM 0.1791*** 0.1408***

(0.0511) (0.0479)

lnTRAN −0.3458*** −0.2652***

(0.0907) (0.0770)

lnELEC 0.0271** −0.0003

(0.0134) (0.0201)

Constant 8.2094*** 7.8878*** 8.2088*** 9.0232***

(0.0099) (0.9942) (0.0116) (1.2328)

Provincial fixed effect YES YES YES YES

N 232 232 128 128

adj. R2 0.1408 0.3674 0.2279 0.3626

TABLE 5 Results of regional heterogeneity analysis.

Variable Eastern Central Western Northeast

ADIG −0.5939*** −3.0197*** −0.4066 7.0036**

(0.1670) (0.7717) (0.6221) (3.3818)

lnURBAN 0.0237 −0.6508** −1.6688*** −6.3426***

(0.5660) (0.2691) (0.2568) (1.5276)

lnMECH 0.2848*** −0.0149 0.1846* 0.2942

(0.1039) (0.0405) (0.0962) (0.1908)

lnSTRU −0.2184 0.7226*** 0.1804 −0.3603

(0.1778) (0.1614) (0.2080) (0.4641)

lnCHEM 0.2291* 0.4024*** 0.4294*** 0.8512**

(0.1338) (0.0795) (0.1025) (0.3719)

lnTRAN −1.5045*** −0.0144 −0.3310** 1.0188

(0.2949) (0.1550) (0.1653) (0.6694)

lnELEC 0.0146 −0.0166 −0.0433 0.1935*

(0.0266) (0.0167) (0.0375) (0.1093)

Constant 16.5950*** 0.7109 9.2115*** 8.4383

(2.5344) (2.7451) (2.4222) (10.2366)

Provincial fixed
effect

YES YES YES YES

N 72 48 88 24

adj. R2 0.6905 0.8823 0.8580 0.9496

Frontiers in Environmental Science frontiersin.org10

Zhang et al. 10.3389/fenvs.2024.1372500

205

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1372500


robustness of the conclusions, the data of two provinces with a
digital economy scale of more than 15 trillion yuan and
12 provinces (cities) with a digital economy scale of more
than one trillion yuan of 2020 are excluded. The results in
column 3) and column 4) of Table 4 show that the
development of rural digital economy still has a significant
negative impact on agricultural CEs, and this negative impact
has become stronger, which may be due to the fact that the
digital economy in these provinces is on the rise, with
accelerated development speed and greater development
potential, so it is easier to reduce agricultural CEs intensity.

5.4 Heterogeneity analysis

1. Regional heterogeneity. This study categorizes the samples into
four parts: eastern, central, western and northeastern regions
for sub-sample regression, and discusses the regional
heterogeneous impact of rural digital economy development
on agricultural CEs intensity in the four parts. The estimations
of regional heterogeneity analysis are shown in Table 5; for the
eastern and central China, the development of rural digital
economy still has a significant negative impact on agricultural
CEs intensity and the central China have greater influence than
their eastern counterparts while the western China is not
significant. Possible explanations are: the eastern region has
a good economic development foundation; the digital economy
came early; it has a relatively complete rural digital economy
infrastructure; and the integration and development of digital
technology and agriculture is higher. Meanwhile, the central
region is China’s most important agricultural production zone,
the central government places greater focus on agricultural
input, especially its green agricultural policy and finance
support, which may lead to a larger and more significant
negative impact on the intensity of agricultural CEs. The
development and application of digital technology in the
western region started late, that is might the reason why the
impact is not significant. But it is not rational to deny its rapid
upward phase and the low-carbon development potential of
agriculture. The results also show that the coefficient of the
rural digital economy development in the northeast region is
positive, indicating that the development of the rural digital
economy may increase the intensity of agricultural CEs. The
development of the digital economy in northeast China is
relatively backward, its digital infrastructure is not yet perfect,
the coverage of rural digital finance is small, the proportion of
secondary industry is large, while the integration of digital
technology and agriculture is not complete.

2. Heterogeneity of scientific investment. As the primary
productive and innovative force, the increased science and
technology investment plays an important supporting role in
the reduction of CEs and the growth of the digital economy. On
the one hand, advances in science and technology have a direct
impact on CEs’ reduction. At present, technological progress is
an important driving force for the reduction of CEs and green
development, while investment in science and technology
helps to promote green technology innovations (Yang et al.,
2019; Gu et al., 2022), saving production costs, promoting the

professional division of labor in various fields, and improving
productivity, thereby directly reducing CEs. On the other hand,
the progress of science and technology will also promote the
progress of digital technologies such as AI and big data,
accelerating the development process of industrial
digitalization and digital industrialization, thereby
promoting the high-quality development of the digital
economy, thus further reducing CEs.

To examine the impact of rural digital economy development on
agricultural CEs’ intensity against the background of different
scientific and technological inputs, this paper divides
29 provinces (municipalities) into high and low sample groups
for heterogeneity analysis based on the average science and
technology expenditures in each province (municipality) over
2013–2020, and the results are shown in Table 6. For the high-
tech input group, the development of the rural digital economy still
had a significant negative impact on the intensity of agricultural CEs,
while the low-tech input group was not significantly negative. This
shows that high scientific and technological investment can help
promote the green development of agriculture while reducing the
intensity of agricultural CEs. The development of the rural digital
economy is premised on the completion and improvement of rural
digital infrastructure as well as the production, transportation, sales
of agricultural products, as well as the supervision, measurement,
and traceability of CEs in the whole process of agricultural

TABLE 6 Analysis results of scientific and technological inputs’
heterogeneity.

Variable Low High

ADIG −0.3945 −0.2931**

(0.5227) (0.1204)

lnURBAN −1.3146*** −1.8406***

(0.3268) (0.2596)

lnMECH 0.0016 0.2517***

(0.0588) (0.0913)

lnSTRU 0.0141 0.0498

(0.1841) (0.1455)

lnCHEM 0.3625*** 0.3254***

(0.1037) (0.1158)

lnTRAN −0.7453*** −0.3361

(0.1755) (0.2427)

lnELEC 0.0542 −0.0003

(0.0624) (0.0232)

Constant 13.9591*** 9.8752***

(2.6221) (2.5821)

Provincial fixed effect Yes Yes

N 120 112

adj. R2 0.7926 0.7547
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digitalization, which depends on sound digital infrastructure. High
levels of investment in science and technology is conducive to
promoting scientific and technological innovation and building a
higher quality digital economy infrastructure, thereby providing the
realization method and technical guarantee required for the close
integration of digital technology and agriculture while promoting the
reduction of agricultural CEs. At the same time, the continuous inflow
of high-tech labor as a result of government investment in science and
technology in the form of subsidies can enhance the level of local
innovation, thereby promoting the sustainable and high-quality
development of the digital economy and realizing the digital
economy’s capacity to reduce CEs. Therefore, local governments
should vigorously promote innovation-driven development
strategies, increase financial support for science and technology,
establish a sound incentive system, and encourage applied research
and technological innovation in key fields. In addition, local
governments can also increase the weight and proportion of
indicators such as scientific and technological investment and their
application in the government assessment index system, design a
sound talent introduction system, and pay attention to cultivating
high-quality talent (Bian et al., 2020), so as to achieve high-quality
development and deepen the digital economy’s CEs reduction effects.

5.5 Mediated effect analysis

From above analysis, it is obvious that the digital economy
development has ability to decrease the agriculture CEs intensity and
amounts. Further to explore the influence mechanism of the digital
economy development on the agriculture CEs, the model 3) and
model 4) mentioned in Section 4.1 is run using Stata software. To
directly and conveniently compare the mediating effects with the
estimates of the basic model of digital economy influence on
agricultural CEs’ intensity, the baseline regression results in
Table 3 were listed again in column 1), Table 7. The dependent
variable in column 2) is the mediator variable agriculture green
efficiency (GE), while the explanatory variable focused on in this
paper, agricultural digital economy (ADIG), is significantly positive,
consistent with expectations. The dependent variable in column 3) is
the agricultural CEs intensity (lnAE). After adding the mediating
variable GE, the explanatory variable agricultural digital economy
(ADIG) remained significantly negative at the 1% level, while the
mediating variable agricultural green efficiency (GE) was
significantly negative.

Comparing the results of Table 3 and Table 7, the coefficient β =
0.4001 with 1% significance, the coefficient λ2 = -0.3375 is significant
at 1% level, besides the coefficient ζ1 = 0.9143 is significant at 5%
level, the mediating effect is β − λ2 = -0.0626, and the mediating
effect of green agricultural technology exists through the empirically
analysis. The coefficient −0.4001 show the total effect, and means
when the agricultural digital economy increases one unit, the
agricultural CEs will decrease 40.01%. The coefficient −0.3375 is
the direct effect of agricultural digital economy with one unit
increase on the agricultural CEs reduction is 33.75%. The gap
between the total and direct effect is the mediating effect.

6 Discussion

6.1 The construction of agricultural digital
economy indicators

Based on the existing researches, this paper mainly focuses on
the three aspects of rural digital economy infrastructure,
digitalization of agriculture and rural digital services to construct
the indicator of agricultural digital economy. This indicator not only
consider the hardware and software agricultural digital economy
level, but also digital service level. In Zhao et al. (2023) study, the
indicators of digitalization level mainly focus on two aspects of
digital economy infrastructure and digital economy service level,
while they choose the digitization levels to substitute the rural
digitalization index. In our study, we use the agricultural digital
economy, which is closely related to the development agriculture
and rural areas, and can better reflect the digitization level of
agriculture.

6.2 The main effect of agricultural digital
economy on agricultural carbon emission

In the existing studies, the level of digitalization can significantly
reduce the agricultural carbon emission (Zhao et al., 2023), although

TABLE 7 Analysis results of mediating effect.

Variable (1) (2) (3)

lnAE GE lnAE

ADIG −0.4001*** 0.9143** −0.3375***

(0.0001) (0.0159) (0.0010)

lnURBAN −1.4729*** −0.6304 −1.5161***

(0.0000) (0.3183) (0.0000)

lnMECH 0.0736 −0.7675*** 0.0211

(0.1446) (0.0000) (0.6793)

lnSTRU 0.0603 −1.0827*** −0.0138

(0.5707) (0.0059) (0.8959)

lnCHEM 0.3073*** 0.0037 0.3076***

(0.0001) (0.9893) (0.0000)

lnTRAN −0.6176*** 0.3494 −0.5937***

(0.0000) (0.4804) (0.0000)

lnELEC 0.0114 −0.2650*** −0.0067

(0.5678) (0.0004) (0.7371)

GE −0.0684***

(0.0004)

Constant 13.0925*** 12.7471** 13.9647***

(0.0000) (0.0196) (0.0000)

Provincial fixed effect YES YES YES

N 232 232 232

adj. R2 0.7681 0.1193 0.7816
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their research chose the carbon emission intensity of different
agricultural sector, cropping and livestock sector respectively.
Even in the city level or other sector of China, most studies also
hold the same conclusion as our study, such as Wang et al. (2022),
Zhang W. et al. (2022). And our study also support the carbon
emission reduction effect of digital economy.

6.3 The mediating effect of agricultural
digital economy on agricultural carbon
emission intensity

Through the mediating effect analysis, it is obvious that the
agricultural green production technology is an important
mechanism for the development of the digital economy’s
capacity to alleviate agricultural CEs. The same results are also
evident in the research of Rong et al. (2023). They emphasize that
green technology can effectively suppress agricultural CEs directly,
which has significantly negative spatial spillover effects on
agricultural CEs in both the short and long term. Except for the
influence mechanism, Guo et al. (2023) underline that the role of
agricultural green technology in reducing agricultural CEs is
particularly dominant in the main grain-producing areas. Zhao
et al. (2023) emphasis digitalization can reduce China’s carbon
intensity by promoting the agricultural technological input. This
can support our influence mechanism of agricultural digital
economy on the agricultural carbon emission. Except for the
agricultural technology inputs, Zhao et al. (2023) also emphasis
the role of human capital level and urbanization rate. In our
research we use the agricultural green production efficiency as
the mediating variable, which both considering the input and
output of agricultural technology, and considering the
agricultural green transformation.

6.4 Discussion of heterogeneity in the
impact of agricultural digital economy on
the agricultural carbon emissions

In Zhao et al. (2023) study, the carbon reduction effect is
slightly greater in the central and western regions than that in the
eastern regions, which is slightly different with our results, one
reason is the different research period, the former chose the
2006–2018, while we chose the 2013–2020, considering the fact
China’s digital economy has entered a mature period since the year
2013, thus we choose the 2013 is more rational for agricultural
digital economy. Other reasons such as the region and province
chosen difference also would lead to the less reduction effect of
west region.

7 Conclusion and policy implications

This study uses the data of 29 provinces (cities) in China from
2013–2020 in order to measure the intensity of agricultural CEs
as well as the development level of rural digital economy in each
province. On this basis, the influence of the development of the
rural digital economy on agricultural CEs is empirically

estimated. The results show that: 1) the development of the
rural digital economy could significantly reduce the intensity
of agricultural CEs, a conclusion which is still valid after
robustness test such as replacing the explanatory variables and
removing some samples. The overall environmental effect is
40.01%, which means the agricultural CEs would decrease
40.01% when the agricultural digital economy increase one
unit, the direct effect of digital economy on the agricultural
CEs reduction is 33.75%; 2) The alleviation of CEs based on
the rural digital economy is more significant in the higher
technological investment zones than that in the lower
technological investment zones, and the central and eastern
regions also have more significant CEs reduction effect. 3) The
influence mechanism analysis shows that agricultural green
technology change is an effective means to promote the rural
digital economy’s CEs reduction effect, and the mediating effect
is −6.26%, which means the agricultural CEs would decrease
6.26% for one unit agricultural digital economy increase, through
mediating effect of the agricultural green technology. Based on
the above conclusions, this article puts forward the policy
recommendations as follows.

Firstly, continuously improve the level of agricultural digital
economy. Including build a complete rural digital economy
infrastructure, strength the agricultural digitalization and
promote the agricultural finance service. Further promote the
full coverage of rural Internet, accelerate the construction of
rural 5G networks, realize the in-depth application of
agricultural Internet, and establish a smart agricultural
technology system. Accelerate information interconnection and
sharing, build a unified Big Data platform for agricultural and rural
development, and provide solid information infrastructure
support for the rural digital economy and agricultural
digitalization, so as to accelerate the agricultural CEs reduction
effect of the rural digital economy. Besides, increase the
accessibility and coverage of agricultural finance is crucial for
the green transformation of agricultural industry. The
agricultural green development balances the agricultural
industry growth and the sustainability of the rural environment.

Secondly, focus on achieving the balanced the rural digital
economy development in various regions and better effect of
agricultural CEs reduction. On the one hand, it is necessary to
strengthen the interconnection and information sharing of various
regions while deepening cooperation to promote the establishment
of data sharing platforms. On the other hand, it is necessary to raise
financial investment in the central, western and northeast regions,
implement coordinated and sustainable digital economy
development policies in accordance with local conditions, strive
to eliminate the digital divide between regions, and bring into play
the CEs reduction effect of digital economy. Meanwhile, the central
China and western China can also take the initiative to expand
foreign cooperation, such as introducing information technology to
empower agriculture through free trade zone cooperation, thereby
giving full scope to local comparative advantages, hence accelerating
the digitization transformation of agriculture (Guo, 2021) while
realizing the coordinated the digital economy development
between regions.

Thirdly, the government should pay attention to agricultural
green development, because the agricultural carbon reduction effect
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of digital economy needs to be achieved through the mediating
variable of agricultural green technology change. Considering the
peculiarity of agricultural development, there is a need to increase
financial support and incentives for science and technology, set up
special funds to encourage agricultural green technology R&D and
innovation levels, continuously strengthen the scientific and
technological research and technology research capacity of low-
carbon technologies, while promoting agriculture’s turn to low-
carbon and green development.

8 Limitations

This paper has some shortcomings and can be further analyzed.
The assessment of agricultural digital economy has consistently
constituted an important issue and challenge in related research.
Although this paper assesses the agricultural digital economy by
establishing a novel evaluation framework, because of the
availability and measurability of data, some regions and some
indicators cannot be included in the evaluation system in this
paper. Thus, there is still space to further improve the evaluation
methodology in the future, to enhance the comprehensiveness and
scientific rigor of the research. Furthermore, since the agricultural
digitalization and CEs are highly influence by the grassroots
government, the role of township-level government played in the
agricultural green development and agricultural digital economy is
very direct and important. While the related data on the grassroots
government is relatively incomplete, which would not provide
sufficient evidence for our study. If we would get enough data of
township level government, we would conduct more comprehensive
research in this area.
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Efficiency of green and
low-carbon coordinated
development for mega urban
agglomerations: an
empirical study

Chengxue Yu1 and Hongbo Zheng2*
1International Business School, Guangdong University of Finance and Economics, Guangzhou, China,
2Information School, Guangdong University of Finance and Economics, Guangzhou, China

As a critical engine for national economic growth, mega urban agglomerations
have significant scale effects and economic and environmental spillover effects.
This paper aims to study the green and low-carbon coordinated development of
mega urban agglomerations to evaluate the country’s level of ecological
civilization and its green and low-carbon development. The traditional
research on green and low-carbon urban development tends to homogenize
the redistribution theme, leading to significant errors in spatial allocation. This
results in a lower accuracy of spatial distribution calculations for green
development. Additionally, the research is constrained by data precision and
methodology, making it challenging to measure the spatial differences in green
and low-carbon development within urban clusters at the block level. This
limitation hinders the ability to conduct detailed studies on the efficiency
variations of green and low-carbon development in urban clusters. To achieve
this aim, the study adopts the DPSR framework of the economic, resource, social,
and ecological environment complex system and focuses on the Guangdong-
Hong Kong-Macao Greater Bay Area in China. The study uses the entropy
method, Gini coefficient method, and non-expected output super-efficiency
SBMmodel to analyze the spatial effects and development efficiency of green and
low-carbon development in this region from 2006 to 2020. The study results
indicate that: (1) the overall level of green and low-carbon development in the
Greater Bay Area is on the rise, with Shenzhen, Guangzhou, Foshan, and Zhuhai
showing more stable development than other cities. Foreign direct investment
and fixed asset investment in science and technology have significantly promoted
green and low-carbon development. (2) The spatial differences in the region’s
level of green and low-carbon development have narrowed trends, mainly due to
differences between regions. However, well-developed cities such as
Guangzhou and Shenzhen have taken the initiative to lead the development
of other cities, fully leveraging their advantages in science and technology,
geographical location, and other resources to promote the improvement of
the external orientation of other cities. (3) The overall development efficiency of
green and low-carbon in the Greater Bay Area is on the rise, with Guangzhou
region showing overall stability, and Shenzhen region and Zhuhai region
experiencing multiple ups and downs in their development. The three sub-
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regions show significant differences, but the balance and coordination of
development have significantly improved. Finally, this study provides theoretical
support for the future green and low-carbon development of urban clusters. It is
advantageous for integrating the mainstream policy analysis framework of
environmental economics with the complex adaptive systems of urban clusters.
The research expands the boundaries of existing theoretical studies and offers new
methodological approaches for interdisciplinary research. The study achieves a
balance between the opportunity effects of green and low-carbon development
and environmental policy constraints in super large urban clusters, effectively
enhancing resource utilization efficiency in these clusters.

KEYWORDS

the green and low-carbon coordinated development,mega urban agglomerations, and the
indicators system, Guangdong-Hong Kong-Macao greater Bay area, efficiency assessment

1 Introduction

To balance the conflict between the environment and the
economy, green and low-carbon development has become a
globally recognized consensus. Many countries believe that green
and low-carbon development is crucial for promoting economic and
social transformation (Masuda et al., 2022). Urban agglomerations,
as spatial carriers for promoting green and low-carbon development,
can explore the relationship between regional sustainable
development and green development efficiency, which can help
optimize the structure and promote the coordinated development of
urban agglomerations. The factors driving the development of urban
agglomerations from regional economic entities to world-class scales
are complex. As early as before 1945, Western countries had begun
to study the development of urban agglomerations. In the 1950s,
French geographer Jean Gottmann used the term “Megalpolis” to
describe and analyze the densely populated area of cities on the
northeast coast of the United States (He et al., 2019). The rise of
world-class urban agglomerations often means rapid development
of regional productivity, diversified regional economic structure, a
significant increase in regional GDP, and the ability of regional
economies to occupy a favorable position in a country or even the
world economy. However, even in developed countries, there are
contradictions between urban agglomeration construction and the
green and low-carbon development. Currently, the development of
Chinese urban agglomerations is mainly characterized by fast
economic growth, high agglomeration efficiency, large functional
radiation, and strong regional linkage, but its uneven development is
gradually becoming apparent. Due to differences in resource
endowments, geographical location, openness, innovation ability,
talent attraction, and other aspects, the Guangdong-Hong Kong-
Macao Greater Bay Area, including nine cities in Guangdong
Province, Guangzhou, Shenzhen, Zhuhai, Foshan, Huizhou,
Dongguan, Zhongshan, Jiangmen, and Zhaoqing, as well as the
two special administrative regions of Hong Kong and Macao, has
become one of the most open and economically active regions in
China. It is also one of the world’s most open, innovative, and
economically dynamic mega urban agglomerations, occupying an
important strategic position in the development of the Chinese and
even the world economy. However, the priority development of the
Greater Bay Area has also brought about environmental problems
such as high energy consumption and pollution. Therefore, studying

the green and low-carbon development of the Greater Bay Area is
not only a new attempt to promote the formation of a new pattern of
comprehensive opening up in China’s new era, but also a new
practice to promote the development of the “one country, two
systems” policy. Upon reviewing existing literature, it is evident
that current research is predominantly focused on the singular
development of green and low-carbon initiatives in individual
cities. Both research methods and approaches are tailored to the
study of a single city, lacking a comprehensive understanding of
inter-city dynamics. Existing green assessment studies tend to rely
heavily on static analyses, with a noticeable absence of dynamic
comparative analyses. Therefore, this paper strategically selects
evaluation indicators and employs entropy method, Gini
coefficient method, and non-expected output super-efficiency
SBM model to analyze the spatiotemporal variations and green
efficiency changes in the city clusters of the Guangdong-Hong
Kong-Macao Greater Bay Area in China. On one hand, this
approach aims to elevate the theoretical and methodological
standards of domestic and international research on green
efficiency, providing theoretical support for the economic
development of city clusters in the Greater Bay Area. On the
other hand, it facilitates a better understanding of the true state
of green efficiency in the city clusters, delving into the patterns of
green development in urban clusters. This research holds significant
implications for China's shift in development paradigm and the
enhancement of development quality in city clusters.

2 Literature review

Green and low-carbon development has always been highly
valued by Chinese and foreign scholars, experts, and governments. It
is an economic growth and social development model that aims for
efficiency, harmony, and sustainability, emphasizing economic
growth and environmental protection, and making an important
pillar of environmental protection for achieving sustainable
development. Green and low-carbon development is a sign of
China’s transition from rapid economic growth to high-quality
development (Lin et al., 2015; Liu et al., 2019; Chengxue and
Chen, 2021; Tan et al., 2022). Green and low-carbon
development efficiency is used to measure the comprehensive
development efficiency of the complex system constructed by the
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economy, society, and environment under the constraints of
ecological environment capacity and resource-carrying capacity.
It is an important manifestation of the coordinated relationship
between the economy and the environment under the guidance of
the green development concept. As the basic carrier and objective
witness of green and low-carbon development, cities’ geographical
location, resource endowment, and ecological environment
differences will directly affect the efficiency of urban green
development (Feng et al., 2020).

The higher the efficiency of green and low-carbon development,
the lower the cost and the better the results in achieving green and
low-carbon development goals, which can contribute to urban green
and low-carbon development. Currently, as the spatial carrier of
green and low-carbon development, cities are the key nodes of
interaction between various elements such as nature, economy,
society, and culture. Urban green and low-carbon development
profoundly affect the pattern of green and low-carbon
development in the country and even the world (Liu et al., 2019).
As the main form of new urbanization, urban agglomerations are a
high-level spatial organization form for urban development and
economic activity aggregation. Its formation is the inevitable result
of economic and urban natural evolution, and therefore, urban
agglomerations are an important way to drive regional economic
development (Liu and Qin, 2019; Lin and Memg, 2021). However,
due to significant differences in ecological environment, resource
endowment, technological progress, and industrial structure among
urban regions, bring severe challenges to the coordinated
improvement of urban green economic performance. With the
continuous deepening of the implementation of the urban
economic belt strategy, the mutual connection and spatial
dependence between regions have been continuously enhanced,
and spatial spillover effects have become an important factor that
cannot be ignored in regional coordinated development (Pan, 2012;
Zhang, 2016). At present, scholars take cities and urban
agglomerations as research objects, measure their green and low-
carbon development efficiency and regional disparities, and analyze
their green and low-carbon development levels in terms of time and
spatial characteristics. There is more and more relevant literature,
and examining the influencing factors of urban green and low-
carbon development efficiency has become an important
research direction.

(1) In terms of the research scope, due to the differences in the
spatial pattern of regional green and low-carbon development,
the research scope has expanded from the national level of urban
green and low-carbon development evaluation to inter-
provincial differences, urban agglomerations, and economic
zones. Under the macro environment of economic zones,
urban agglomerations, or metropolitan areas (Meng et al.,
2014; Guanghui et al., 2022; Ji et al., 2020), relevant research
has involved multiple fields, such as the studies of Huang and
Wu. (2019), Cheng et al. (2019), Cheng et al. (2019), Lu et al.
(2020), Saurav et al. (2021), and Wang et al. (2022).

(2) In terms of the construction of indicator systems, researchers
have begun to shift from single indicators to comprehensive
evaluation with multiple indicators, starting from a
comprehensive research dimension to construct a multi-
angle indicator system, which is conducive to formulating

differentiated urban green development strategies (Bin and Li,
2022). For example, Li et al. (2014) constructed the “Human
Green and Low-Carbon Development Index” based on the
two dimensions of socio-economic sustainable development
and ecological resource and environmentally sustainable
development, and calculated the green and low-carbon
development index of 123 countries. Under the PSR
framework, Wang (2015), Zhao and Wu. (2018), and Yuan
et al. (2022) constructed a green and low-carbon development
evaluation indicator system from the three levels of pressure,
state, and response. Xiao et al. (2016), Shi et al. (2018), and
Song and Xin. (2020) based on the DPSIR model, constructed
a green and low-carbon development evaluation indicator
system including five aspects: driving forces, pressures, states,
impacts, and responses, evaluated and analyzed the green and
low-carbon development status of the selected regions. Wang.
(2015) constructed a resource-based city low-carbon
transformation evaluation indicator system with
36 indicators from seven aspects: economic transformation,
social transformation, resources, environment, energy
consumption and emissions, low-carbon technology, and
low-carbon policies.

(3) In terms of research methods, scholars have gradually shifted
from single mathematical and statistical analysis to spatial
analysis and geographic statistical analysis, and from single
method measurement to the comprehensive application of
multiple methods. These methods have provided a more
comprehensive and in-depth understanding of urban green
development. For example, (Wang et al., 2010; Wang and
Huang, 2014; Zhou et al., 2020),the directional distance
function of SBM has been used to measure the changes in
green development efficiency of cities under the influence of
resource and environmental factors. (Yan and Zhang, 2022).In
addition, GIS visualization, and other methods have been used
to systematically investigate the spatial non-uniformity,
regional disparities, and dynamic evolution trends of green
and low-carbon development. (Zheng et al., 2019).Social
network analysis and exploratory spatial data analysis have
been used to analyze the dynamic evolution of urban
agglomeration economic networks. (Tan et al., 2022; Yang
et al., 2022).Spatial econometric models have been used to
explore the factors that affect the green development efficiency
of different urban agglomerations. (Duan and Tang, 2022; Li
et al., 2022; Mao et al., 2023; Ye and Chen, 2021).These
researchers have combined fixed Malmquist-Luenberger
(ML) index and slack-based measurement (SBM) models to
analyze the changes in urban green development efficiency in
time and space dimensions. (Yi et al., 2023).Furthermore, the
difference model has been used to explore the mechanisms of
carbon emission reduction and regional integration from
multiple perspectives (Wang et al., 2023). The Spatial
Durbin model, coefficient of variation, and other methods
have been applied to analyze the overall differences,
distribution dynamics, and convergence trends of green
development in urban agglomerations.

From the perspective of the integrated development of the
Guangdong-Hong Kong-Macao Greater Bay Area, some issues
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need to be addressed in existing research, such as the incomplete
research framework and indicators, which need to be further
expanded to meet Chinese maga urban agglomerations’ status. In
addition, there is a lack of relevant research on the measurement of
green and low-carbon development efficiency in the Guangdong-
Hong Kong-Macao Greater Bay Area and its coordination study.
Therefore, this paper combines the national strategic background of
the integrated development of the Guangdong-Hong Kong-Macao
Greater Bay Area to study the coordinated development efficiency of
green and low-carbon in the region. As Hong Kong and Macao have
a high ranking in green innovation efficiency within the Greater Bay
Area, and their industrial scale is relatively small compared to other
cities in the Greater Bay Area, with their advantages mainly
concentrated in modern service industries such as tourism,
finance, export processing, and gambling, and the proportion of
the secondary industry is only about 3%, their development has had
a relatively small impact on the environment. Therefore, Hong Kong
and Macao have already met the requirements for green and low-
carbon development (Dong et al., 2021).

While the studies mentioned above encompass provincial-level,
prefectural-level cities, and urban clusters, there is limited research
on the temporal dimensions of the city clusters in the Guangdong-
Hong Kong-Macao Greater Bay Area. This gap makes it challenging
to comprehensively identify the influencing factors of green
development and deduce the spatiotemporal evolution
characteristics of this city cluster. The scientific validity of
indicator selection needs further clarification; otherwise, it may
lead to biases in the results of efficiency assessments.In light of
the aforementioned considerations, this paper selects the
Guangdong-Hong Kong-Macao Greater Bay Area as the research
focus to investigate the efficiency of collaborative green and low-
carbon development. Given the relatively small industrial scale in
the Hong Kong andMacao regions, with a concentration onmodern
service industries such as tourism, finance, export processing, and
gaming, where the secondary industry contributes only about 3%,
these regions have already met the requirements for green and low-
carbon development (Dong et al., 2021). Consequently, this study
ultimately chooses panel data from nine cities in the Greater Bay
Area (excluding Hong Kong and Macao) for analysis.To better
gauge the level of green and low-carbon development in the
Greater Bay Area city cluster, we comprehensively review and
summarize relevant studies. We select indicators from four
dimensions: economic, social, resource, and environmental, to
construct an evaluation index system for green and low-carbon
development efficiency in the Greater Bay Area. Subsequently, we
evaluate this system. Additionally, we divide the nine cities in the
Greater Bay Area into three regions based on economic correlation,
employing the Dagum Gini coefficient method to illustrate the
differences in collaborative green and low-carbon development
among the three regions. This method decomposes the
differences into intra-regional and inter-regional components,
quantifying the contributions of different sources to the overall
differences.Efficiency assessment of green and low-carbon
development is the optimal way to measure the balance between
resource inputs and outputs, reflecting the comprehensive impact of
various factors rather than the isolated outcomes of individual
factors. Therefore, this paper concludes by using the non-
expected super-efficiency SBM model to calculate the efficiency

of green and low-carbon development. It explores the
spatiotemporal evolution and variations in efficiency among the
three regions of the Greater Bay Area, aiming to facilitate the
coordinated development of the economy, society, and resource
environment in the region. This endeavor contributes to both
theoretical and practical aspects of ecological civilization
construction.

3 Methodology

3.1 Index selection and index system
construction

The Chinese Sustainable Development Plan for Resource Cities
(2013–2020) constructed a performance evaluation index system
for green and low-carbon development of resource-based cities
from three levels: economy, society, and environment (Smeets et al.,
1999). In 1993, the European Environment Agency proposed the
DPSIR model, which means that the driving force of the system
leads to the generation of pressure, the pressure forces some changes
in the system’s state, the changes in the state affect the system, and
these effects prompt humans to make direct or indirect responses
(Li et al., 2016; Li and Liu, 2015). However, due to the complexity of
the factors affecting the green and low-carbon development of the
Guangdong-Hong Kong-Macao Greater Bay Area, this article
combines the DPSIR model with the actual situation of the
Guangdong-Hong Kong-Macao Greater Bay Area and ultimately
chooses the classic Driving Force-Pressure-State-Response (DPSR)
theoretical framework to construct an evaluation index system for
the green and low-carbon development of the Guangdong-Hong
Kong-Macao Greater Bay Area from four dimensions: economy,
society, resources, and environment. This framework can cover the
elements needed for social, economic, resource, and environmental
aspects and describe the complex causal relationships between
systems. Therefore, the DPSR model is one of the widely used
evaluation models in the evaluation of urban ecological sustainable
development. The driving forces represent the fundamental causes
of environmental issues, while pressures denote the direct impacts
of these driving forces on the environment. Driving forces can
include factors such as population growth and economic
development, while pressures are the environmental stresses
resulting from these driving forces, such as resource utilization,
energy consumption, and pollution emissions. Environmental
conditions reflect the quality and sustainability of the
environment, such as waste disposal rates and the availability of
water resources.The escalation of environmental pressures can lead
to a deterioration in environmental conditions. For example,
increased environmental pressures, such as pollution emissions,
can result in water scarcity due to overutilization of water resources.
These environmental conditions have implications for the
responses of governments, societies, and individuals. Changes in
environmental conditions may prompt attention and actions
towards addressing environmental issues.Response measures
exert an influence on driving forces; the implementation of
environmental protection measures and policies can potentially
alter the fundamental causes driving environmental issues.
Combining the DPSR framework system, this article takes the
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TABLE 1 The evaluation index system of the green and low-carbon development for the Guangdong-Hong Kong-Macao Greater Bay Area

Target layer Guideline
layer

Indicator layer Indicator
name

Properties

Assessment of Green and low-carbon coordinated development
for Guangdong-Hong Kong-Macao Greater Bay Area

Driving force R&D activity personnel (10,000 people) A1 Positive

R&D expenditure as a percentage of GDP (%) A2 Positive

Foreign Direct Investment ($10,000) A3 Positive

Per capita budget revenue of local public
finance (RMB)

A4 Positive

Area of commonly cultivated land (ha) A5 Positive

Water resources per capita (cubic meters per
person)

A6 Median

Total imports and exports of foreign trade
(US $100 million)

A7 Positive

Revenue growth rate (%) A8 Positive

Gross industrial product (ten thousand RMB) A9 Positive

Population density (person/km2) A10 Median

Natural population growth rate (per
thousand)

A11 Negative

Engel coefficient (%) A12 Positive

Rate of excellent and good ambient air
quality (%)

A13 Positive

Stress Urbanization rate (%) B1 Positive

Total industrial electricity consumption
(million KWH)

B2 Centripetal

Daily per capita water consumption (liters) B3 Negative

Total domestic electricity consumption
(million kW · h)

B4 Medium

Energy consumption per unit of GDP (tons of
standard coal / 10,000 RMB)

B5 Negative

Total industrial smoke (powder) dust
emissions (10,000 tons)

B6 Negative

Registered urban unemployment rate B7 Negative

CPI index B8 Positive

Industrial wastewater (tons) B9 Negative

Industrial sulfur dioxide emissions (tons) B10 Negative

Balanced Per capita disposable income as a share of
total income (%)

C1 Positive

Number of patent applications granted
(pieces)

C2 Positive

The secondary industry as a percentage of
GDP (%)

C3 Median

Thetertiary industry as a percentage of
GDP (%)

C4 Positive

Harmless disposal rate of household
waste (%)

C5 Positive

Urban sewage treatment rate (%) C6 Positive

(Continued on following page)
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green and low-carbon development efficiency level of the urban
agglomeration as the first-level target layer, the second level as the
criterion layer, including four categories of indicators: driving force
(D), pressure(P), state (S), and response(R). Different criterion
layers represent different processes, and the combination of the
four criterion layers can reflect the green and low-carbon
development level of the urban agglomeration comprehensively.
The third level is the indicator layer, which involves 39 specific
indicators in aspects such as resources, environment, population,
economy, and society. These indicators were designed based on the
principles of completeness, scientificity, and operability, and were
obtained by synthesizing relevant literature from Chinese and
foreign scholars (Li et al., 2016; Fu and Wu, 2016; Li et al., 2016;
Ge et al., 2017; Ye et al., 2017; Yu et al., 2020; Li et al., 2022; Zheng
et al., 2020; Yun et al., 2020). The evaluation index system for the
green and low-carbon development of the Guangdong-Hong Kong-
Macao Greater Bay Area constructed in this article is shown
in Table 1.

3.2 Data sources and processing methods

3.2.1 Data sources
The data were sourced from the statistical yearbooks and public

reports of various cities in the Guangdong-Hong Kong-Macao
Greater Bay Area for the years 2006–2020. This includes
publications such as the “China Urban Construction Statistical
Yearbook” and the “Guangdong Statistical Yearbook.” Local
statistical yearbooks of nine cities, namely Guangzhou,
Dongguan, Foshan, Huizhou, Jiangmen, Shenzhen, Zhaoqing,
Zhongshan, and Zhuhai, were also utilized. In instances of
missing data, interpolation methods were employed for

completion, and the dataset underwent preprocessing to meet
statistical requirements.

3.2.2 Original index system and data normalization
processing

The process of standardization serves to eliminate data outliers
and missing values, enhancing data integrity and credibility.
Additionally, it facilitates easier data handling, reducing errors
and uncertainties resulting from variations. This contributes to a
more accurate measurement of the contribution of each indicator to
the final outcome, leading to a better understanding of the extent of
their impact. Overall, the impact of standardization on results is
manifested in the improvement of model stability, interpretability,
accuracy in measuring contributions, reduction of overfitting risks,
and enhancement of predictive accuracy. These effects collectively
ensure that the model adapts more effectively to the data, yielding
reliable results.

Supposed, X � (xij)m×n, X′ � (xij′)m×n , Xij is the index value
before standardization, xij′ is the index value after standardization,
m is the evaluation year, and n is the number of evaluation
indicators.

(1) The standardization of positive indicators

The larger value of the positive indicator means the better
ecological environment quality is. The standardization formula of
the positive indicator is:

xij′ �
xij − min

1≤ i≤m
xij( )

max
1≤ i≤m

xij( ) − min
1≤ i≤m

xij( )
(1)

(2) Standardization of negative indicators

TABLE 1 (Continued) The evaluation index system of the green and low-carbon development for the Guangdong-Hong Kong-Macao Greater Bay Area

Target layer Guideline
layer

Indicator layer Indicator
name

Properties

Per capita greenpark space (square meters per
person)

C7 Positive

Built-up area green rate (%) C8 Positive

Annual mean traffic noise (decibels) C9 Medium

Response Investment in fixed assets (RMB 100 million) D1 Medium

Research and experimental development
expenditure (RMB 100 million)

D2 Positive

Science and technology fixed assets
investment (RMB 100 million)

D3 Positive

Traffic fixed assets investment (RMB 100
million)

D4 Positive

Investment in education fixed assets (RMB
100 million)

D5 Positive

Number of public transport vehicles per
10,000 people (vehicles)

D6 Positive

Per capita urban road area (square meters) D7 Positive
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The greater value of negative indicators means the worse the
quality of the ecological environment is. The standardization
formula for negative indicators is as follows:

xij′ �
max
1≤ i≤m

xij( ) − xij

max
1≤ i≤m

xij( ) − min
1≤ i≤m

xij( )
(2)

(3) Standardization of medium index

The medium indicator refers to the indicator closer to a specified
value, the better the indicator. The standardized formula for the
median index is:

xij′ �

1 − xj0 − xij

M
, xij <xj0

1 − xij − xj0

M
, xij > xj0

1, xij � xj0

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(3)

M � max[xj0 − min
1≤ i≤m

xij, max
1≤ i≤m

xij − xj0]xj0 is the ideal value of
the j indicator.

(4) Determination of index weight

The methods for calculating weights include the Delphi method,
Analytic Hierarchy Process (AHP), coefficient of variation method, and
entropy weight method, among others. However, the Delphi method
and AHP are subjective and may affect the objectivity of the evaluation
results. Therefore, this study selected the entropy weight method to
calculate the weights of the indicators. The entropy weight method is a
commonly used objective weighting method. Generally, the larger the
information entropy value, the more balanced the system’s structure,
and the smaller the difference, the smaller the weight of the indicator,
and vice versa. The steps for calculating weights using the entropy
weight method are as follows:

Step 1: Determination of specific gravity

Yij � xij′

∑
m

i�1
xij′

(4)

Step 2: Entropy calculation

ej � − 1
ln m

∑
m

i�1
Yij ln

Yij (5)

Step 3: Coefficient of variation calculation

γj � 1 − ej (6)

Step 4: Calculation of weight, denoted as a weight
vector v � v1, v2,/, vn{ }

vj �
γj

∑
n

i�1
γj

(7)

3.2.3 Comprehensive index measurement of the
green and low-carbon development

By calculating the green and low-carbon development level for
each city from 2006 to 2020, a quantitative basis can be provided.
The calculationmethod of the comprehensive index of the green and
low-carbon development levels is shown in Formula (8):

T � W1 × F1 +W2 × F2 +/ +W2 × F2 (8)
Where, W1, ·· W2Wn is the index weight obtained.

The role of the green and low-carbon development
comprehensive index: (1) Panel regression is made on the
secondary index data to explore the interaction mechanism; (2) It
can be used as the input data to evaluate the efficiency model for
urban green and low-carbon development.

3.3 Gini coefficient analysis

The decomposition of regional disparities commonly employs
the methods of the Theil index and Dagum Gini coefficient.
However, due to the failure of the Theil index to consider the
cross-distribution of sub-group samples, it has certain limitations. In
contrast, the Dagum Gini coefficient method is utilized to reflect the
concentration of economic and social phenomena in spatial
distribution. A higher Dagum Gini coefficient indicates a higher
spatial concentration and greater spatial imbalance (Dagum, 1997).
The DagumGini coefficient is an improved version of the traditional
Gini coefficient, capable of measuring disparities within each region,
disparities between regions, as well as measuring overlap and density
in regions, reflecting relative disparities. This method effectively
addresses the issue of sample cross-over in traditional methods and
helps identify the causes of regional disparities (Miao et al., 2021; Li
et al., 2022). Consequently, this study employs the Dagum Gini
coefficient method to assess the differences in the collaborative
development of green and low-carbon initiatives in the
Guangdong-Hong Kong-Macao Greater Bay Area.The overall
Dagum Gini coefficient G can be divided into contributions from
within-region disparities (Gw), net value differences between
regions (Gnb), and super-variant density contributions (Gt).
These components can reflect the differences in the level of green
and low-carbon development within the Greater Bay Area,
disparities in green and low-carbon development levels among
regions, and the regional imbalances caused by the overlapping
intersections between regions.

According to the definition of Dagum Gini coefficient, n
represents the number of all cities. Considering the integrity of
the data, the number of Guangdong-Hong Kong-Macao Greater Bay
Area selected here is 9. Y represents the average of the green and
low-carbon development level of the nine cities in the Guangdong-
Hong Kong-Macao Greater Bay Area. k is the number of regions
divided. In this paper, k =3. j(h) represents the region defined, i and r
represent the cities in region j and h respectively, nj and nh represent
the number of cities in region j and h respectively, and yji(yhr)
represents the economical high-quality level of the city i(r) in region
j(h). The Gini coefficient Gjj inside region j can be expressed as
formula (9), and the Gini coefficient between region j and h can be
described as formula (10):
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Gij �
∑
nj

i�1
∑
nj

r�1
yji − yjr

∣∣∣∣
∣∣∣∣

2n2jyj
(9)

Gjh �
∑
nj

i�1
∑
nh

i�1
yji − yhr

∣∣∣∣
∣∣∣∣

njnh yj + yh( )
(10)

yj(yh)said the area within the city green of j (h), the average
development level of low carbon, | yji-yhr| said cities in the region
j (h), I (r) of the absolute value of green low carbon development
level difference. We define the following variables:

Qj � nj/n (11)

Sj � njyj

ny
Sj � njyj

ny
(12)

djh � ∫
0

∞

dFj y( )∫
0

y

y − x( )dFh x( ) (13)

qjh � ∫
0

∞

dFh y( )∫
0

y

y − x( )dFj x( ) (14)

Djh � djh − pjh

djh + pjh
(15)

WhereQj represents the proportion of the number of cities in region
j in the total number of cities; sj represents the sum of the green and
low-carbon development levels of all cities in region j in the sum of
nine cities. djh represents the difference of the green and low-carbon
development levels between regions j and h, which can also be
defined as the mathematical expectation of the sum of all sample
values of yji-yhr>0 in regions j and h. qjh is the super variable first
moment, representing the mathematical expectation of the sum of
all the sample values of yhr-yji> 0 between region j and h; Djh is to
measure the mutual influence of the green and low-carbon
development levels between regions j and h in Guangdong-Hong
Kong-Macao Greater Bay Area; Function F is the cumulative density
function of the green and low-carbon development level of
Guangdong-Hong Kong-Macao Greater Bay Area. Contribution
G of intra-regional difference, contribution Gt of inter-regional
net difference and contribution Gnb of super-variable density.

Gw � ∑
k

j�1
Qjsj (16)

Gnb � ∑
k

j�2
∑
j−1

h�1
GjhDjh Qjsh + Qhsj( ) (17)

Gt � ∑
k

j�2
∑
j−1

h�1
Gjh 1 −Djh( ) Qjsh + Qhsj( ) (18)

3.4 The super-efficient SBM model of
undesired output

The presence of uncertainties, such as data collection gaps and
completion challenges, often leads to suboptimal solutions for the
originally sought objectives. Therefore, it is imperative to identify an

optimization approach that mitigates the impact of data uncertainty on
the optimization solution. In this study, we employ the super-efficiency
Slacks-Based Measure (SBM) model, which effectively addresses the
issue of data uncertainty.(Tone, 2001) introduced a novel Data
Envelopment Analysis (DEA) model known as the SBM model. This
model is characterized as a non-radial and non-oriented DEA model.
The term “radial” implies proportional changes in inputs or outputs
when evaluating efficiency, while “oriented” necessitates model selection
based on inputs (assuming outputs remain constant) or based on
outputs (assuming inputs remain constant). A drawback of the SBM
model proposed by (Tone, 2001) is that the computed efficiency values
are restricted to the (0, 1) range, with efficient Decision Making Units
(DMUs) assigned a value of 1, and regions with values less than 1
considered inefficient. Consequently, it becomes challenging to compare
efficient DMUs. In response to this limitation, (Tone, 2002) introduced
the super-efficiency SBMmodel. The industrialization of production has
elevated labor productivity, fostering increased economic and trade
activities among nations. Simultaneously, industrial production
inevitably generates a significant volume of pollutants, such as
wastewater, emissions, and residues (referred to as undesirable
outputs). Building upon the SBM model proposed by (Tone, 2001),
(Tone, 2003) developed theUndesirableOutputs SBMmodel. Assuming
there are n decision-making units, each comprising three elements:
inputs, desirable outputs, and undesirable outputs (e.g., pollutants like
wastewater, carbon dioxide, and particulate matter). Consequently, the
most efficient production method for economic development is deemed
to be green production: achieving more desirable outputs with fewer
inputs and reducing undesirable outputs. The model by (Cheng, 2014)
possesses advantages that effectively address the issue of non-
comparability among efficient decision-making units, resolving the
limitations of traditional SBM models in comparing and ranking
decision-making units with efficiency values equal to 1. The
calculation formulas are shown in formulas (19) to (24).

ρ � min
1 + 1

m∑
m
i�1

sxi
xi0

1 − 1
s1+s2 ∑s1

k�1
sy
k

xk0
+∑s2

l�1
sz
l

xl0
( )

(19)

s.t. xi0 ≥ ∑
n

j�1,≠ 0

λjxj − sxi ,∀i; (20)

yk0 ≥ ∑
n

j�1,≠ 0

λjyj + syk,∀k; (21)

zl0 ≥ ∑
n

j�1,≠ 0

λjzj − szl ,∀l; (22)

1 − 1
s1 + s2

∑s1

k�1
syk
xk0

+∑s2

l�1
szl
xl0

( )≥ 0 (23)

sxi ≥ 0, syk ≥ 0, s
z
l ≥ 0, λj ≥ 0,∀i, j, k, l (24)

4 Result analysis

4.1 Entropy method processing results

The entropy method is used to process 39 indicators in nine
cities, and the weight calculation results are shown in Table 2, and
the change trend of each secondary index is shown in Figures 1–4.
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TABLE 2 Weights of 39 third-level indicators in nine cities.

Target layer Guideline
layer

Indicator
layer

Indicator
name

Guangzhou
weights

Foshan
weights

Dongguan
weights

Huizhou
weight

Jiangmen
weights

Shenzhen
weights

Zhaoqing
weights

Zhongshan
weights

Zhuhai
weights

Assessment of
Green and low-

carbon
coordinated

development for
Guangdong-
Hong Kong-
Macao Greater

Bay Area

Driving force R&D activity
personnel

(10,000 people)

A1 0.0297 0.0200 0.0358 0.0508 0.0385 0.0211 0.0282 0.0277 0.0353

R&D expenditure
as a percentage of

GDP (%)

A2 0.0180 0.0241 0.0382 0.0608 0.0108 0.0296 0.0241 0.0281 0.0241

Foreign Direct
Investment
($10,000)

A3 0.0749 0.0423 0.0196 0.0821 0.0168 0.0678 0.0327 0.0166 0.0215

Per capita budget
revenue of local

public
finance (RMB)

A4 0.0221 0.0279 0.0299 0.0265 0.0256 0.0363 0.0227 0.0310 0.0262

Area of commonly
cultivated
land (ha)

A5 0.0395 0.0578 0.0246 0.0528 0.0411 0.0532 0.0239 0.0340 0.0472

Water resources
per capita (cubic

meters per
person)

A6 0.0119 0.0180 0.0156 0.0189 0.0102 0.0168 0.0145 0.0203 0.0181

Total imports and
exports of foreign

trade (US
$100 million)

A7 0.0198 0.0181 0.0251 0.0669 0.0719 0.0187 0.0741 0.0180 0.0111

Revenue growth
rate (%)

A8 0.0186 0.0188 0.0389 0.0178 0.0239 0.0296 0.0085 0.0169 0.0172

Gross industrial
product (ten

thousand RMB)

A9 0.0183 0.0194 0.0353 0.0214 0.0166 0.0313 0.0257 0.0195 0.0178

Population
density

(person/km2)

A10 0.0329 0.0248 0.0147 0.0105 0.0200 0.0251 0.0182 0.0203 0.0096

Natural
population

growth rate (per
thousand)

A11 0.0142 0.0104 0.0119 0.0177 0.0256 0.0174 0.0085 0.0176 0.0089

Engel
coefficient (%)

A12 0.0138 0.0170 0.0228 0.0071 0.0204 0.0361 0.0240 0.0546 0.0198

(Continued on following page)
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TABLE 2 (Continued) Weights of 39 third-level indicators in nine cities.

Target layer Guideline
layer

Indicator
layer

Indicator
name

Guangzhou
weights

Foshan
weights

Dongguan
weights

Huizhou
weight

Jiangmen
weights

Shenzhen
weights

Zhaoqing
weights

Zhongshan
weights

Zhuhai
weights

Rate of excellent
and good ambient
air quality (%)

A13 0.0158 0.0152 0.0265 0.0088 0.0161 0.0151 0.0126 0.0137 0.0254

Stress Urbanization
rate (%)

B1 0.0350 0.0076 0.0254 0.0157 0.0193 0.0000 0.0659 0.0148 0.0179

Total industrial
electricity

consumption
(million KWH)

B2 0.0213 0.0126 0.0201 0.0180 0.0323 0.0146 0.0150 0.0300 0.0190

Daily per capita
water

consumption
(liters)

B3 0.0167 0.0224 0.0274 0.0132 0.0149 0.0156 0.0082 0.0097 0.0163

Total domestic
electricity

consumption
(million kW · h)

B4 0.0225 0.0208 0.0235 0.0152 0.0180 0.0252 0.0193 0.0197 0.0168

Energy
consumption per
unit of GDP (tons
of standard coal/
10,000 RMB)

B5 0.0088 0.0226 0.0141 0.0101 0.0078 0.0282 0.0087 0.0178 0.0096

Total industrial
smoke (powder)
dust emissions
(10,000 tons)

B6 0.0282 0.0169 0.0180 0.0217 0.0102 0.0129 0.0351 0.0259 0.0249

Registered urban
unemployment

rate

B7 0.0412 0.0390 0.0372 0.0147 0.0151 0.0130 0.0149 0.0447 0.0354

CPI index B8 0.0093 0.0104 0.0102 0.0082 0.0084 0.0124 0.0097 0.0121 0.0082

Industrial
wastewater (tons)

B9 0.0119 0.0223 0.0082 0.0257 0.0135 0.0153 0.0136 0.0195 0.0195

Industrial sulfur
dioxide emissions

(tons)

B10 0.0164 0.0244 0.0182 0.0225 0.0376 0.0303 0.0402 0.0205 0.0413

Balanced Per capita
disposable income
as a share of total

income (%)

C1 0.0276 0.0248 0.0329 0.0252 0.0387 0.0224 0.0295 0.0235 0.0289

C2 0.0567 0.0504 0.0424 0.0458 0.0302 0.0477 0.0653 0.0486 0.0520

(Continued on following page)
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TABLE 2 (Continued) Weights of 39 third-level indicators in nine cities.

Target layer Guideline
layer

Indicator
layer

Indicator
name

Guangzhou
weights

Foshan
weights

Dongguan
weights

Huizhou
weight

Jiangmen
weights

Shenzhen
weights

Zhaoqing
weights

Zhongshan
weights

Zhuhai
weights

Number of patent
applications

granted (pieces)

The secondary
industry as a
percentage of
GDP (%)

C3 0.0281 0.0198 0.0214 0.0124 0.0097 0.0223 0.0139 0.0179 0.0299

Thetertiary
industry as a
percentage of
GDP (%)

C4 0.0379 0.0225 0.0254 0.0271 0.0229 0.0224 0.0313 0.0331 0.0256

Harmless disposal
rate of household

waste (%)

C5 0.0409 0.0075 0.0173 0.0078 0.0064 0.0163 0.0082 0.0083 0.0144

Urban sewage
treatment rate (%)

C6 0.0133 0.0146 0.0220 0.0112 0.0210 0.0186 0.0280 0.0098 0.0100

Per capita
greenpark space
(square meters per

person)

C7 0.0188 0.0254 0.0206 0.0264 0.0294 0.0124 0.0090 0.0305 0.0230

Built-up area
green rate (%)

C8 0.0281 0.0439 0.0083 0.0174 0.0373 0.0081 0.0159 0.0095 0.0332

Annual mean
traffic noise
(decibels)

C9 0.0152 0.0152 0.0247 0.0178 0.0285 0.0162 0.0284 0.0166 0.0340

Response Investment in
fixed assets (RMB

100 million)

D1 0.0180 0.0193 0.0206 0.0240 0.0151 0.0117 0.0170 0.0356 0.0151

Research and
experimental
development

expenditure (RMB
100 million)

D2 0.0331 0.0312 0.0507 0.0305 0.0238 0.0365 0.0361 0.0312 0.0392

Science and
technology fixed
assets investment

(RMB
100 million)

D3 0.0336 0.0652 0.0436 0.0433 0.0640 0.0429 0.0490 0.0552 0.0747

Traffic fixed assets
investment (RMB

100 million)

D4 0.0225 0.0427 0.0411 0.0266 0.0397 0.0236 0.0281 0.0365 0.0383

(Continued on following page)
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From Figure 1, Figure 2, Figure 3, Figure 4, it can be observed that
the driving force indicators of the nine cities show an overall upward
trend. Zhaoqing experienced rapid growth in driving force indicators
from 2017 to 2018, increasing from 0.538 to 0.834. This was mainly
due to a significant increase in foreign direct investment, total import
and export volume, and fiscal revenue growth rate. Specifically, foreign
direct investment increased by 27 times year-on-year in 2018, and the
total import and export volume increased by 4.12 times year-on-
year in 2017.

Huizhou’s driving force indicators grew slowly from 2009 to
2015, mainly due to a significant decrease in the proportion of
R&D funds to GDP in 2009 and a slow growth rate in the later
period. Zhuhai experienced significant growth in 2012, mainly
due to a significant increase in the number of R&D personnel,
which increased by 25.3%. Overall, factors such as foreign trade,
scientific research, and R&D play a crucial role in drivinga city’s
green and low-carbon developmenty. The pressure system
indicators show significant differences between different cities.

The fluctuation trends of pressure indicators in Huizhou,
Zhongshan, Foshan, and Dongguan are relatively stable.
Jiangmen, Shenzhen, Guangzhou, Zhuhai, and Zhaoqing
experienced a sharp increase in pressure indicators at a certain
point in time, followed by a gradual stabilization. Among them,
Jiangmen’s pressure indicators showed a significant increase in
2009, which may be related to a large deviation between the total
industrial electricity consumption and the ideal value.

Shenzhen experienced a significant increase in pressure
indicators from 2010 to 2011, which may be mainly due to a
large deviation between the total residential electricity
consumption, total industrial electricity consumption, and the
ideal value. Guangzhou’s pressure indicators showed a small but
rapid increase in 2010, whichmay be related to the urbanization rate
increase and total industrial electricity consumption. Zhuhai
experienced a significant increase in pressure indicators from
2010 to 2011, mainly due to the increase in total industrial
smoke (dust) emissions, total industrial electricity consumption,
and industrial wastewater discharge caused by industrial
development. Zhaoqing’s pressure indicators increased in 2015,
mainly due to a significant increase in urbanization rate. The
balanced indicators show an overall upward trend with
fluctuations. However, Zhaoqing experienced a slight fluctuation
and decline from 0.39 to 0.334 from 2010 to 2016, mainly due to a
significant gap in patent applications and authorizations compared
to other cities. Dongguan’s balanced indicators significantly
decreased in 2019, which may be mainly due to the decrease in
per capita park and green space area from 24.06 square meters/
person to 19.2 square meters per person.

The overall trend of other cities is still positive. The
response system shows an overall upward trend, indicating
that the response capacity of the nine cities to the governance
of green and low-carbon development is gradually improving.
Dongguan’s response indicator score was 0.663 in 2013, much
higher than in other cities. This is mainly due to the significant
increase in various response capacity indicators, such as fixed
asset investment, research and development expenditure,
technology fixed asset investment, transportation fixed asset
investment, education fixed asset investment, etc. Among
them, the year-on-year growth rate of technology fixed assetT
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investment reached 138.14%. Huizhou’s response indicator score
was about 0.9 in 2018, higher than other cities. This is mainly due
to the significant increase in technology fixed asset investment,
which increased from 128 million yuan in 2017 to 1.018 billion
yuan in 2018, a year-on-year increase of 6.95 times.

To reflect the inter-regional coordination relationship of
green and low-carbon development among the nine cities
more intuitively in the Guangdong-Hong Kong-Macao Greater
Bay Area, this paper combined the nine cities into three regions
based on spatial geography and Guangdong provincial policy
guidelines. The Guangzhou region includes Guangzhou, Foshan,
and Zhaoqing; the Shenzhen region includes Huizhou,
Dongguan, and Shenzhen; and the Zhuhai region includes

Jiangmen, Zhongshan, and Zhuhai; the scores and rankings of
the secondary indicators of the three regions are shown
in Table 3.

In terms of driving force indicators, the Shenzhen region ranks
first with a score of 0.3931, indicating that this region has
performed well in promoting urban development through
factors such as per capita local public finance budget revenue,
providing strong support for green and low-carbon development.
These factors have driven green and low-carbon development in a
positive direction. In terms of pressure indicators, Guangzhou
ranks first with a score of 0.2136, indicating that the Zhuhai region
is the city facing the greatest pressure in green and low-carbon

FIGURE 2
The trend of pressure indicators in nine cities of Guangdong,
Hong Kong and Macao. FIGURE 4

Response index trends of nine cities in Guangdong, Hong Kong
and Macao.

FIGURE 1
The trend of driving force indicators in nine cities of Guangdong,
Hong Kong and Macao.

FIGURE 3
The trend of equilibrium indicators in nine cities of Guangdong,
Hong Kong and Macao.
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development among the three regions, with a significant
contradiction between fragile environment and economic and
social development. In terms of balanced indicators, the
Guangzhou region ranks first with a score of 0.2401, indicating
that this region has done the best in balancing and coordinating

green and low-carbon development, with the social and economic
development tending to improve, the city’s air quality effectively
improved, and the economic structure tending to be reasonable. In
terms of response indicators, the Zhuhai region ranks first with a
score of 0.2627, indicating that the government in this region has

FIGURE 5
The green and low-carbon development values of the three regions.

TABLE 4 The green and low-carbon development values of nine cities.

Guangzhou Foshan Dongguan Huizhou Jiangmen Shenzhen Zhaoqing Zhongshan Zhuhai

2006 0.2406 0.3210 0.3035 0.2140 0.2344 0.1928 0.2352 0.2865 0.2515

2007 0.1906 0.2471 0.2101 0.2531 0.2170 0.2685 0.2374 0.2824 0.2102

2008 0.2515 0.3040 0.3208 0.2789 0.2519 0.3163 0.2468 0.3247 0.2155

2009 0.2304 0.3142 0.3379 0.3148 0.3011 0.3090 0.2819 0.3247 0.2063

2010 0.3012 0.3646 0.4050 0.2891 0.3169 0.3224 0.3127 0.3587 0.2411

2011 0.4242 0.4237 0.4917 0.3418 0.4410 0.4009 0.3396 0.4986 0.3182

2012 0.4290 0.4005 0.4537 0.3466 0.4025 0.4473 0.3749 0.5442 0.3848

2013 0.4530 0.4325 0.4905 0.3860 0.4372 0.4559 0.4354 0.5182 0.5572

2014 0.5073 0.4741 0.5731 0.4215 0.4613 0.4747 0.4170 0.5281 0.5525

2015 0.4958 0.4638 0.5285 0.4371 0.4271 0.5003 0.4341 0.5444 0.5253

2016 0.5286 0.5316 0.5495 0.4093 0.5020 0.5372 0.5183 0.5581 0.5626

2017 0.5209 0.4920 0.5399 0.5190 0.5152 0.5945 0.5263 0.6235 0.6106

2018 0.5481 0.5311 0.5333 0.5767 0.6322 0.6348 0.6731 0.5921 0.6601

2019 0.6795 0.5959 0.6420 0.7304 0.6659 0.6772 0.7661 0.5587 0.6806

2020 0.7247 0.6911 0.6680 0.6984 0.7045 0.6969 0.7143 0.6028 0.7443

TABLE 3 Scores and rankings of secondary (criterion layer) indicators of three regions.

Driving force Pressure Balance Responsiveness

Guangzhou area 0.3203 0.2136 0.2401 0.2260

Shenzhen area 0.3931 0.1783 0.1975 0.2311

Zhuhai area 0.3128 0.2003 0.2242 0.2627

Frontiers in Environmental Science frontiersin.org14

Yu and Zheng 10.3389/fenvs.2024.1336322

225

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1336322


effectively implemented investment policies in green and low-
carbon development governance. Under the government’s
promotion, green and low-carbon development has been
increasingly valued by all sectors of society, which has helped
to maintain the optimal state of the response system.

4.2 Calculation and analysis of green and
low-carbon development index

After normalizing the tertiary indicators of the nine cities and
multiplying them by their relative weights, the normalized data
results of the secondary indicators can be obtained. Multiplying the
normalized values of the secondary indicators by their
corresponding weights, the normalized results of the primary
indicators can be obtained, which is the green and low-carbon
development value of the nine cities (view Table 4) and the
changing trend (view Figure 5). This value can be used as a
comprehensive development indicator to measure cities’ green
and low-carbon development.

As we can see fromTable 4, the green and low-carbon development
levels of the nine urban agglomerations in the Guangdong-Hong Kong-
Macao Greater Bay Area showed an overall rising trend from 2006 to

2020. Shenzhen, Guangzhou, Foshan and Zhuhai’s green and low-
carbon developments more stable than that of other cities. As of 2019,
the green and low-carbon development values of the nine cities are as
follows: Zhuhai > Guangzhou > Zhaoqing > Jiangmen > Huizhou >
Shenzhen > Foshan > Dongguan > Zhongshan.

From Figure 5, it can be seen that the green and low-carbon
development values of the three regions show a steady upward trend,
indicating that Guangdong Province’s efforts to promote green and
low-carbon transformation have achieved results. By formulating the
opinions on implementing carbon peaking and carbon neutrality and
the implementation plan for carbon peaking, accelerating the
development of green and low-carbon industries, implementing
green manufacturing projects and green transformation of key
industries, promoting the circular development of industrial parks,
Guangdong Province has made positive progress in green and low-
carbon development. In addition, Guangdong Province has also
accelerated the promotion and application of energy-efficient and
energy-saving technology products, strengthened energy-saving work
in key areas such as industry, construction, and public institutions, and
improved the energy efficiency level of information infrastructure such
as data centers and new communications. Meanwhile, Guangdong

TABLE 6 Intra-regional differences.

Year Guangzhou area Shenzhen area Zhuhai area

2006 0.0717 0.1039 0.0449

2007 0.0558 0.0532 0.0678

2008 0.0475 0.0305 0.0920

2009 0.0676 0.0200 0.0948

2010 0.0432 0.0760 0.0856

2011 0.0475 0.0809 0.0956

2012 0.0299 0.0573 0.0798

2013 0.0104 0.0523 0.0529

2014 0.0430 0.0688 0.0394

2015 0.0295 0.0416 0.0522

2016 0.0056 0.0625 0.0249

2017 0.0148 0.0305 0.0413

2018 0.0540 0.0388 0.0240

2019 0.0556 0.0288 0.0427

2020 0.0105 0.0098 0.0460

TABLE 7 Differences among groups.

Year Differences between groups (3 pairs)

(2–1) (3–1) (3–2)

2006 0.1154 0.0683 0.1039

2007 0.0707 0.0801 0.0720

2008 0.0758 0.0805 0.0952

2009 0.0775 0.0921 0.0817

2010 0.0703 0.0761 0.0978

2011 0.0773 0.0923 0.0978

2012 0.0624 0.0728 0.0913

2013 0.0452 0.0714 0.0802

2014 0.0645 0.0621 0.0664

2015 0.0452 0.0616 0.0527

2016 0.0492 0.0289 0.0583

2017 0.0377 0.0673 0.0493

2018 0.0530 0.0611 0.0468

2019 0.0490 0.0609 0.0476

2020 0.0180 0.0373 0.0385

TABLE 5 Overall Gini coefficient.

Year 2006 2007 2008 2009 2010 2011 2012 2013

0.0879 0.0691 0.0744 0.0753 0.0769 0.0845 0.0693 0.0571

Year 2014 2015 2016 2017 2018 2019 2020

0.0597 0.0492 0.0403 0.0442 0.0486 0.0491 0.0281
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Province has also promoted the development of new energy
transportation and inland clean shipping, promoted coal-to-gas and
oil-to-gas conversion, and built a green and efficient transportation
system. In terms of green and low-carbon buildings, Guangdong
Province has successfully promoted the large-scale development of
high-quality green buildings, comprehensively promoted the
classification of household waste, launched actions to create green
communities, green schools, and environmental education bases, and
improved citizens’ awareness of ecological civilization. The successful
implementation of these measures has promoted the economic
development of the Guangdong-Hong Kong-Macao Greater Bay
Area and improved the overall level of green and low-carbon
development in the region.

4.3 Results of analysis of Gini coefficient

The above results indicate that during the process of economic,
social, and environmental transformation, the three regions of the
Guangdong-Hong Kong-Macao Greater Bay Area show a certain
similarity in the trend of green and low-carbon development during
the same period, indicating that there is an inherent connection
between the transformation and development of the three regions.
To further reveal the differences in green and low-carbon
development performance among the three regions, we use the
Dagum Gini coefficient to measure the gap and sources of green and
low-carbon development performance among Guangzhou,
Shenzhen, and Zhuhai (view Table 5).

According to Table 5, the overall Gini coefficient of the
Guangdong-Hong Kong-Macao Greater Bay Area decreased from
0.0879 in 2006 to 0.0281 in 2020, a decrease of 68%. This indicates

that during the research period, the spatial differences in the level of
green and low-carbon development in the Greater Bay Area showed
a downward trend. The development gap in green and low-carbon
development in the Greater Bay Area is narrowing, and the
coordinated development of green and low-carbon development
in the urban agglomeration has achieved certain results. This is
mainly due to the Greater Bay Area’s focus on resource endowment
and functional positioning, accelerating the construction of a
regional development pattern of “one core, one belt, and one
zone”. In this process, the Greater Bay Area adheres to the
concept that green mountains and clear waters are as valuable as
nature, and has made extraordinary efforts to fight pollution
prevention and control. The ecological environment quality has
been greatly improved, and the air quality has been continuously
improved for 8 years, with the average concentration of
PM2.5 significantly reduced to 20 μg per cubic meter. The
Greater Bay Area has become a national forest city cluster, and
more and more people can enjoy the “ecological benefits”. However,
there are differences in green and low-carbon development among
the three regions (view Table 6; Table 7). Each city has also formed
several practical cooperation projects, exploring the path and model
of common prosperity, and taking new steps. In addition, the
Guangdong provincial government actively promotes the
implementation of major platform innovation policies, vigorously
promotes the orderly transfer of industries and regional coordinated
development, and enhances the balance and coordination of
development in the Greater Bay Area.

According to Table 6, there is a significant gap in the level of
green and low-carbon development among the cities within the
three regions of the Guangdong-Hong Kong-Macao Greater Bay
Area. During the study period, the average Gini coefficient of the
cities in the Greater Bay Area from highest to lowest was Zhuhai
region > Shenzhen region > Guangzhou region. The regional
differences within the three regions showed an upward and
downward trend from 2006 to 2019, with an overall downward
trend. The appearance of a downward trend indicates that there is a
contraction of spatial spillover effects within the region, while the
increase in regional differences indicates a significant contraction of
spatial spillover effects within the region. The fluctuations in
regional development are mainly because Guangzhou, Shenzhen,
and Zhuhai have relatively better green and low-carbon
development compared to other cities within the region, resulting
in large internal differences in green development. However, the
implementation of the policies to construct the Guangfo-Zhaoqing,
Shenzhen-Dongguan-Huizhou, and Zhuhai-Zhongshan-Jiangmen
economic circles in Guangdong Province has greatly reduced the
regional differences and promoted the green and low-carbon
development of the three regions.

According to Table 7, it can be seen that the net value
difference between the Guangzhou and Shenzhen regions is
lower than the net value difference contribution between the
other two regions during the statistical period, indicating that the
degree of coordinated development between the Guangzhou and
Shenzhen regions is most significant during this period. From the
overall trend, the regional net value differences between any two
regions show a downward trend. Therefore, during the research
period, the spatial agglomeration effects and spatial spillover
effects between any two regions within the three regions have

TABLE 8 Contribution rates of the three regions.

Contribution Contribution rate

Year Gw Gnb Gt Gw Gnb Gt

2006 0.0242 0.0253 0.0384 27.57% 28.76% 43.68%

2007 0.0196 0.0178 0.0316 28.43% 25.79% 45.78%

2008 0.0184 0.0329 0.0231 24.78% 44.20% 31.02%

2009 0.0196 0.0344 0.0213 26.02% 45.66% 28.32%

2010 0.0227 0.0229 0.0313 29.49% 29.77% 40.74%

2011 0.0251 0.0128 0.0467 29.64% 15.08% 55.27%

2012 0.0188 0.0224 0.0281 27.16% 32.31% 40.53%

2013 0.0131 0.0307 0.0134 22.88% 53.72% 23.40%

2014 0.0168 0.0217 0.0212 28.13% 36.35% 35.52%

2015 0.0138 0.0158 0.0197 28.01% 32.02% 39.97%

2016 0.0101 0.0180 0.0122 25.12% 44.59% 30.28%

2017 0.0098 0.0283 0.0060 22.21% 64.17% 13.62%

2018 0.0129 0.0173 0.0185 26.46% 35.55% 38.00%

2019 0.0141 0.0161 0.0189 28.74% 32.73% 38.53%

2020 0.0073 0.0084 0.0124 26.01% 29.77% 44.21%
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been continuously strengthened. This is attributed to Guangdong
Province’s deep implementation of the “Outline of the Plan for
the Guangdong-Hong Kong-Macao Greater Bay Area”, taking
“double upgrading” and “double transfer” as the starting point,
vigorously promoting the integration and industrial
transformation and upgrading of the Greater Bay Area,

accelerating the revitalization of the eastern, western, and
northern regions, and driving the development of the Greater
Bay Area. Led by the integration of Guangzhou and Foshan, and
with the promotion of infrastructure integration as the
breakthrough point, the three major economic circles of
Guangfo-Zhaoqing, Shenzhen-Dongguan-Huizhou, and

TABLE 9 The green and low-carbon development efficiency of nine cities.

Region

City

Guangzhou region Shenzhen region Zhuhai region

Guangzhou Foshan Zhaoqing Huizhou Dongguan Shenzhen Jiangmen Zhongshan Zhuhai

2006 1.085 1.1157 1.9927 2.2433 1.7855 1.8529 1.4429 2.3087 1.5599

2007 1.0583 1.0288 1.747 2.5568 1.3423 1.707 1.3186 2.2506 1.4223

2008 1.0359 1.0323 1.5592 3.2853 1.4404 1.6669 1.2998 2.6324 1.4985

2009 1.021 1.0512 1.4477 1.9721 1.4122 1.758 1.4387 2.4226 1.6456

2010 1.0673 1.0391 1.3843 2.9865 1.3538 1.6248 1.085 2.5283 1.6787

2011 1.0431 1.2424 1.3337 1.7841 1.3492 1.9994 1.0594 2.2163 1.6907

2012 1.1018 1.1251 1.5333 2.9571 1.279 2.5962 1.2655 1.2291 1.7954

2013 1.0376 1.0445 1.313 2.6519 1.2973 2.9498 1.2825 1.3772 1.4491

2014 1.0706 1.1154 1.2452 2.6568 1.2474 2.9405 1.4142 1.3239 1.5611

2015 1.0493 1.0715 1.348 2.6023 1.2182 2.9587 1.1713 1.3603 1.5527

2016 1.0515 1.0061 1.2245 2.5116 1.1993 2.7391 1.1973 1.7652 1.3992

2017 1.038 1.1662 1.3173 2.558 1.2585 2.0713 1.2972 1.312 1.5188

2018 1.0842 1.3029 1.4101 1.7192 1.2839 2.4597 1.1888 1.7228 1.3756

2019 1.173 1.2966 1.3855 1.1799 1.5747 2.676 1.2249 1.9913 1.4321

2020 1.1151 1.2588 1.6092 1.2162 1.3232 3.1542 1.0828 1.9557 1.4156

FIGURE 6
Efficiency values of the green and low-carbon development in the three regions.
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Zhuhai-Zhongshan-Jiangmen are being built to promote
industrial transformation, environmental reconstruction, and
protection. However, from 2014 to 2018, the net value
differences between the three regions showed an upward
trend. The reason for this phenomenon may be that this
period was the end of the “12th Five-Year Plan” and the
beginning of the “13th Five-Year Plan”, and there were
significant changes in the industrial structure and regional
cooperation, leading to fluctuations in net value differences
between regions.

The regional differences in the development of the green
economy in the Guangdong-Hong Kong-Macao Greater Bay
Area mainly come from inter-regional differences, intra-regional
differences, and super-variable density differences (According to
Table 8). Among them, the annual contribution rate of intra-
regional differences is 26.7%, the annual contribution rate of
inter-regional differences is 36.7%, and the annual contribution
rate of super-variable density differences is 36.6%. Therefore, it can
be concluded that the spatial differences in the level of green and
low-carbon development in the Guangdong-Hong Kong-Macao
Greater Bay Area mainly come from inter-regional differences,
followed by super-variable density differences, with the smallest
impact on intra-regional differences. The inter-regional gap is the
main reason for the overall differences in green and low-carbon
development in the Guangdong-Hong Kong-Macao Greater Bay
Area, that is, the development level of the three cities in the Greater
Bay Area is uneven, resulting in certain gaps. However, in recent
years, the contribution rate of super-variable density has begun to
show an upward trend and has gradually become the main reason
for the overall differences in green and low-carbon development in
the Guangdong-Hong Kong-Macao Greater Bay Area. Regions with
higher (lower) levels of green and low-carbon development in the
Greater Bay Area have cities with higher (lower) levels of economic
green and low-carbon development. Overall, to narrow the overall
differences in the Guangdong-Hong Kong-Macao Greater Bay Area,
we should not only focus on the overall coordination between
regions but also pay attention to the coordination of internal
development within regions.

In the Guangzhou region, Guangzhou city has placed its focus
on developing a green economy in the real economy. It adheres to
the “dual-wheel drive” of technological innovation and
institutional innovation, promotes the development of emerging
industry clusters, strengthens the leading position of advantageous
industries, and enhances its development momentum and
competitiveness. At the same time, it deepens comprehensive
cooperation among Guangdong, Hong Kong, and Macao,
accelerates the construction of the Guangzhou-Shenzhen-Hong
Kong-Macao Science and Technology Innovation Corridor, and
leverages the dual-core driving and pole-driving roles. It has signed
a strategic cooperation framework agreement with Shenzhen,
jointly built the Guangzhou-Foshan Green and Low-Carbon
Development Integration Pilot Zone, promoted cooperation
between Guangzhou and Dongguan and Guangzhou and
Zhongshan, and signed a new round of cooperation agreements
with Zhaoqing, Shaoguan, and Jiangmen, to jointly build the
Guangzhou-Foshan-Zhaoqing-Yunfu-Shaoguan Economic
Circle. Foshan City continues to optimize its green economic
structure, deepen the supply-side structural reform, and benefit

the manufacturing industry the most. It has also made new
achievements in promoting the construction of the Guangdong-
Hong Kong-Macao Greater Bay Area, and Foshan and Guangzhou
have entered a new stage of all-around urbanization. Zhaoqing
City has accelerated its integration into the construction of the
Guangdong-Hong Kong-Macao Greater Bay Area and has
accelerated its industrial transformation and upgrading. It has
increased efforts to phase out and upgrade traditional low-
efficiency industries, thereby further enhancing the vitality of
green economic development.

In the Shenzhen region, Shenzhen city has seized the major
opportunities of the construction of the Guangdong-Hong Kong-
Macao Greater Bay Area and accelerated the formation of a new
pattern of high-level opening-up. It has made every effort to become
the main battlefield for the construction of the Greater Bay Area,
implemented the implementation opinions and 3-year action plan of
the Guangdong Provincial Party Committee and Provincial
Government, promoted the “Bay Area Pass” project,
implemented special actions for cooperation between Shenzhen
and Hong Kong, and continuously improved the level of
opening-up and cooperation. It has strengthened cooperation
with cities such as Guangzhou and actively participated in the
construction of the Guangzhou-Shenzhen-Hong Kong-Macao
Science and Technology Innovation Corridor. Key projects such
as the Shenzhen-Zhongshan Channel are being accelerated, the
Guangzhou-Dongguan-Shenzhen intercity railway has been
completed and opened, and new progress has been made in the
construction of the Shenzhen-Dongguan-Huizhou Economic Circle,
and regional coordinated development has achieved new results.
Huizhou City has accelerated the formation of a modern industrial
system centered on manufacturing, and Dongguan City’s economic
development has achieved steady progress, with further
improvement in the coordination and matching of development.
The trend of innovation-driven green and low-carbon development
has been further consolidated, and major reforms have been
deeply promoted.

In the Zhuhai region, the development trend of the real economy
in Zhuhai City is good. A series of policies have been introduced to
promote the development of industrial investment, technological
transformation, equipment manufacturing, intelligent
manufacturing, and other aspects. Innovative entities are
flourishing, and the Guangdong-Hong Kong-Macao Bridge and
ports have been officially opened, and regional cooperation is
being deepened. In Zhongshan City, the urban development
pattern is being reshaped by the requirements of green and low-
carbon development. It is vigorously implementing the “Bay Area
Layout” and the “Eastward Development Strategy”, making progress
in the construction of a modern economic system, and accelerating
its transformation and upgrading. In Jiangmen City, five emerging
industries, including high-end equipment manufacturing, new-
generation information technology, new energy vehicles and
components, health, and new materials, have been introduced.
However, its manufacturing industry is in the throes of the
transformation of old and new kinetic energy, and the growth of
bulk consumption has slowed down. The economy is facing rare
downward pressure in history.

In summary, the reason for the gradual reduction in inter-
regional gaps is that there are leading cities in the three major
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regions. Guangzhou and Shenzhen, the two first-tier cities, have
accelerated industrial transfer, effectively promoting industrial
upgrading and kinetic energy conversion. Based on improving
their efficiency in green and low-carbon development, they have
also explored the strategy of regional coordinated integration
development, actively driving the development of other cities,
fully leveraging their resource advantages such as technology and
geographical location, and promoting the improvement of the
external orientation of other cities. China and Guangdong
Province have also taken a series of measures to remove old
obstacles and stimulate market vitality, thereby narrowing the
relative gaps within regions, between regions, and even overall.

4.4 Results of SBM analysis

To analyze the characteristics and changing trends of the green
and low-carbon development efficiency of 9 cities in the
Guangdong-Hong Kong-Macao Greater Bay Area, the results
calculated based on panel data are shown in Table 9.

According to the data in Table 9, it can be found that there is a
certain gap in the green and low-carbon development efficiency
of the nine cities in the Guangdong-Hong Kong-Macao Greater
Bay Area. Among them, Huizhou and Shenzhen have the highest
average green and low-carbon development efficiency, which are
2.3254 and 2.3436, respectively. Although the green and low-
carbon development efficiency value of Shenzhen has slightly
decreased from 2014 to 2016, it has shown an upward trend after
development. The development trend of Huizhou’s green
efficiency has shown multiple ups and downs, and after a
significant decline from 2016 to 2018, Huizhou has
maintained stable development. In addition to the curves of
Shenzhen and Huizhou being more fluctuating, Zhongshan
also began to show an upward trend in 2016 and has
maintained this trend, indicating that Zhongshan and other
cities have been able to make good use of resources during
this period and continuously strive towards achieving
coordinated development of the economy and the
environment. The curves of the other six cities are relatively
flat, indicating that although the structure of input and output
has gradually become reasonable, they still need to steadily
improve their efficiency values.

The differences in economic, political, market, and internal
corporate environments in various regions have led to differences
in green and low-carbon development efficiency in different regions.
To address this issue, it is crucial to strengthen cooperation and
coordination between regions, promote economic complementarity
and resource sharing among regions, and achieve regional
coordinated development. This will help to narrow regional
differences and promote the green and low-carbon development
of the Guangdong-Hong Kong-Macao Greater Bay Area. It is
important to recognize that regional disparities can hinder
overall economic growth and development, and therefore, it is
necessary to take a comprehensive and collaborative approach to
address these disparities and promote sustainable development
across the region.

From a global perspective, the green and low-carbon
development efficiency of the Guangdong-Hong Kong-Macao
Greater Bay Area is showing a good development trend overall
(view Figure 6). This is mainly attributed to Guangdong Province’s
efforts to accelerate the construction of the “one core, one belt, and
one zone” regional development pattern, which has significantly
enhanced the balance and coordination of development, leading to a
sustained improvement in the development level of the core area of
the Pearl River Delta. In addition, Guangdong Province is also
continuing to deepen the battle for blue skies, clear waters, and
unpolluted land, implementing a comprehensive coordinated action
plan to improve air quality, and promoting the coordinated control
of multiple pollutants and regional prevention and control. These
measures are helping to promote the green and low-carbon
development of the Guangdong-Hong Kong-Macao
Greater Bay Area.

The significant differences in geographical environment,
management system, and economic development level among the
nine cities and three regions have led to significant differences in
green and low-carbon development efficiency. To address this issue,
it is crucial to strengthen technological innovation and policy
coordination, promote economic complementarity and resource
sharing among regions, and achieve regional coordinated
development. This will help to narrow regional differences and
promote the green and low-carbon development of the Guangdong-
Hong Kong-Macao Greater Bay Area. It is important to recognize
that regional disparities can hinder overall economic growth and
development, and therefore, it is necessary to take a comprehensive
and collaborative approach to address these disparities and promote
sustainable development across the region.

It is important to note that Guangzhou has maintained stable
development from 2006 to 2020, with an average green and low-
carbon development efficiency of 1.2173, which is lower than that of
Shenzhen (2.0089) and Zhuhai (1.5591). From the evolution trend of
green and low-carbon development efficiency in the three regions, it
can be seen that Guangzhou’s green and low-carbon development
efficiency level is significantly lower than that of Shenzhen and
Zhuhai. Therefore, it is necessary to further strengthen the
promotion of green and low-carbon development in Guangzhou,
through measures such as technological innovation, policy
coordination, and resource sharing, to improve the efficiency of
green and low-carbon development and promote sustainable
development in the Guangdong-Hong Kong-Macao
Greater Bay Area.

The overall efficiency value of green and low-carbon development
in the Guangzhou region is greater than 1, which is attributed to the
concerted efforts of the Guangzhou region to promote stable economic
development. The Guangzhou region adheres to the principle of
stability and progress, strengthens the role of innovation leadership,
and promotes the stability and quality improvement of the green
economy. The Guangzhou region has solidly promoted the
development of the primary industry and the establishment of the
manufacturing industry, focusing on the real economy as the key point
for developing the green economy, and continuously promoting the
high-level development of the industrial base and the modernization of
the industrial chain. In addition, the cities of Foshan and Guangzhou

Frontiers in Environmental Science frontiersin.org19

Yu and Zheng 10.3389/fenvs.2024.1336322

230

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1336322


have deepened the construction of the Guangzhou-Foshan urban
integration, leading and driving the coordinated development of the
entire province. The city of Zhaoqing has fully participated in the
construction of the Guangdong-Hong Kong-Macao Greater Bay Area,
presenting a new look for the new city. The eastern region of Zhaoqing
has been fully integrated into the Guangzhoumetropolitan area, and the
integration of Foshan and Zhaoqing is accelerating, actively and
prudently promoting carbon peak and carbon neutrality, adjusting
and optimizing the energy structure in an orderly manner, vigorously
developing clean energy, and promoting the green transformation of
key industries and important areas.

The efficiency of green and low-carbon development in the
Shenzhen region is not very stable, with multiple fluctuations.
However, since 2010, there has been a clear upward trend, which
is attributed to the unified deployment of the fifth Party Congress of
Shenzhen City and the requirements of the “Outline of the Reform
and Development Plan for the Pearl River Delta Region
(2008–2020)”, which guided the city to transform its
development mode, optimize its development environment, and
prioritize innovative, transformational, low-carbon, and
harmonious development. Shenzhen has adhered to the direction
of low-carbon development, vigorously developed low-carbon
technologies, accelerated the development of new and renewable
energy, and promoted the intensive and efficient use of energy
resources. Shenzhen has also promoted regional coordinated
development, strengthened its position as the central city of the
region, and led the way in cooperation with Hong Kong, focusing on
the integration of the eastern bank of the Pearl River Estuary.
Shenzhen has continuously expanded its economic hinterland
and international influence.

After implementing the “Outline of the Reform and Development
Plan for the Pearl River Delta Region (2008–2020)" in 2010, Huizhou
City achieved significant results and accelerated its integration into the
process of the Pearl River Delta integration. The city government
actively connected with the “Five Integration” plan of the Pearl
River Delta, promoted the construction of a “dual-benefit” city, and
accelerated the formation of a modern urban development pattern. At
the same time, the city government focused on promoting the
integration of industries, strengthening the internal complementarity
of industries, promoting differentiated development, and expanding
development space. In addition, Huizhou City vigorously promoted
ecological environment construction, actively implemented the “8-3-3”
ecological project, that is, eight ecological projects (1 million mu of
broad-leaved forest afforestation demonstration project, 100 square
kilometers of water conservation forest construction project in Huizhou
basin of Dongjiang River and Xizhijiang River, 100 km of road tree
reconstruction project, 1 million mu of eucalyptus and residual forest
reconstruction project, green passage construction project, coastal
shelter forest system construction project, nature reserve
construction project, urban and rural greening integration project);
Three major industrial projects (forest eco-tourism industry, precious
tree species industry, characteristic fruit industry); Three major
ecological and cultural projects (Huizhou Botanical Garden
Construction Project, Tonghu Wetland Construction Project, and
Wildlife Museum Construction Project), further increased forest
coverage, and created a provincial forestry ecological city.

Based on its location in the Bay Area and its strength, Dongguan
City has seized opportunities with a high-quality comprehensive

environment. The city government is aware of and promoting
carbon peak and carbon neutrality, adhering to the principles of
prioritizing conservation, dual-wheel drive, internal and external
connectivity, and risk prevention. The government is researching
and formulating an implementation plan for the carbon peak,
clarifying the timetable and roadmap. At the same time,
Dongguan City is accelerating the construction of a clean,
low-carbon, safe, and efficient energy system, strengthening
the promotion and application of new energy, and exploring
the transformation from total energy consumption and energy
consumption intensity control to total carbon emission and
intensity control.

In 2014, the manufacturing industry in the Shenzhen region
was in the throes of a transition from old to new growth drivers,
resulting in a certain downward trend. However, since 2017, the
overall coordinated development of the Shenzhen region has
been good, seizing major opportunities in the construction of the
Guangdong-Hong Kong-Macao Greater Bay Area, and
accelerating the formation of a new pattern of high-level
opening up to the outside world. Therefore, the Shenzhen
region has the highest efficiency in green and low-carbon
development and is fully committed to being the main base
for the construction of the Guangdong-Hong Kong-Macao
Greater Bay Area.

During the 11th Five-Year Plan to the 12th Five-Year Plan
period, the efficiency of green and low-carbon development in
the Zhuhai region experienced a decline, mainly due to the
influence of Zhongshan City. At that time, Zhongshan City
was implementing three major strategies: revitalizing
traditional industries, upgrading professional towns, and
strengthening industrial clusters. However, its main industries
were household appliances, lighting sources, hardware products,
and textiles and clothing. The economic development of these
industries relied too much on the extensive economic growth
model of traditional energy, and the demand for energy and
environmental capacity would continue to increase rigidly,
further exacerbating the contradiction between energy
consumption and supply.

The Zhuhai region is currently working together to promote
high-quality economic development and high-level protection
of the ecological environment, creating a new model of
ecological civilization. The city government is coordinating
the protection and construction of mountains, waters,
forests, fields, lakes, grasses, and sands, and building a new
system of “big environmental protection”, “big regulation”, and
“big governance”, accelerating the formation of an industrial
structure, production mode, lifestyle, and spatial pattern that
saves resources and protects the environment. At the same time,
the city government is promoting comprehensive green
transformation through carbon peak and carbon neutrality,
continuously optimizing and upgrading the industrial
structure, improving the efficiency of resource and energy
utilization, and building a green economic system. These
measures will promote high-quality economic development.
The municipal government is prioritizing the development of
advanced manufacturing industries as a means to accelerate the
growth of the real economy, while also exploring new
mechanisms for development based on the “Hengqin policy
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+ Zhuhai space” model. By doing so, the city aims to rapidly
improve its urban level and scale, and become a key driver of
high-quality development in the Guangdong-Hong Kong-
Macao Greater Bay Area, as well as an important growth
pole for the Guangdong economy.

5 Discussion

The statistical analysis results from 2006 to 2020 reveal a steady
upward trend in the overall green and low-carbon development level
of the Guangdong-Hong Kong-Macao Greater Bay Area. This
reflects the positive impact of urban green and low-carbon
development policies in the Greater Bay Area. However, there
still exists an imbalance, primarily caused by regional
development disparities, leading to overall differences in green
and low-carbon development within the Greater Bay Area. In
recent years, regions with higher (lower) levels of green and low-
carbon development have seen cities with higher (lower) levels of
economic green and low-carbon development. Overall, narrowing
the overall disparity in the Greater Bay Area requires attention not
only to the overall coordinated development between regions but
also to the coordination of development within regions. Examining
the trend in green and low-carbon development efficiency in the
Greater Bay Area, the Shenzhen region consistently surpasses the
Guangzhou and Zhuhai regions. The Guangzhou region operates at
a moderate level, mainly due to its industrialization path and
resource structure locking in high carbon emissions. In contrast,
the Shenzhen region has enhanced the competitiveness of its
modern industrial system, with a pronounced lead in guiding the
role of strategic emerging industries. The research results align with
the actual situation based on practical investigations and feedback.

The Guangdong-Hong Kong-Macao Greater Bay Area has
implemented two key strategies, namely “dual enhancement” and
“dual transfer,” to vigorously promote the integration and
industrial transformation and upgrading of the Greater Bay
Area. This initiative aims to accelerate the revitalization of the
eastern, western, and northern regions, driving collaborative
green and low-carbon development in the Pearl River Delta
region. In 2013, the Greater Bay Area initiated a carbon
trading pilot, employing market mechanisms to achieve a
significant reduction in carbon emissions. The expansion of
carbon trading has positively impacted the overall level of
green and low-carbon development.However, the practical
implementation of green finance still faces several bottlenecks
and obstacles, manifested by the limited effectiveness of green
finance policies. Currently, green finance products are limited
and struggle to meet the demands of market participants.
Government departments should enhance and refine the
system of green financial products and services. To encourage
the green development of enterprises, value-added tax provides
certain tax incentives for green products, but only a small portion
qualifies under policy conditions. Additionally, there is an issue
of inadequate tax incentive intensity, particularly in the areas of
energy conservation, emission reduction, and green low-carbon
transformation. Consequently, there is a noticeable lack of
motivation for businesses to develop low-carbon
technologies.The various levels of government in the Greater

Bay Area should expeditiously strengthen institutional
innovation from a regulatory and legal perspective. They
should focus on constructing a new environmental governance
system around key stakeholders such as the government,
enterprises, and the public. This approach aims to fully
leverage the diverse ecological supervision functions of the
government, the public, and the media.

6 Conclusion and policy suggestion

This article uses the entropymethod, Gini coefficient, and super-
efficiency SBM model of unexpected output to evaluate the
economic, resource, social, and ecological environment of nine
cities in the Guangdong-Hong Kong-Macao Greater Bay Area.
The aim is to clarify the spatial characteristics and synergistic
effects of the green and low-carbon development level in the
Greater Bay Area and summarize the evolution of its green and
low-carbon development efficiency, the following conclusions were
drawn as follows:

First, this paper found that the green and low-carbon
development of the nine cities in the Guangdong-Hong Kong-
Macao Greater Bay Area has achieved significant results.
However, the level of green and low-carbon development among
these cities exhibits regional heterogeneity, which is influenced by
factors such as the level of economic development, technological
innovation, and inter-regional industrial transfer activities. Overall,
the green and low-carbon development value of the nine cities has
increased from 0.2533 in 2006 to 0.6939 in 2020. During the
transformation process, factors such as foreign trade, investment,
technology, and education have played a key role in promoting the
coordinated development of green and low-carbon development in
the Greater Bay Area.

Second, this paper found that the green and low-carbon
development level in the three regions of the Guangdong-
Hong Kong-Macao Greater Bay Area exhibits a non-
equilibrium distribution, with high-level and low-level cities
distributed in each region. The green and low-carbon
development level in the Shenzhen region is higher than that
in the Zhuhai and Guangzhou regions. Although the relative
differences in green and low-carbon development among the
Greater Bay Area and its regions are narrowing, the non-
equilibrium distribution of green and low-carbon development
remains significant, and inter-regional differences continue to be
the main source of overall differences. In addition, while the
green and low-carbon development level in the Greater Bay Area
and its regions is gradually increasing, the absolute gap in green
and low-carbon development levels within each region is
widening, and polarization phenomena are occurring in each
region. Therefore, the coordination of green and low-carbon
development within each region needs to be strengthened.

Third, this paper found that the green and low-carbon
development efficiency in the Guangdong-Hong Kong-Macao
Greater Bay Area is showing a slight upward trend, which is
promising. In terms of urban regional comparison, there is an
obvious “urban regional gradient” in the efficiency of green and
low-carbon development, with the efficiency of the Shenzhen
region being higher than that of the Zhuhai region, which is
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higher than that of the Guangzhou region. The efficiency of green
and low-carbon development in the Shenzhen and Zhuhai
regions fluctuates significantly, while the efficiency in the
Guangzhou region remains stable. This reflects the significant
spatial heterogeneity of green and low-carbon development
efficiency in the Greater Bay Area.

Based on the analysis results above, several relevant policies
can be proposed. The three regions divided among the nine cities
in the Guangdong-Hong Kong-Macao Greater Bay Area exhibit
heterogeneity in their levels of green and low-carbon
development. The overall development level in the Shenzhen
region is the highest, with the Zhuhai region showing a good
level of green and low-carbon development, and the Guangzhou
region relatively lagging behind. This indicates varying urban
competitiveness among the three regions. In cities with relatively
high levels of green and low-carbon development, it is essential
to leverage positive spillover effects arising from industrial
structure upgrades and ecological environment optimization.
This can activate new sources of spillover effects, promoting the
spread of influencing factors and industries to surrounding
cities. In cities with lower levels of green and low-carbon
development, active acceptance and utilization of spillover
effects from other cities should be encouraged. Efforts should
be made to explore the collaborative development of green and
low-carbon urban clusters, achieving resonance effects in carbon
emissions and carbon reduction efficiency. This suggests the
establishment of a long-term cooperative mechanism for green
and low-carbon development in the Guangdong-Hong Kong-
Macao Greater Bay Area. This mechanism aims to facilitate
information sharing and resource complementarity, addressing
green and low-carbon development challenges collectively. To
achieve this, relevant policies should be formulated, encouraging
and supporting the growth of the environmental protection
industry. Additionally, initiatives to promote renewable
energy and clean production technologies should be
prioritized. This collaborative approach will contribute to
addressing green and low-carbon development issues in the
Greater Bay Area, fostering shared progress in green and low-
carbon development.

7 Boundedness

While this study has contributed to the assessment of the green
and low-carbon development level in super-large urban
agglomerations, there are still limitations. For instance, the
Greater Bay Area operates under the “One Country, Two
Systems” framework, a characteristic not shared by other urban
agglomerations in China. Therefore, policy formulation and
standards in institutional mechanisms cannot be entirely
replicated in other urban agglomerations. However, the research
framework, indicator system, and research methods employed in
this study can serve as valuable references. As a result, future
research should independently focus on different urban
agglomerations, tailoring environmental economic policies to
address their specific characteristics. This approach will better
facilitate the promotion of green and low-carbon development in

diverse urban agglomerations. Hence, there remains significant
room for further exploration of the influencing mechanisms
within urban agglomerations in future studies.
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Introduction: Tobacco, as a significant cash crop in China, warrants a
comprehensive investigation into the spatiotemporal dynamics of its carbon
footprint in order to address greenhouse gas (GHG) emissions and foster low-
carbon, environmentally friendly agricultural practices.

Methods: Employing the life cycle assessment (LCA) methodology, this study
aims to scrutinize the temporal variations in the carbon footprint across different
functional units of tobacco production in China from 2004 to 2017, thereby
elucidating its composition and key influencing factors.

Results and Discussion: The findings reveal that the average carbon footprint per
unit area and per unit yield of tobacco production in China during the
aforementioned period amounted to 4,098.99 kg CO2-eq·ha−1 and 1.97 kg
CO2-eq·kg−1, respectively, exhibiting an upward trend over time. Notably,
fertilizer and agricultural films emerged as the primary sources of greenhouse
gas emissions in Chinese tobacco production, accounting for 26.63% and 24.54%
of the total emissions, respectively. Remarkably divergent carbon footprints were
observed among various provinces in China. Specifically, Jiangxi, Hunan, and
Guangdong exhibited the highest carbon footprints per unit area, with values of
4,908.65 kg CO2-eq·ha−1, 4,852.90 kg CO2-eq·ha−1 and 4,833.56 kg CO2-eq·ha−1,
respectively. Likewise, Jiangxi, Fujian, and Yunnan recorded the highest carbon
footprints per unit yield, reaching 2.31 kg CO2-eq·kg−1, 2.23 kg CO2-eq·kg−1 and
2.22 kg CO2-eq·kg-1, respectively. Conversely, Inner Mongolia, Hebei, Jilin, and
Heilongjiang exhibited lower carbon footprints per unit area, namely, 3,952.06 kg
CO2-eq·ha−1, 3,751.08 kg CO2-eq·ha−1, 2,935.81 kg CO2-eq·ha−1, 3,264.83 kg
CO2-eq·ha−1 and 2,830.92 kg CO2-eq·ha−1, respectively. Moreover, these
regions displayed both high yield and productivity. This investigation highlights
the significance of implementing measures such as scientific fertilization,
reducing agricultural film usage, and expediting the mechanization process of
tobacco cultivation to foster the development of an environmentally sustainable
tobacco industry in China.
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carbon footprint, tobacco, life-cycle assessment, global warming, emission reduction
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1 Introduction

Global climate change, caused by excessive greenhouse gas
emissions, has become an indisputable fact, and reducing
greenhouse gas emissions and promoting low-carbon industries
have become the focus of industrial development in countries
around the world. The critical link between the overuse of fossil
fuels in production systems and global climate change is well-
established, with excessive emissions of greenhouse gases being a
key contributor (Peng et al., 2019; Abbas et al., 2022; Elahi et al.,
2022; Elahi and Khalid, 2022). This recognition has led countries
globally to increasingly focus on reducing greenhouse gas emissions
and promoting the development of low-carbon industries as part of
their industrial advancement strategies (Abbas et al., 2023). China is
the world’s largest greenhouse gas emitter, and the State Council
GovernmentWork Report in 2021 stated that it should do a solid job
of carbon peaking and carbon neutral work and develop an action
plan for carbon peaking by 2030 (Lin, 2021). Greenhouse gas
emissions from agricultural ecosystems account for 13.5%
(Montzka et al., 2011) of global greenhouse gas emissions, and
how to develop effective measures to reduce agricultural greenhouse
gas emissions is an urgent issue for agricultural development. The
quantitative assessment of greenhouse gas emissions across various
stages of agricultural ecosystem production plays a crucial role in
formulating effective emission reduction strategies in agriculture.
The concept of the carbon footprint, pivotal in this context, evaluates
greenhouse gas emissions attributable to specific human activities.
Originally derived from the ecological footprint concept, the term
“carbon footprint” was first introduced by British scholars in 2009.
Over the years, the carbon footprint theory has evolved significantly.
To standardize its calculation, the International Organization for
Standardization (ISO). (2018) in 2018 defined the carbon footprint
as the total direct and indirect greenhouse gas emissions of a product
or activity across its life cycle, ascertained using the life cycle
assessment (LCA) method.

In the field of agricultural carbon footprint research, there has
been a considerable global scholarly focus on the production of
different crops in recent years. Studies indicate that in China, the
carbon footprints and GHG emissions per unit area for wheat and
corn have been on an upward trend over the past decade.
Specifically, fertilizer use contributes to over half of the wheat’s
carbon emissions (Yan et al., 2015; Zhang et al., 2023). In the case of
rice production, while the carbon footprint per unit area has
increased (Wang et al., 2017), the carbon footprint per unit yield
has exhibited a decreasing trend during the same period. In addition
to crop types, farming practices, altitude, latitude and longitude and
soil properties will have an impact on the carbon footprint of
agroecosystems, and the scale and intensification of agricultural
production will become the main measures to reduce the carbon
footprint of farmland in the future (Wang et al., 2016; Tian et al.,
2021). Previous studies have mostly focused on food crops; however,
few studies have reported on the carbon footprint of cash crop
production.

Tobacco, a key cash crop in China, encompassed a planting area
of 887,533 ha in 2019 (Liu and Huang, 2020). The entire tobacco
production process, which includes growing, curing, processing,
cigarette manufacturing, marketing, consumption, and waste
disposal, contributes significantly to climate change, emitting

approximately 84 million tonnes of CO2 equivalent annually.
This accounts for about 0.2% of the total global GHG emissions
(Zafeiridou et al., 2018), with the stages of tobacco growing, cigarette
manufacturing, and tobacco curing identified as primary
contributors. While cigarette enterprises’ sustainability reports
(British American Tobacco, 2016) have disclosed emissions from
cigarette production, the carbon emissions attributable to tobacco
cultivation remain largely underestimated. Previous research on the
carbon footprint of tobacco has been limited by short study
durations and small geographical coverage (Hussain et al., 2014),
highlighting a gap in comprehensive, large-scale assessments of
tobacco’s environmental impact. In the context of green
agricultural development, the quantitative evaluation of
greenhouse gas emissions caused by various agricultural inputs
and their use during tobacco cultivation in different tobacco
regions of China is important to mitigate greenhouse gas
emissions from tobacco farmlands and to promote the
development of green tobacco agriculture. Based on statistical
data, this study systematically analyzed the spatial and temporal
dynamics of the carbon footprint and the carbon footprint
composition of tobacco production in China from 2004 to
2017 using carbon footprint theory and the LCA method in
order to provide theoretical references for the construction of
green and low-carbon tobacco agriculture in China.

2 Materials and methods

2.1 Data sources

The study area included 20 provincial administrative regions of
Hebei, Inner Mongolia, Liaoning, Jilin, Heilongjiang, Anhui, Fujian,
Jiangxi, Shandong, Henan, Hubei, Hunan, Guangdong, Guangxi,

FIGURE 1
Tobacco growing areas in China.
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Chongqing, Sichuan, Guizhou, Yunnan, Shaanxi and Gansu,
covering the entire area of tobacco cultivation in China Figure 1.
Due to difficulties in obtaining data, Hong Kong, Macao and Taiwan
were not covered in this study. Data on tobacco production and
cultivated area from 2004 to 2017 were obtained from the China
Agricultural Statistical Yearbook. Agricultural inputs (fertilizers
such as nitrogen, phosphorus, potassium, compound fertilizers,
organic fertilizers, diesel, labor, pesticides, etc.) in tobacco
production from 2004 to 2017 were obtained from the China
Agricultural Statistical Yearbook and the National Compilation of
Information on Costs and Benefits of Agricultural Products.

2.2 Research boundary

The system boundary of this study was the whole process from
seedling transplanting to harvesting, and it mainly accounted for the
potential GHG emissions caused by agricultural inputs such as
fertilizer, diesel, pesticides and seedlings as well as soil non-CO2

GHG emissions produced during tobacco production in
China Figure 2.

2.3 Carbon footprint calculation method

In this study, the LCA method was used to quantitatively
estimate direct and indirect GHG emissions produced during the
production cycle of Chinese tobacco farmland with reference to the
ISO 140674 product carbon footprint accounting standard. The
carbon footprint of the tobacco production process was calculated as
Eq. 1.

CFT � CFinput + CFN2O (1)

In the above equation (Eq. 1), CFT is the carbon emissions from
tobacco production, CFinput is the potential greenhouse gas
emissions from various agricultural inputs produced during the
whole process of tobacco production from transplanting to
harvesting, and CFN2O is the N2O emissions from agricultural
soils; CFinput was calculated as Eq. 2.

CFinput � ∑
n

i�1
Qi × EFi (2)

In Eq. 2, Qi is the amount of each production material input
(kg·ha-1) during tobacco farm production, and EFi is the emission
factor of each production material input; the emission parameters
are shown in Table 1, mainly referring to the China Life Cycle
Database and Ecoinvent database.

CFN2O was calculated with reference to the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories and was
accounted for as Eq. 3.

CFN2O � DCFN2O + GCFN2O + LCFN2O (3)

FIGURE 2
Calculation boundary of carbon footprint of tobacco production in China.

TABLE 1 Greenhouse gas emission factors for agricultural inputs.

Item Coefficient Data source

Diesel 4.9866t(CO2-
eq)·t−1

Zhang et al.
(2017)

Organic fertilizer 0.223t(CO2-eq)·t−1 Zhang et al.
(2017)

Labor 0.86t(CO2-eq)·t−1 Zhang et al.
(2017)

Pesticide 12.44t(CO2-eq)·t−1 Ecoinvent 2.2

N fertilizer Urine 2.39t(CO2-eq)·t−1 Ecoinvent 2.2

Ammonium carbide 0.6484t(CO2-
eq)·t−1

Ecoinvent 2.2

Other nitrogen fertilizer 1.526t(CO2-eq)·t−1 Ecoinvent 2.2

P fertilizer Calcium perphosphate 2.676t(CO2-eq)·t−1 Ecoinvent 2.2

Other phosphate
fertilizer

1.631t(CO2-eq)·t−1 Ecoinvent 2.2

K fertilizer Potassium chloride 0.7079t(CO2-
eq)·t−1

Ecoinvent 2.2

Other potash fertilizer 0.6545t(CO2-
eq)·t−1

Ecoinvent 2.2

Compound fertilizer 1.772t(CO2-eq)·t−1 CLCD 0.7

Agricultural film 22.72t(CO2-eq)·t−1 Ecoinvent2.2
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DCFN2O � N × F1 ×
44
28

× 298 (4)

GCFN2O � N × FG × F2 ×
44
28

× 298 (5)

LCFN2O � N × FL × F3 ×
44
28

× 298 (6)

In Eqs 3–6, DCFN2O is the direct soil N2O emissions produced
due to N fertilizer input (kgCO2·eq·ha-1); GCFN2O is the indirect
N2O emissions produced due to volatilization of NH3 and NOx from
tobacco field soil to the atmosphere after deposition (kgCO2·eq·ha-1);
LCFN2O is the indirect N2O emissions produced due to groundwater
leaching (kgCO2·eq·ha-1); F1, F2 and F3 are the direct N2O emission
factors from nitrogen fertilizer inputs, indirect N2O emission factors
from nitrogen deposition and indirect N2O emission factors from
leaching and runoff losses, with emission factors of 0.01, 0.01 and
0.0075, respectively; FG refers to the proportion of fertilizer that is in
the form of volatilized NH3 and NOx (0.1 kg kg

−1); FL refers to the
proportion of N lost through groundwater leaching and surface
runoff (0.3 kg kg−1); 44/28 is the proportion of molecular weights of
N2O to N2; 298 is the global warming potential (GWP) of N2O to
CO2 on a 100-year scale (Xue et al., 2016) and is uniformly expressed
as CO2 equivalent.

The carbon footprint per unit area and carbon footprint per unit
yield of tobacco production were calculated as follows (Eqs 7, 8):

CFr � CFT

a
(7)

CFy � CFT

y
(8)

In the above equation (Eqs 7, 8), a is tobacco planting area, and y
is the tobacco yield (t·ha-1).

2.4 Data processing and analysis

Microsoft Excel 2011 and SPSS 26 software were used to process
and analyze the data, and Microsoft Excel 2011 and ArcGIS
10.2 software were used to make the graphs.

3 Results and analysis

3.1 Overall trend of carbon footprint of
tobacco production in China

The average carbon footprint per unit area of tobacco
production in China from 2004 to 2017 was 4,098.99 kg CO2-
eq·ha−1, with an overall trend of a slow increase Figure 3. The
carbon footprint per unit area of tobacco production increased
from 3,626.61 kg CO2-eq·ha−1 in 2004–4,585.96 kg CO2-eq·ha−1
in 2017, with an average annual increase of 1.82% (y = 57.64x -
111,787, R2 = 0.8418); the average carbon footprint per unit
production of tobacco production in China from 2004 to
2017 was 1.97 kg CO2-eq kg −1, with an overall slow upward
trend and an average annual increase of 0.98% (y = 0.019x -
36.139, R2 = 0.4422). The carbon footprint per unit of production
of tobacco production increased from 1.92 kg CO2-eq·kg−1 in
2004 to 2.18 kg CO2-eq·kg−1 in 2017, with the lowest value of
1.78 kg CO2-eq·kg−1 in 2010.

FIGURE 3
Change in carbon footprint per unit area and carbon footprint per unit production of tobacco production in China from 2004 to 2017.

FIGURE 4
Interannual variation in the composition of the carbon footprint
of tobacco production in China from 2004 to 2017.
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3.2 Interannual variation in the composition
of the carbon footprint of tobacco
production in China

The proportion of the carbon footprints generated by various
agricultural inputs during tobacco production have varied widely
Figure 4. Fertilizer inputs had the highest carbon footprint of
26.63%, and N2O emissions from agricultural soils produced due
to N fertilizer application accounted for 23.08%; agricultural film
inputs were the second largest contributor, accounting for 24.54%;
pesticide inputs had the lowest carbon footprint of about 1.48%; and
diesel inputs and labor inputs accounted for 13.65% and 10.63%,
respectively. The share of the carbon footprint caused by agricultural
film inputs increased significantly from 24.11% in 2004 to 32.43% in
2017, with an average annual increase of 2.31%, mainly due to the
dramatic increase in the use of agricultural film in the tobacco
production process over the last 15 years (Gao et al., 2022).

3.3 Factors influencing the carbon footprint
of tobacco production in China

Based on the absolute values of the carbon footprint
components of China’s tobacco production system, nine actual
amounts of agricultural inputs, namely, nitrogen fertilizer,
phosphate fertilizer, potash fertilizer, compound fertilizer,
pesticide, diesel fuel, labor, agricultural film and organic
fertilizer, were selected for a stepwise regression analysis of
the carbon footprint per unit area and the carbon footprint
per yield of tobacco production in China from 2004 to 2017,
respectively. The carbon footprint per unit area of tobacco
production in China during 2004–2017 showed a gradual
increase Figure 3. The influence of a compound fertilizer input
(X4), pesticide input (X5) and agricultural film input (X8) showed
a positive correlation; the coefficient of determination was

0.912 in which the compound fertilizer input showed a
significantly positive correlation, with a significance level of
5%, and in which the agricultural film input showed a very
significant positive correlation, with a significance level of 1%
Table 2. It can be expressed as Y1 = 0.105X4 + 4.994X5 + 1.107X8

+ 2013.268. The main factor influencing the increase in the
carbon footprint per unit yield of tobacco leaf production in
China from 2004 to 2017 was the actual agricultural film input
(X8), which showed a positive correlation, with a coefficient of
determination of 0.613. At a significance level of 1%, it could be
expressed as Y2 = 0.001X8 + 1.267.

3.4 Analysis of the carbon footprint of
tobacco production by province in China

There are obvious differences in the tobacco planting areas
among the Chinese provinces Figure 5. Yunnan Province has the
largest average annual planting area of 424.97 ha, while Hebei
Province has the lowest of 2.18 ha. The rate of change in the
planted area of tobacco by province ranged
from −1.067–8.257 ha·a−1 from 2004 to 2017, with nine provinces
showing an overall increasing trend year by year. Yunnan Province
showed the largest increase, with an average annual rate of change of
8.257 ha·a−1. The lowest rate of change of −1.067 ha·a−1 was in
Shandong Province. The average annual tobacco production per
unit area in China’s provinces ranged from 1719.00 to
3,835.00 kg ha−1, with Inner Mongolia having the highest average
annual production per unit area of 3,835 kg ha−1. Guangxi was the
lowest at 1719.00 kg ha−1. The annual average yield per unit area in
each province in China ranged from −4.46–75.15 kg ha-1·a−1, with an
overall increasing trend from northeast to southwest. The highest
annual average rate of change was found in Gansu Province at
75.15 kg ha-1·a−1, and the lowest value was found in Sichuan
Province at −4.46 kg ha-1·a−1.

TABLE 2 Regression equation of carbon footprint of tobacco production in China from 2004 to 2017.

Item Unit area carbon footprint Carbon footprint per unit of output

Regression equation Y1 = 0.105X4 + 4.994X5 + 1.107X8 + 2013.268 Y2 = 0.001X8 + 1.267

Decision factor R2 0.912 0.613

Standard regression coefficient

Nitrogen fertilizer X1

Phosphate fertilizer X2

Potash fertilizer X3

Compound fertilizer X4 0.366*

Pesticide X5 0.297

Diesel X6

Artificial X7

Agricultural film X8 0.491** 0.801**

Organic fertilizer X9

*p < 0.05; **p < 0.01.
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There are significant differences in the average annual carbon
footprints of tobacco production among the Chinese provinces
Figure 6. The highest annual average carbon footprint per unit
area was found in Jiangxi Province at 4,908.65 kg CO2-eq·ha−1,
while Heilongjiang Province had the lowest annual average
carbon footprint of 2,830.92 kg CO2-eq·ha−1. The results
reveals notable regional differences in the annual average
change rates of the carbon footprint for tobacco production
across China, with a particular concentration of higher rates
in the western provinces. Inner Mongolia experienced the most
significant decrease in carbon footprint per unit area, indicating a
substantial annual average reduction rate. There is a discernible
trend in the annual average carbon footprint per unit of
production, displaying a skewed pattern from the south to the
north of China. Provinces in southwest China particularly
exhibited higher increases in carbon footprint per unit
production. Notably, Guangdong Province achieved the largest
reduction in carbon footprint per unit of production, recording
an average annual rate of change of −0.051 kg CO2-eq·kg-1·a−1.

3.5 Comparison of carbon cost production
and revenue of tobacco production in each
province of China

The 20 tobacco-growing provinces of China were divided into four
categories, or regions, based on the average annual carbon footprint per
unit area and the average annual yield: high emissions–high yield, high
emissions–low yield, low emissions–high yield and low emissions–low
yield Figure 7. The Shandong, Anhui and Jiangxi provinces were located
in the high-emissions–high-yield region, while the Yunnan, Hunan,
Gansu, Guangdong and Fujian provinces were located in the high-
emissions–low-yield region. This was especially accurate for Gansu
Province, which exhibited significantly higher carbon emissions
accompanied by lower yields. Seven provinces, Sichuan, Chongqing,
Liaoning, Shaanxi, Hubei, Guangxi and Guizhou Province, were in the
low-emissions–low-yield region. Heilongjiang, Jilin, Hebei and Inner
Mongolia were in the low-emissions–high-yield region, and this was
especially accurate for Inner Mongolia, which exhibited significantly
low-effect carbon emissions accompanied by high yields.

FIGURE 5
Distribution of tobacco planted area, yield per unit area and its rate of change by province in China from 2003 to 2017. (A) Distribution of tobacco
planted area (unit is ha), (B) distribution of the rate of change of tobacco planted area (unit is ha·a−1), (C) distribution of yield per unit area (unit is kg·ha) and
(D) distribution of the rate of change of yield per unit area (unit is kg·ha−1·a−1).
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FIGURE 6
Distribution of carbon footprint per unit area, carbon footprint per unit production and the change rate of tobacco production by province in China
from 2003 to 2017. (A) Distribution of carbon footprint per unit area in kg CO2-eq·ha−1, (B) distribution of carbon footprint change rate per unit area in kg
CO2-eq·ha−1·a−1, (C) distribution of carbon footprint per unit production in kg CO2-eq·kg−1 and (D) distribution of carbon footprint change rate per unit
production in kg CO2-eq·kg−1·a−1.

FIGURE 7
Distribution of annual carbon emissions and yield per unit area of
tobacco production in different provinces of China from
2004 to 2017.

FIGURE 8
Distribution of annual carbon emissions and revenue per unit
area of tobacco production in different provinces of China from
2004 to 2017.
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The 20 tobacco-growing provinces of China were divided into
four categories, or regions, based on the average annual carbon
footprint per unit area and the average annual net profit: high
emissions–high benefit, high emissions–low benefit, low
emissions–high benefit and low emissions–low benefit Figure 8.
Shandong, Anhui and Gansu Province were located in the high-
emissions–high-benefit region, while Fujian, Yunnan, Hunan,
Guangdong and Jiangxi were located in the high-emissions–low-
benefit region, with Fujian Province exhibiting a significantly low
benefit combined with high levels of carbon emissions. Chongqing,
Sichuan, Shaanxi, Hubei, Guizhou and Guangxi were in the low-
emissions–low-yield region, and Heilongjiang, Henan, Jilin, Hebei,
Liaoning and Inner Mongolia were in the low-emissions–high-yield
region, with Inner Mongolia in particular exhibiting significantly
low-effect carbon emissions combined with a high yield. The
Yunnan, Guangdong and Hunan provinces were located in the
high-emissions regions with both a low yield and low revenue, and
five provinces, Inner Mongolia, Hebei, Jilin, Heilongjiang and
Henan Province, were located in the low-emissions regions with
both a high yield and high revenue.

4 Discussion

4.1 Carbon footprint of tobacco production
in China

Since the formation of the China National Tobacco Corporation
(CNTC), which has significantly contributed to China’s financial
revenue, there has been a notable shift in focus towards ecological
sustainability. This change was particularly emphasized following
the 18th Party Congress, which integrated the construction of
ecological civilization into China’s comprehensive ‘Five-in-One’
development strategy, with green agricultural development being
a key component of this initiative (Jin et al., 2021). In the years
2021 and 2022, the tobacco industry in China took decisive steps by
issuing implementation opinions aimed at promoting the green
transformation of the tobacco sector. These steps include aligning
with the ‘double carbon’ objectives - carbon peaking and carbon
neutrality - as part of the industry’s commitment to high-quality
development (Dongfang, 2022). Li et al. (2017) analyzed the carbon
footprint of the manufacturing section of a domestic brand of
cigarette based on the LCA method. Wang et al. (2018)
developed a comprehensive energy consumption model to
provide a theoretical basis for reducing emissions in the cigarette
yarn-making section. No carbon footprint studies have been
reported for tobacco growing, which is an important stage of
tobacco production. Therefore, there is an urgent need to
account for the carbon footprint of the tobacco growing process
and to analyze its composition and dynamic changes. From 2004 to
2017, the carbon footprint of tobacco production in China exhibited
an upward trend, with a notable increase in 2006 primarily due to
the rising carbon footprint from fertilizer use. This increase
coincided with the abolition of the agricultural tax in China in
2006, which, coupled with escalating food prices, spurred farmers’
enthusiasm for cultivation and increased fertilizer demand (Xu et al.,
2020). This surge in fertilizer usage led to an upswing in domestic
production capacity, subsequently elevating the carbon footprint.

However, the introduction and widespread adoption of scientific
fertilization methods have since contributed to a gradual
deceleration in the carbon footprint’s growth rate. In recent
years, China’s tobacco leaf production has shown a fluctuating
pattern. Initially, it increased annually, driven by the domestic
macroeconomic improvement, population growth, and rising per
capita income, which stimulated cigarette consumption. The
production peaked in 2010 but has since been on a decline. This
downward trend can be attributed to growing health consciousness
among the public, leading to reduced cigarette demand and
consequently, a decrease in tobacco leaf production. The results
of this study show that the carbon footprint per unit area of tobacco
production in China is 4,098.99 kg CO2-eq·ha−1, which is higher
than China’s average carbon footprint per unit area of maize
production of 3,934 kg CO2-eq·ha−1 and higher than China’s
average carbon footprint per unit area of wheat production of
2,786 kg CO2-eq·ha−2 (Wu, 2022). Therefore, the carbon footprint
per unit area of these three crops in China can be shown as tobacco >
maize > wheat. Therefore, in the future crop production layout, the
tobacco planting area can be appropriately reduced, and the wheat
and corn planting areas can be appropriately expanded to reduce
planting carbon emissions.

4.2 Carbon footprint composition of
tobacco production in China

Multiple studies have shown that the main source of greenhouse
gas emissions from fields is fertilizer application of which the carbon
emissions caused by N fertilizer application account for more than
half (Yan et al., 2015), and this study also found that fertilizer input
makes up the highest proportion of the carbon footprint per unit
area of tobacco, reaching 26.63%, of which N fertilizer input causes
23.08% of farmland soil emissions. Additionally, this study shows
that the utilization rate of fertilizer in China is low through the
utilization rates of nitrogen, phosphorus and potassium fertilizers.
Some studies have shown that the fertilizer utilization rates in China
are low, with rates of 30%–45%, 10%–20% and 35%–40% for
nitrogen fertilizer, phosphorus fertilizer and potassium fertilizer,
respectively, which is less than half of the utilization rates in
developed countries (Zhang et al., 2013; Yang et al., 2015), and
they have shown that low fertilizer application rates are generally
accompanied by the excessive application of nitrogen fertilizer (Ke
et al., 2018). In China, a prevalent issue among tobacco farmers is the
lack of scientific fertilization knowledge, which leads to an elevated
carbon footprint from fertilizer use in tobacco production. This
challenge is not unique to tobacco but is also common in the
production of various grain crops across the country. To mitigate
nitrogen fertilizer loss and reduce the fertilizer’s carbon footprint,
one potential strategy is to increase the frequency of topdressing
appropriately. Furthermore, this study highlights that the use of
agricultural film constitutes 24.54% of the carbon footprint per unit
area in tobacco production, ranking as the second largest emission
source after fertilizer. The reliance on agricultural film, increasing by
an average of 2.31% annually, is part of the mainstream tobacco
cultivation practice in China. While it improves the economic
efficiency of tobacco farming, it also leads to issues like seedling
collapse and white pollution (Cheng et al., 2014). Some studies have
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shown that the amount of film used in tobacco cultivation is high,
and some tobacco farmers use agricultural film of a substandard
thickness, which cannot be recycled (Chen and Wang, 2022). This
study also found that the amount of agricultural film used in tobacco
production in Yunnan Province is as high as 57.87 kg ha−1, which
has the highest carbon footprint in China, and the use of agricultural
film in Yunnan Province accounts for 28.48% of the carbon
footprint per unit area of tobacco production, which is higher
than most provinces in China. Therefore, reducing the amount of
agricultural film is the key to reducing emissions in tobacco
production in Yunnan Province. The China National Tobacco
Corporation’s Guizhou Province Company initiated a notable
pilot project in Zunyi for agricultural film recycling. In 2017, this
project successfully removed and processed 71,260 ha of used
tobacco mulch, covering 71.07% of the total mulched area in
Guizhou Province. This endeavor resulted in the recycling of
7,520 tons of waste mulch, which was repurposed to produce
2,915 tons of materials such as plastic trays and seedling trays, as
reported (Guizhou Provincial Committee of the Communist Party
of China, 2019). This model of recycling used agricultural film
presents a commendable approach for all tobacco planting regions.
Similarly, the waste agricultural film generated from corn cultivation
in Southwest China and winter wheat farming in the Huanghuai
Plain could be repurposed using this method. To promote the
reduction and recycling of agricultural film, vigorous supervision,
subsidies for farmers who adopt emission reduction practices, and
improved verification standards are necessary. Straw and grass
mulching are widely used in the United States, Japan and other
developed countries for crops such as apples and grapefruit (Tu
et al., 2021), and they are worthy of reference in tobacco production.
In addition, the labor cost is the highest part of the total cost of
tobacco production in China, exceeding the cost of land and other
agricultural inputs, andmachinery, instead of manual work, is one of
the effective ways to improve the efficiency of tobacco cultivation
in China.

4.3 Differences in the carbon footprints of
tobacco production among the provincial
regions in China

There are significant regional differences in the carbon footprints
per unit area and the carbon footprints per unit production of tobacco
production in the different provinces of China, which are related to the
differences in climate, topography and soil in different tobacco growing
regions in China as well as the differences in the main tobacco varieties
planted in each province. In this study, we found that the carbon
footprint and the cost input of tobacco production in Guangdong
Province are both at a high level in China. Due to urbanization, the
tobacco growing areas in Guangdong Province have gradually shifted
from the plains to remote mountainous areas (Zhen et al., 2017),
resulting in the low penetration of tobacco growing machinery and
high labor costs in tobacco production, with the highest cost reaching
130 CNY·p−1·d-1. This study also found that Inner Mongolia exhibits
significantly lower emissions combined with higher yields and
production values. Inner Mongolia is located in the midlatitude
region, with simultaneous rain and heat, which is conducive to the
growth of tobacco leaves (Tian, 2020). The average annual tobacco

yield in Inner Mongolia is 3,450 kg ha−1, which is mainly in Chifeng
City; its subordinate county-level cities are all national or provincial
poverty-stricken counties, where tobacco is a major cash crop and
where it enjoys policy advantages. The cost of agricultural inputs is
lower than that of resource-poor areas, and the labor cost is much
lower than that of coastal provinces. Meanwhile, agricultural carbon
emission intensity is influenced by agricultural technical efficiency
(Guo et al., 2022), which is at a higher level in eastern China and which
is significantly better than in the central and western regions. The
intensity of agricultural carbon emissions is higher in nongrain-
producing regions than in grain-producing regions because the
implementation of agricultural emission reduction measures
effectively reduces greenhouse gas emissions in grain-producing
regions (Yang et al., 2021). At the same time, the high standard of
safety requirements for food rations inhibits farmers from
overapplying medicines and performing other high-carbon-emission
behaviors (Gelfand et al., 2013; Sun et al., 2021), and the carbon
emission of the food crop production process is lower than that of cash
crops. Therefore, appropriately expanding the cultivation area of food
crops in the crop layout and improving agricultural technology
efficiency are important ways to reduce regional agricultural
carbon emissions.

4.4 Emission reduction strategies for
tobacco production in China

This study underscores that optimizing scientific fertilization
and managing tobacco field mulch effectively are crucial for
reducing emissions in China’s tobacco production. Prioritizing
soil testing and balanced fertilization practices is essential. This
includes applying the correct amount of base fertilizer, avoiding
excessive single-application fertilization, increasing fertilization
frequency, and utilizing slow-release fertilizers to minimize
nitrogen loss and enhance nutrient utilization. While high-
efficiency fertilizers present a viable solution for scientific
fertilization, their widespread adoption among farmers is
hampered by cost concerns. Additionally, increasing the
frequency of top-dressing fertilization raises labor inputs and
presents challenges in standardization. To address these issues,
the implementation of subsidy policies and enforcement
mechanisms is necessary to incentivize and standardize these
practices. Rational crop rotation is an important way to reduce
greenhouse gas emissions from farmland soils. With the same
amount of fertilizer, N2O emissions from a roasted tobacco–corn
rotation are reduced by more than half compared with those of
continuous roasted tobacco crops (Jiang et al., 2020). According to
the differences in the climate and soil conditions in different tobacco
growing provinces, we should develop suitable emission reduction
policies. To balance the reduction of agricultural film use with
maintaining tobacco leaf yield, region-specific strategies are
essential. In areas prone to droughts and low temperatures
during the transplanting period, substantial reductions in
agricultural film use may be challenging. Here, the focus should
shift to effective recycling of waste agricultural film and avoiding the
use of ultra-thin films. Concurrently, the trend towards planting
mechanization, essential for large-scale production, faces obstacles
in tobacco cultivation due to its labor-intensive nature. This
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challenge is particularly pronounced in major producing areas like
Yunnan and Sichuan, where complex terrain limits large-scale
mechanical operations. Therefore, in such regions, emphasis
should be placed on small-scale farming and the widespread
adoption of compact agricultural machinery to reduce labor
costs. Sustainable tobacco production also relies heavily on
supportive policies and robust regulatory systems. High standards
set by cigarette companies for raw materials not only address
consumer demands for food safety but also incentivize farmers
towards scientific production practices. This approach indirectly
reduces carbon emissions associated with the overuse of fertilizers
and pesticides. Additionally, the establishment of specialized
supervision departments at local tobacco stations can play a
crucial role. By conducting regular visits and overseeing the
planting process, these departments can ensure the
implementation of low-carbon measures by farmers, thereby
facilitating effective emission reduction at the source.

4.5 Limitations of this study

This study used the LCA method to account for the carbon
footprint of tobacco production in China based on relevant national
statistical data, and the calculation process considered the carbon
emissions caused by the nine most important agricultural inputs in
tobacco production as well as the greenhouse gas emissions from
farmland, achieving a more comprehensive calculation measurement
and comparison under the same standard. However, the calculation
method of direct GHG emissions from farmland soils in this study
refers to previous research results, and the differences in the climatic
conditions and soil properties in the study area led to some deviations
between the measured results and the actual data. Secondly, the
pesticide used a single emission factor without further refinement,
which would also cause some differences between the measured results
and the actual values. In a subsequent in-depth study, the emission
factors of each input should be refined, and carbon footprint calculation
formulas that meet different research geographical conditions should be
adopted so as to obtain more accurate carbon footprint values.

5 Conclusion

This study, employing the LCA method, meticulously analyzes
the carbon footprint of various functional units in China’s tobacco
production from 2004 to 2017, delineating its composition,
influencing factors, and dynamic changes. The key findings and
conclusions are as follows:

• The average values of the carbon footprint per unit area and
the carbon footprint per unit yield of tobacco production in
China from 2004 to 2017 were 4,098.99 kg CO2-eq·ha−1 and
1.97 kg CO2-eq·kg−1, respectively, and both showed an
increasing trend with an increase in the years.

• The carbon footprints caused by fertilizer inputs in the tobacco
production process were the highest at 24.31%–28.70%
followed by agricultural film inputs at 21.27%–32.43%.

• Notable regional disparities were observed in the carbon
footprints of tobacco production among different provinces.

Jiangxi, Guangdong, Hunan, and Yunnan reported higher
values for both per unit area and per unit yield.
Conversely, Inner Mongolia, Hebei, Henan, Jilin, and
Heilongjiang exhibited lower carbon footprints per unit
area, alongside high yields and benefits.

In light of these findings, the study underscores the importance
of scientific fertilization, minimizing agricultural film usage,
strategic adjustment of tobacco planting layouts, and the
acceleration of mechanization in tobacco cultivation as critical
measures for reducing carbon emissions in China’s
tobacco industry.
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Introduction: The literature on the finance–emission nexus offers conflicting
conclusions. This study resolves this inconsistency by investigating the symmetric
and asymmetric effect of financial development on ecological footprint in South
Africa, using the Environmental Kuznets Curve framework as a guide. Given the
coexistence of ecological deficits andworld-class financial development systems
in South Africa, it is essential to explore and evaluate potential solutions to
mitigating these deficits. Our empirical analysis contributes to the body of
literature on the impact of financial development and ecological footprint by
using a comprehensive measure of financial development and disaggregates it
into its sub-indices to provide a nuanced analysis.

Method: This study employs the linear auto regressive distribution lag and
nonlinear auto regressive distribution lag techniques to explore the complex
interactions of financial development and ecological footprint.

Results and Discussion: The findings of this research indicate that financial
markets and institutions seem to have varying effects on the ecological
footprint. Financial market indices promote environmental quality, while
financial institutions exacerbate environmental quality. These results call for
policymakers to craft a watertight process that will encourage both financial
markets and institutions to allocate capital to projects that are pro-
environmental.

KEYWORDS

financial development, ecological footprint, asymmetric, financial markets, NARDL

1 Introduction

The current challenge faced by the global community is the imperative of ensuring the
continuity of sustainable development (SD) for both current and subsequent generations.
Addressing environmental degeneration has transitioned from low priority into a pressing
necessity for global survival Khan et al., (2021). Efforts to prioritise environmental deterioration
suggest that global leaders are beginning to recognise and appreciate the interconnectedness
between human activities and the planet and the unintended consequences. Shabhaz et al. (2013)
argue that the view of environmental degeneration, being a problem of advanced and not
emerging nations, remains invalid with respect to consequences. A momentous global rise in

OPEN ACCESS

EDITED BY

Zhen Liu,
Nanjing Normal University, China

REVIEWED BY

Cüneyt Dumrul,
Erciyes University, Türkiye
Abdul Majeed,
Huanggang Normal University, China

*CORRESPONDENCE

Mduduzi Biyase,
mbiyase@uj.ac.za

RECEIVED 01 December 2023
ACCEPTED 15 March 2024
PUBLISHED 24 April 2024

CITATION

Khoza S and Biyase M (2024), The symmetric
and asymmetric effect of financial development
on ecological footprint in South Africa: ARDL
and NARDL approach.
Front. Environ. Sci. 12:1347977.
doi: 10.3389/fenvs.2024.1347977

COPYRIGHT

© 2024 Khoza and Biyase. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 24 April 2024
DOI 10.3389/fenvs.2024.1347977

247

https://www.frontiersin.org/articles/10.3389/fenvs.2024.1347977/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1347977/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1347977/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1347977/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1347977/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2024.1347977&domain=pdf&date_stamp=2024-04-24
mailto:mbiyase@uj.ac.za
mailto:mbiyase@uj.ac.za
https://doi.org/10.3389/fenvs.2024.1347977
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2024.1347977


economic activities has led to a high demand for natural resources (land,
fossil fuels, forests, fish, etc). The situation is so critical that the global
footprint network has projected that 80% of global land has reached
ecological deficit. Many developing countries are in a similar situation.
For example, South Africa ranks 17th out of 185 countries with the
highest EF (Global Footprint Network, 2023). Bowa et al., (2019)
observe that South Africa ranks first of 15 economies with the
highest environmental emissions within the Southern African
Development Community (SADC) region.

Several human-related factors that contribute to environmental
degradation have been investigated, with a special focus on variables
such as energy-consumption patterns. More recently, Adams and
Klobodu (2018), Baloch et al. (2019), Godil et al. (2020), Tsaurai
(2019) and Ju et al. (2023) have considered financial development
(FD) among the crucial factors that are likely to influence
environmental degeneration. As more and more countries better
financially develop, they are likely to engage in unsustainable
practices like the overutilisation of natural resources and
environmental pollution. South Africa has taken the drastic step
since the 1990s of reorganising the financial sector through a series
of supervisory changes and revamps to elevate its financial
infrastructure to a higher calibre (Bank of International Settlements
BIS, 2012). Furthermore, Shabhaz et al. (2013) and Ilesanmi and Tewari
(2019) posit that the financial systems of South Africa are advanced,
with highly respected banking regulations rated among the top-ten
nations with such sophisticated systems. South Africa clearly presents
an interesting place for research, given the international dialogue
concerning environmental issues and financial development.

While recent studies have shed more light on the relationship
between FD and environmental quality, the findings remain
inconclusive, with some studies demonstrating that FD increases
environmental quality, whereas others claim that increased FD
worsens environmental degradation. Contributing to the inconclusive
findings is the fact that many prevailing studies assume a linear
relationship between FD and environmental quality. For example,
several studies assessing the financial development and ecological
footprint nexus in South Africa assume a linear association (Shabhaz
et al., 2013; Bekun et al., 2019; Nathaniel et al., 2019; Adebayo et al.,
2021). Second, many of these studies rely on conventional measures of
financial development (including domestic credit to GDP) and
environmental quality (CO2, which only accounts for air pollution).

The contribution of this study is threefold. First, it uses a multi-
facet measure of environmental quality, frequently referred to as
“ecological footprint”, which considers numerous environmental
indices for environment quality as a CO2 proxy. Second, this study
also uses a comprehensive measure of FD which offers a more
nuanced analysis of financial development by allowing for factors
like depth, access, and efficiency across financial institutions and
markets, thereby giving specific insights into the different impacts of
financial markets and financial institutions on environmental
quality in South Africa. Third, this study examines the intricate
dynamics that might exist beyond a simple linear relationship by
employing ARDL for the linear effects and NARDL for the non-
linear effects of FD to produce robust policy suggestions.

The structure of this research is as follows. Section 2 provides the
literature review. Section 3 focuses on the technique, modelling, and
data to be used. Empirical results and interpretations are explained in
Section 4. Section 5 concludes by drawing the implications of the results,

recommendations for the policymakers, and the deficiencies of
this research.

2 Literature

2.1 Theoretical literature

The connection between FD and EF is multidimensional, with
economists far from reaching a consensus as to whether FD
exacerbates or improves EF (Awosusi et al., 2022). The view taken by
some economists is that FD can reduce EF (UNEP, 2011; Majeed and
Mazhar, 2019; Zaidi et al., 2019; Odhiambo, 2020; United Nations
Environment Programme; Zhao and Yang, 2020; Akinsola et al., 2021;
Hussain et al., 2022; Acar et al., 2023). This view is derived from many
theories in this field, such as the Green Growth Theory, which suggests
that FD supports and facilitates the expansion of green industries, thus
implying that FD lessens EF in diverse sectors of the economy UNEP
(2011). The view is also partly underpinned by the ecological
modernisation theory; although it is not directly related to the
connection between FD and EF, it does point to a certain degree of
complementary harmony between FD and environmental protection. A
view held by other economists is that FD intensifies EF due to increased
economic activity (Adams and Klobodu, 2018; Nathaniel et al., 2019;
Tsaurai, 2019; Khan et al., 2021; Yang et al., 2021; Dada et al., 2022a;
Hussain et al., 2023). This view is partly premised on a consumerism
theory whereby improvement in economic activities can induce
consumer behaviour, which in turn exacerbates EF (Pepper et al.,
2009). Another theory that sheds some light on this view is the
pollution refuge hypothesis which highlights the close links between
FD and EF. According to this theory, economies that lack environmental
regulations tend to have a higher EF because local industries do not
bother about regulations and the unintended consequences of the
production process, thus stimulating higher EF (Cil, 2022). Last but
not least, a well-known hypothesis that underpins the finance–emission
nexus is the environmental Kuznets curve (EKC). The upward sloping
portion of the EKC characteristically points to a positive relationship
between economic development and environmental degradation. It is in
this upward sloping part of the EKC that the financial sector appears to
intensify/worsen environmental degradation by enabling more
production in various sectors of the economy. The downward-
sloping portion of the EKC is due to the financial sector embracing
and using green and modern technologies.

There is an extensive recent literature that has empirically
investigated the connection between FD and EF (see Table 1).
Nevertheless, the findings have far from converged, which may
be characterised by factors such as methodology, sample size,
control variables, proxies, and countries. Thus, the empirical
studies on this subject are in three distinct categories: 1)
exploring the worsening effect of FD; 2) emphasising the
mitigating effect; 3) analyzing nonlinear effects. These are
explained below.

2.2 FD worsens EF

The first set of studies suggests a positive correlation between FD
and EF (Adams and Klobodu, 2018; Baloch et al., 2019; Tsaurai,
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TABLE 1 Summary of empirical literature.

No. Author/title Region Period Technique Results

1 Uddin et al. (2023) Developed and developing countries 2002–2018 Panel ARDL FD increases EF in
developed and
developing countriesHeterogeneous role of energy utilization, financial

development, and economic development in ecological
footprint: How far away are developing economies from
developed ones

2 Ozturk et al. (2023) South Asia countries 1971–2018 Second-generation
panel-time series

FD reduces EF.

An empirical investigation of financial development
and ecological footprint in South Asia: Bridging the
EKC and pollution haven

3 Balsalobre-Lorente et al. (2023) APEC countries 1994–2018 FMOLS FD inverted
U-shaped EF

Exploring the linkage between financial development
and ecological footprint in APEC countries: A novel
view under corruption perception and environmental
policy stringency

4 Omoke et al. (2020) Nigeria 1971–2014 NARDL FD reduces EF

The impact of financial development on carbon, non-
carbon, and total ecological footprint in Nigeria: new
evidence from asymmetric dynamic analysis

5 Saud et al. (2019) 49 One-Belt-One-Road Initiative
countries

1990–2014 PMG, ARDL FD increases EF

The role of financial development and globalization in
the environment: Accounting ecological footprint
indicators for selected one-belt-one-road initiative
countries

6 Sun et al. (2023) South Asian countries 2000–2018 CS-ARDL FD inverts U-shaped EF

The non-linearity between financial development and
carbon footprints: the environmental roles of
technological innovation, renewable energy, and
foreign direct investment

7 Gill et al. (2022) Pakistan 1980–2018 NARDL FD increases EF

The asymmetric impact of financial development on
ecological footprint in Pakistan

8 Acar et al. (2023) Azerbaijan 1996–2017 ARDL FD reduces EF

The effect of financial development and economic
growth on the ecological footprint in Azerbaijan: an
ARDL bound test approach with structural breaks

9 Dada et al. (2022a) South Africa 1980–2017 ARDL NARDL FD reduces EF.

Does financial development has (a)symmetric effect on
environmental quality: insights from South Africa

10 Muhammad et al. (2023) China, United States, India, Japan,
Brazil, Indonesia, Mexico, Korea,
Turkey, United Kingdom

1992–2017 CCE estimator FD increases EF

The effect of financial development and economic
growth on ecological footprint: evidence from top
10 emitter countries

11 Raza et al. (2022) Pakistan 1960–2019 QARDL FD reduces EF

Asymmetric role of non-renewable energy
consumption, ICT, and financial development on
ecological footprints: evidence from the QARDL
approach

12 Zhang et al. (2022) European Union 1980–2019 CS-ARDL FD increases EF

How do renewable energy consumption, financial
development, and technical efficiency change cause
ecological sustainability in European Union countries?

(Continued on following page)
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2019; Godil et al., 2020; Dada et al., 2022c; Ju et al., 2023). Tsaurai
(2019) assessed the influence of FD on CO2 in West African nations
employing the panel data method from 2003 to 2014. One of the
conclusions centres on the pooled ordinary least squares (OLS)
method whereby the local credit supplied by the financial sector led
to the rise of CO2. The impact of natural resources, FD, and
economic success on the EF of Malaysia from 1980 to 2019 was
evaluated by Khan et al., 2021. That study adopted a dynamic
simulated auto-regressive distribution lag method to find that
FD, economic prosperity, and natural resources are behind the
rise in EF. Reaching a similar conclusion, Dada et al. (2022c)
examined the link between FD and EF in Malaysia between
1981 and 2017, utilising ARDL, fully modified OLS (FMOLS),
dynamic OLS (DOLS), and canonical cointegration regression
(CCR). They found that FD leads to a long-term deterioration of
EF. Cross-country research by Adams and Klobodu (2018)
examined 26 African countries for 1985 to 2011, utilizing the
chow test, cross-country regression, and generalized method of
moments (GMM) to discover that FD propels environmental
degradation.

2.3 FD improves EF

The second collection of studies drew on claims that FD
promotes EF (Shahbaz et al., 2013; Majeed and Mazhar, 2019;
Zaidi et al., 2019; Odhiambo, 2020; Zhao and Yang, 2020;
Adebayo et al., 2021; Akinsola et al., 2021; Kihombo et al., 2021;
Hussain et al., 2022; Acar et al., 2023; Wang et al., 2023). Shahbaz
et al. (2013) explored the effect of FD, economic prosperity, coal
utilization, and trade liberalization on environmental performance
in South Africa by employing ADRL bound test time sequence data
for 1965–2008. They revealed that an upsurge of economic
prosperity led to a rise in energy discharge, while FD lessened it.
Habiba and Xinbang (2022) evaluated the stimulus of FD on CO2 for
advanced and emerging economies by considering a multivariate
measure of FD, FM, and FI indices for 2000–2018. Their study
employed two-stage GMM and panel data regression to reveal that
FM indices reduce EF for both advanced and emerging economies,
whereas FI exacerbates EF. Arogundade, Hassan & Bila (2022)
explored the influence of the dispersion proceeds on the EF of

22 African nations using fixed effects, fixed effects instrumental
variables, method of moments quantile regression, and the
heterogenous Granger causality test. Some of their findings
confirmed that FD has a remarkable influence in reducing the
environmental deterioration impact of dispersion proceeds.

Majeed and Mazhar (2019) assessed the effect of FD on the
environment by utilizing an inclusive measure of EF for 131 nations
for 1971–2017. A panel data method was employed, including DK
standard errors and GMM. They discovered that FD proxies (local
lending toward private sector, local lending to private sector by
banks, and local lending supplied by financial sectors) play a critical
function in enhancing environmental quality. Furthermore, their
analysis revealed that local lending to the private sector is more
robust when likened to former proxies of FD. Lastly, Wang et al.
(2023) assessed the impact of clean energies, advanced technology
industries, and the financial boom on the EFs of developed and
emerging economies for 1990–2020. They used the GMM and panel
quantile regression; their results suggest that FD improves EF in
both types of economy.

2.4 Nonlinear influence of FD on EF

The last group of studies produced mixed results when assessing
the connection between FD and EF (Ashraf et al., 2022; Destek and
Sarkodie, 2019; Saud et al., 2019. Saud et al. (2019) explored the
influence of FD and globalization on the EF of 49 designated BRI
nations for 1990–2014 using pooled means group long-term panel
estimations. They found that EF increased because FD increased
energy utilization, economic prosperity, and commerce in
30 nations. Inversely, FD decreased EF in 14 nations. Destek and
Sarkodie (2019) examined the environmental Kuznet curve for EF in
11 newly industrialised economies over 1977–2013 using the
heterogeneous panel causality technique and the augmented
mean group. The findings confirmed that FD reduced EF only in
China, Malaysia, and Singapore.

Although many of the above studies (Shahbaz et al., 2013;
Adams and Klobodu, 2018; Baloch et al., 2019; Destek and
Sarkodie, 2019; Majeed and Mazhar, 2019; Nathaniel et al., 2019;
Saud et al., 2019; Tsaurai, 2019; Zaidi et al., 2019; Odhiambo, 2020;
Shahbaz et al., 2020; Zhao and Yang, 2020; Adebayo et al., 2021;

TABLE 1 (Continued) Summary of empirical literature.

No. Author/title Region Period Technique Results

13 Usman et al. (2023) Next 11 countries 1995–2019 DCCE, AMG FD reduces EF

Disaggregated financial development and ecological
sustainability: the critical role of urbanization, energy
utilization, and economic growth in next 11 economies

14 Dada et al. (2022b) African countries 1991–2017 Mean group
estimator

FD increases EF

On the shadow economy–environmental sustainability
nexus in Africa: the (ir)relevance of financial
development

15 Xu et al. (2022) European countries 2000–2020 FGLS, GMMRE. FD increases EF

The impact of financial development on environmental
sustainability: A European perspective
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Akinsola et al., 2021; Khan et al., 2021; Kihombo et al., 2021; Yang
et al., 2021; Dada et al., 2022b; Hussain et al., 2022; Acar et al., 2023;
Hussain et al., 2023; Wang et al., 2023) analyzed the linear
relationship between FD and the EF, very few studied the
asymmetric nexus between these variables (Gill et al., 2022; Godil
et al., 2020; Karasoy, 2019; Lahiani, 2019; Ling et al., 2021; Mensah
and Abdul-Mumuni, 2022; Omoke et al., 2020; Shahbaz et al., 2016).
The NARDL methodology eases the assumption of linearity and
advocates for asymmetry among the measured variables (Shin et al.,
2011). Other related empirical studies that have employed NARDL
include the work of Omoke et al. (2020) in Nigeria, Lahiani, (2019)
in China, Karasoy (2019) in Turkey, Gill et al. (2022) in Pakistan,
and Mensah and Abdul-Mumuni (2022) in sub-Saharan Africa.

What emerges from the above literature review is that the
findings on the finance–emission nexus have not yet converged,
posing great difficulties in formulating a consistent environmental
management policy for all countries. Part of the reason why these
findings have not yet converged is that they assume a linear
association between FD and emissions and use different sets of
proxies and techniques for environmental quality and FD, thereby
validating the need for a more nuanced account of the effect of FD
on environmental quality. While this study is not the first to evaluate
the asymmetrical influence of FD on environmental quality in
emerging economies, the limitation of existing investigations
(Lahiani, 2019; Tsaurai, 2019; Habiba and Xinbang, 2022;
Hussain et al., 2022; Manigandan et al., 2022; Wu et al., 2022;
Hussain et al., 2023; Ofori et al., 2023; Qalati et al., 2023; Raihan,
2023) is that they rely heavily on CO2 emissions, which only account
for air pollution but not problems for water, soil, and other aspects of
the environment. Moreover, some of these studies also rely on
traditional measures of FD, thereby ignoring multifaceted
measures of FD which allow for aspects like depth, access, and
efficiency across financial institutions and markets.

Considering this gap, this study advances the literature by
examining a comprehensive measure of FD and disaggregates it
into its sub-indices to provide a nuanced analysis, helping the reader
to appreciate how components of FD affect EF. Second, this study
used ARDL for the linear effects and NARDL for non-linear effects
of FD to produce robust policy suggestions. In bridging these gaps,
this empirical work aims to add to the present body of knowledge by
raising the following questions: 1) Is the FD-EF nexus asymmetric in
South Africa? 2) Does the disaggregated FD (FM and FI) have the
same impact on EF?

3 Methodology

This section covers the technique that was employed to establish
both the short- and long-term influence of FD on EF in South Africa.
It contains data and variables, model specification, and
estimation methods.

3.1 Data and variables

This research utilized 38-year time-series dataset for 1980–2018.
The rationale for using this timeframe is that 1980 marks the
beginning of numerous variables for South Africa while 2018 was

chosen as the end of the period due to the unavailability of data for
some variables. EF presented as the dependent variable denoting
“ecological footprint” (constant per capita) and assessed by means of
a consumer-basedmethod andmeasured in global hectares (gha) per
capita (See Table 2). The core explanatory variables were financial
market, financial institution development indices, and overall
financial development (FM, FI, and FD) established by the
International Monetary Fund (2019). The justification for this
index is that it accounts for the complex multifaceted nature of
financial development which traditional measures do not consider.
The other control variables were chosen because they have been
commonly used as covariates in preceding studies. We controlled for
gross domestic product per capita—GDP divided by population
(constant 2010 US$)—and ENUSE—energy use per capita
(measured in kg of oil equivalent per capita) —following
Adebayo et al. (2021), Arogundade et al. (2022), Nathaniel et al.
(2019), Omoke et al. (2020), and Shabhaz et al. (2013). To obtain
dependable results, all proxies were converted into natural
logarithms in order to reduce variability and make data move
closer to normal distribution. The EF variable is obtained from
global footprint network (GFN), financial development from the
International Monetary Fund (IMF), and gross domestic product
per capita and energy use from the World Development Indicators.

The main intent of this research was to assess the asymmetric
effect of FD on EF in South Africa. Several studies have used FD as
the proxy for evaluating its influence on EF (Shabhaz et al., 2013;
Nathaniel et al., 2019; Kihombo et al., 2021; Gill et al., 2022; Wu
et al., 2022). The relationship between FD, FM, FI, GDP, ENUSE,
and EF is presented in the following functional form.

3.2 Model specifications

Equation 1 regresses EF on the aggregated measure of FD, which
combines FM and FI. Eqs 1a and 1b regress EF on the unbundled
measure of FD (FM and FI).

EFt � β0 + β1 FDt + β2GDPPCt + β3ENEUSEt + εt. (1)
EFt � β0 + β1 FMt + β2GDPPCt + β3ENEUSEt + εt. (1a)
EFt � β0 + β1 FIt + β2GDPPCt + β3ENEUSEt + εt. (1b)

In this case, EF depicts the ecological footprint in time t, FD
represents financial development in that time, GDPPC denotes GDP
per capita, and ENEUSE shows energy use. β0 is denoted as a
constant term, while β1 β2 β3 are expressed as coefficients of
parameters. On the opposite, εt is the error term. The study
mimicked the ARDL estimation technique established by Pesaran
et al., (2001) and specified below:

ΔEFt � δ0 +∑
p

n�1
δ1ΔEFt−k +∑

p

n�0
δ2ΔFD+

t−k +∑
p

n�0
δ3ΔGDPPCt−k

+∑
p

n�0
δ4ΔENUSEt−k + π1ΔEFt−k + π2ΔFD+

t−k

+ π3ΔGDPPCt−1 + π4ΔENEUSEt−1 + et. (2)

Equation 2 has the advantage of providing a combination of
short- and long-term estimates in the same equation. In addition,
ARDL estimates can be utilized even if the integration order is I (1), I
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(0), or a mix of both. The coefficients along with Δ demonstrate the
short-term estimates, π1, π2, π3, π4 symbolize long-term estimates,
and et represents a residual term. On the long-term estimation, the
primary step is to assess the level of cointegration among variables.
This study investigated the joint significance of lagged level variables
by adopting the F-statistics test as recommended by Pesaran et al.
(2001). When the calculated bound test value exceeds the critical
values, it indicates that the variables are integrated, confirming the
long-term relationship. Inversely, when the bound test F statistic is
lower than the critical values, it suggests that there is no long-term
relationship between variables. This study also applied the double
unit root tests of augmented Dickey–Fuller (ADF) and Ng Perron to
determine stationarity. Ng Perron was adopted to further augment
the ADF, which assumes a constant or linear trend, whereas Ng
Perron permits a more flexible modelling approach to detect
mobility in time-series data.

Furthermore, the research assessed the non-linear influence of FD
on the EF to determine whether positive and negative shocks have the
same impact. The study employed the non-linear ARDL econometric
structure recommended by Shin et al. (2014). This methodology
assesses the asymmetric effect which shows a combination of
positive and negative shocks of the respective variable(s). The
NARDL methodology has been extensively used in environmental
economics (Omoke et al., 2020; Das and McFarlane, 2021; Ling
et al., 2021; Dada et al., 2022c; Biyase and Naidoo, 2023). Moreover,
a nonlinear auto regressive distributed lag model was chosen over other
econometric methods since the former can capture the multifaceted,
nonlinear relationships which are regularly detected in time-series data,
thereby yielding a true picture of real-world dynamics compared to
simple linear models. It can also cope with various econometric
problems such as asymmetries and structural breaks, allowing the
robust analysis of economic data.

In this study, FDwas the core explanatory variable disaggregated
into a positive and negative shock. The functional form is as follows:

FD+
t � ∑

t

j�1
ΔFD+

t � ∑
t

j�1
� max FD+

t , 0( ). (3)

FD−
t � ∑

t

j�1
ΔFD−

t � ∑
t

j�1
� min ΔFD−

t , 0( ). (4)

Eqs 3, 4 demonstrate variables in partial sum, while Eq. 5
considers NARDL. To signify the NARDL equation, two partial
variables are replaced in Eq. 2, resulting in Eq. 5 below.

ΔEFt � δ0 +∑
p

n�1
δ1ΔEFt−k +∑

p

n�0
δ2ΔFD+

t−k +∑
p

n�0
δ3ΔFD−

t−k

+∑
p

n�0
δ4GDPPCt−k +∑

p

n�0
δ5ΔENUSEt−k + π1ΔEFt−k

+ π2ΔFD+
t−k + π3ΔFD−

t−k + π4ΔGDPPCt−1

+ π5ΔENEUSEt−1 + et. (5)

The study conducted diagnostic tests which ascertained the
validity of the coefficients used, and furthermore determined
whether the models are favourable for interpretation. The
Breusch–Godfrey test was used to detect autocorrelation in the
regression models. A normality test was conducted using
Jarque–Bera. The BDS test was carried out to validate the non-
linearity attributes of all variables. Furthermore, CUSUM and
CUSUMSQ tests were performed to determine the stability of
coefficient stability. Lastly, for robustness, this paper also adopted
the fully modified ordinary least squares (FMOLS), dynamic OLS
(DOLS), and canonical cointegrating regression (CCR).

4 Empirical analysis

4.1 Data and descriptive statistics

The descriptive statistics given in Table 3 above show that most
of the proxies used in this study—EF, FI, and FD index—were
relatively stable, which is shown by the values of the standard
deviations, which are close to 0. However, GDP demonstrates a
higher variability since the standard deviations are distant from 0.

4.2 Unit roots tests

The research performed some pre-estimation tests which were
necessary to make the estimations possible and the results
dependable. The ADF and Phillips Parron tests were employed to
check for stationarity. The null hypothesis for the tests was that there
is a unit, meaning that the series is non-stationary against the
alternative hypothesis that the variable is stationary. As a rule of
thumb, a null hypothesis is rejected when the test statistic is above
the critical values at 10%, 5%, and 1%. Table 4 summaries the test
results conducted.

TABLE 2 Summary of variables.

Variable Measurement Source Expected sign

Ecological footprint Global hectare per person (gha) Global Footprint Network Dependent variable

Financial development FD Index International Monetary Fund Ambiguous

FM Index

FI Index

Gross domestic product per capita GDP per capita World Development Indicators Ambiguous

Energy use Kg oil equivalent per capita World Development Indicators Positive
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The outcomes of both tests are in harmony, ascertaining that the
series in the study are both I (0) and I (1) variables. Moreover, the
null hypothesis of the unit root was not rejected because all variables
except GDPCC are stationary at level, and stationary variables
become stationary after the first difference. The results of the
unit root test validate the adoption of the ARDL model, as no
variable is beyond I (1).

4.3 ARDL and NARDL bound test for
cointegration

Table 5 depicts the F-statistics and findings of the diagnostic
tests of the model specifications for assessing the impact of FD,
GDP, and energy use on EF. Three specifications concerning
linear ARDL bounds tests were undertaken in this study. The

TABLE 3 Definition of variables and descriptive statistics.

Variables Definition Mean Maximum Minimum Std. Dev Source

EF EF 1.230864 1.405326 1.098079 0.069961 GFN

FD FD Index −0.87673 −0.51283 −1.20806 0.243469 IMF

FM FM Index −1.36102 −0.73375 −2.18756 0.507547 IMF

FI FI Index −0.59938 −0.30149 −0.7745 0.145817 IMF

GDPPC GDP per capita 25.82125 26.85057 24.8022 0.600593 WDI

ENEUSE Energy-use 7.816803 7.97394 7.659773 0.074515 WDI

TABLE 4 Unit root tests.

Augmented Dickey–Fuller Phillips–Perron

Variables Level 1st diff Order Level 1st diff Order

LEF −2.12 −5.57*** I (1) −2.28 −5.81*** I (1)

LFD 0.2 −5.7*** I (1) 0.11 −5.7*** I (1)

LFM −0.47 −5.49*** I (1) −0.52 −5.49*** I (1)

LFI 0.06 −6.7*** I (1) 0.15 −6.79*** I (1)

LGDPPC −4.26*** I (0) −4.25*** I (0)

LENEUSE −1.78 −5.35*** I (1) −1.98 −5.35*** I (1)

Critical values 1% = −3.62, 5% = −2.94, 10% = −2.6.

Note (s) ***, **, and * denote 1, 5, and 10%, respectively.

TABLE 5 FD index–Results of ARDL cointegration test.

Specification Results Period Optimal lag F-statistic

InEF � InfD, InGDPPC, InENEUSE{ } 1980–2018 ARDL (3,5,5,5) 7.32***

Diagnostic tests

Durbin–Watson stat 2.19

Jarque–Bera normality test 0.07

BG serial correlation LM test (F-statistic) 0.64

BG serial correlation LM test (R-squared) 0.32

Heteroskedasticity test: ARCH 0.50

Ramsey RESET test 0.08

Critical value bounds 1% 5% 10%

I0 Bound 4.29 3.23 2.72

I1 Bound 5.61 4.35 3.77
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outcomes for all models reveal that the F-statistics for the models
are significantly larger than the upper bound. Consequently,
these findings point to the rejection of the null hypothesis and
acceptance of the alternative, according to which there is a long-
term correlation between EF, FD, FM, FI, GDP per capita, and
energy use in South Africa.

Table 5 also exhibits outcomes of the diagnostic tests,
demonstrating that the model has successfully passed all the
tests: Durbin–Watson stat, Jarque–Bera normality test, BG serial
correlation LM test (F-statistic), BG serial correlation LM test
(R-squared), heteroskedasticity test: (ARCH), and
Ramsey RESET test.

The non-linear ARDL F-statistics (Table 6) were also found to
be higher than the upper bounds at all levels (1%, 5%, and 10%),
indicating that there is a long-term relationship between EF, FD,
FM, FI, and GDP per capita, including energy use in South Africa.
To ascertain the linearity of the parameters, the study utilized the
BDS test initiated by Broock et al. (1996) to capture non-linearity.
The results for the BDS test are shown in Table 7 in the appendix,
demonstrating that the variables have nonlinearities. These
results allow us to employ non-linear ARDL to examine the
relationship between financial development and
ecological footprint.

4.4 ADRL and NARDL long and short
run results

4.4.1 NARDL long and short run results
The cointegration examination confirmed that the series under

study do in fact have a long-term correlation, which then leads to the
goal of the analysis: presenting the empirical results on the effect of
FD, economic growth, and energy-use on EF. Three estimated
ARDL models are shown in Table 8 (Models 1–3). Model
1 shows the estimates of the influence of the FD index on EF,
accounting for control variables. Model 2 is the regression of EF on
the FM index and the other control variables, while Model
3 expresses EF as the dependent variable, and the FI index as the
independent variable of interest and the other variables—gross
domestic product per capita and energy-use as regressors.

Model 1 of Table 8 shows that the slope coefficient of the FD
index is negative (LFD = −0.12) and statistically significant at 5%
level; thus, holding other variables constant, FD will promote
environmental quality. This result supports the ecological
modernization theory, which suggests that the transition to a
contemporary way of life results in an awareness of
environmental protection and the adoption of efficient and clean
energy use. As FD advances in different forms, one of which lends

TABLE 6 FD index–Results of non-linear ARDL cointegration test.

Specification Results Period Optimal lag F-statistic

1980–2018 ARDL (1,5,5,5,4,4) 7.370*

Diagnostic tests

Durbin–Watson stat 2.08

Jarque–Bera normality test 0.50

BG serial correlation LM test (F-statistic) 0.79

BG serial correlation LM test (R-squared) 0.46

Heteroskedasticity test: ARCH 0.62

Ramsey RESET test 0.26

Critical value bounds 1% 5% 10%

I0 Bound 3.74 2.86 2.45

I1 Bound 5.06 4.01 3.52

TABLE 7 BDS statistics test–asymmetry (FD, FM, and FI).

Variables Dim 2 Dim 3 Dim 4 Dim 5 Dim 6

LFD 0.179536*** 0.295806*** 0.368224*** 0.412687*** 0.44711***

LFM 0.153965*** 0.249066*** 0.31044*** 0.345179*** 0.369091***

LFI 0.167391*** 0.275583*** 0.340312*** 0.374987*** 0.391429***

LGDPPC 0.171267*** 0.281327*** 0.349574*** 0.389089*** 0.413347***

LENEUSE 0.098878*** 0.170031*** 0.203428*** 0.19418*** 0.170286***

Note: ***, **, and * denote significance at 1%, 5%, and 10%, respectively.
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incentive for projects that are environmentally friendly, EF will
improve. This outcome is also backed by the empirical literature of
Majeed and Mazhar (2019) and Hussain et al. (2022), who
discovered that FD helps improve environmental quality by
reducing EF. Furthermore, their findings affirm the role of green
finance in managing environmental pollution. When controlling for
the GDP per capita coefficient, the study found it to be positive and
statistically insignificant in the long run, which is coherent with Baz
et al. (2020) who found a neutral effect for GDP on environmental
quality. The energy-use coefficient was found to be positive and
statistically at 1% level, which was expected. This result implies that
a unit rise in energy use is associated with degrading environmental
quality by 0.82%. This outcome confirms Boutabba (2014), who
discovered that energy use has a positive long-term connection with
CO2 in India. However, this does not support Nathaniel et al. (2019),
who found that energy use has a negative relationship with FD in
South Africa. The findings in Panel B indicate that ECT of 1.14 is
negative and significant, showing that 114% of the long-term
disequilibrium is recovered in a year.

Model 2 of Table 8 shows that the slope coefficient of FM is
negative (LFM = −0.05) and statistically significant at 5% level. This
suggests that, by holding other variables constant, FM will promote
environmental quality. GDP again yields an insignificant positive
impact on EF. Like Model 1 of Table 8, the energy-use coefficient
depicts a positive sign and is statistically significant at 1% level,
suggesting that a unit increase in energy use is linked with
deteriorating environmental quality by 0.75%, aligning with many
other studies in this field (Majeed and Mazhar, 2019; Rjoub et al.,
2021) that established that energy use has a positive relationship
with EF. Model 3 of Table 8 depicts that the slope coefficient of FI is
positive (LFI = −0.36) and statistically supported at a 5% level. This
suggests that, by holding other variables constant, FM will

deteriorate environmental quality. At a 1% level, GDP has a
negative considerable influence on EF. These findings confirmed
the conclusions of other studies, such as Destek and Sarkodie,
(2019), that found evidence to suggest that real GDP contributes
to reducing the EF in Turkey, South Korea, India, Thailand, and
China, thus improving environmental quality. Lastly, the energy-use
coefficient is positive at 0.40% and statistically significant in the
long-term, backing up Omoke et al. (2020).

4.4.2 NARDL long- and short-term results
We now proceed to consider whether financial development has

a nonlinear effect on ecological footprint, employing the non-linear
ARDL model. Table 9 demonstrates NARDL and long- and short-
term estimates of the effect of FD on EF. Like the ARDL estimates,
we present three estimated NARDLmodels in Table 9 (Models 1–3).
Model 1 shows the estimates of the influence of the FD index on EF,
accounting for control variables. Model 2 is the regression of EF on
the FM index and the other control variables, while Model
3 expresses EF as the dependent variable, and the FI index as the
independent variable of interest and the other variables—gross
domestic product per capita, and energy-use—as regressors.
Model 1 shows that the long-term asymmetric impact of FD
rising LFD_POS on EF is −0.802,825 and significant at 10% level,
consistent with Odugbesan and Adebayo (2020) and Mensah and
Abdul-Mumuni (2022) for Ghana. The potential explanation for this
is that FD facilitates the availability of credit and encourages the
consumption of environmentally friendly goods, thus creating more
sustainability for current and future generations. It was also found
that the decreasing LFD_NEG on EF is −5.473893, entering the
model significantly at a 10% level. This discovery is also compatible
with Mensah and Abdul-Mumuni (2022) for Ghana. The
explanation is that a reduction in FD can lead to a reduction in

TABLE 8 ADRL long- and short-run results.

Panel A long-run results

Model 1(FD) Model 2 (FM) Model 3 (FI)

Variable Coefficient Std. Error Coefficient Std. Error Coefficient Std. Error

LFD −0.127928 0.061625 −0.057830 0.021078 0.361406 0.079505

LGDPPC 0.020545 0.023694 0.014650 0.017556 −0.062911 0.025250

LENUSE 0.828875 0.125558 0.758981 0.107556 0.392112 0.085500

Panel B Short-run results

D (LEF (-1)) 0.109595 0.235426

D (LEF (-2)) 0.560502 0.214915

D (LFD) −0.146162 0.087711

D (LGDPPC) 0.023473 0.028736

D (LENUSE) 0.825806 0.215743

D (LENUSE(-1)) 0.077205 0.301206

D (LENUSE(-2)) −0.335206 0.212551

CointEq (-1) −1.142537 0.296881
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production scale, ultimately resulting in decreased carbon emissions
(Mensah and Abdul-Mumuni, 2022). These results support previous
similar findings for nearby nations such as Nigeria, signifying a
rather wider applicability of the association between FD and EF in
the Southern African Development Community. More importantly,
they point to the significance of endorsing environmentally friendly
business practices and regulating undertakings that are not
environment friendly. The potential limitation in the analysis is
that the study overlooked other related aspects that affect the
association between FD and EF, including institutional variables,
government policies, and technological innovation.

As for the control variables, it was found that the GDP per capita
coefficient is negative and statistically significant at a 1% level. The
energy-use coefficient was positive and statistically significant at 1%,
suggesting that a unit rise in energy use is linked with degrading
environmental quality by 1.5%. This is consistent with Sheraz et al.,
(2021) and Saqib et al. (2023), who revealed that energy use

discourages environmental quality. Panel B reflects that the ECM
coefficient is −2.26 and statistically supported at 5%, suggesting that
the system modifies to balance at a speed of 226%.

Model 2 of Table 9 presents the influence of FM on EF and
shows that the coefficients of a positive and negative shock of FM are
negative and statistically supported at a 5% level of significance.
There is difference in the magnitude of influence: a negative shock
possesses a greater negative impact of a −1.92% coefficient compared
to a positive shock of −0.15%. A one-unit rise in GDP per capita will
promote environmental quality by −0.90%, suggesting that GDP per
capita has a negative relationship with environmental quality,
agreeing with Arogundade et al. (2022). In addition, the energy-
use coefficient depicts a positive and statistically supported outcome
at a 1% level, which recommends that a unit rise in energy use is
associated with degrading environmental quality by 1.08%; the
finding is compatible with Baloch et al. (2019) and Odugbesan
and Adebayo (2020).

TABLE 9 NARDL long- and short-run results (FD index).

Panel A long-run results

Model 1(FD) Model 2 (FM) Model 3 (FI)

Variable Coefficient Std. Error Coefficient Std. Error Coefficient Std. Error

LFD_POS −0.80283 0.192298 −0.155795 0.059823 0.888540 0.340029

LFD_NEG −5.47389 0.76714 −1.922694 0.830294 1.635094 0.639688

LGDPPC −0.619 0.087236 −0.900528 0.406905 −0.169373 0.052340

LENEUSE 1.506616 0.10904 1.085216 0.259261 0.355515 0.319209

Panel B short-term results

D (LFD_POS(-1)) 0.890638 0.487185

D (LFD_POS(-2)) −0.54907 0.55926

D (LFD_POS(-3)) 0.092159 0.512245

D (LFD_POS(-4)) 1.15115 0.658638

D (LFD_NEG) −2.35377 0.843602

D (LFD_NEG (-1)) 2.414618 0.85837

D (LFD_NEG (-2)) 2.000665 0.449247

D (LFD_NEG (-3)) 2.038099 0.666841

D (LFD_NEG (-4)) 1.09809 0.601185

D (LGDPPC) −0.42758 0.166858

D (LGDPPC(-1)) 0.503497 0.196922

D (LGDPPC(-2)) 0.342449 0.220118

D (LGDPPC(-3)) −0.28636 0.150359

D (LENEUSE) 0.239841 0.246352

D (LENEUSE(-1)) −1.50811 0.452188

D (LENEUSE(-2)) −0.98471 0.485981

D (LENEUSE(-3)) −0.39218 0.389554

ECM(-1) −2.25886 0.399238
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TABLE 10 FMOLS, DOLS, and CCR.

FMOLS DOLS CCR

Variables Coefficient T- Stat Coefficient T- Stat Coefficient T- Stat

LFD −0.14401 −5.327039 −0.328999 −3.649755 −0.146341 −5.193631

LGDPPC 0.021754 2.092514 0.098668 2.629837 0.023167 2.142041

LENUSE 0.773702 15.41829 0.710177 4.918105 0.768574 16.05762

LFM −0.094601 −4.174822 −0.129308 −3.925552 −0.08168 −4.830407

LGDPPC 0.043839 2.255502 0.069278 2.332083 0.033107 2.295947

LENUSE 0.636713 6.029582 0.558782 4.176186 0.639244 7.344247

LFI 0.392821 4.506088 0.328533 3.585905 0.302041 3.514811

LGDPPC −0.081465 −4.602505 −0.074658 −2.710072 −0.04946 −2.128112

LENUSE 0.356019 3.894843 0.427791 4.480605 0.343832 4.230638

FIGURE 1
ARDL Cusum tests.

FIGURE 2
NARDL Cusum tests.
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Model 3 of Table 9 reports the impact of FI on EF and
demonstrates that the findings of both the positive and negative
shock of FI are statistically significant and positive at a 5% level. Both
shocks hold an identical positive influence on environmental
quality; this suggests that both shocks will dampen
environmental quality in the long run. This finding is coherent
with Habiba and Xinbang (2022), who examined the influence of
comprehensive FD, FI, and FM, including their indices on CO2

emissions for advanced and emerging nations. FI was found to have
a positive relationship with CO2 emissions in emerging nations. This
could be explained by the fact that financial institutions tend to
make more capital available for production activities instead of
technical advances in developing economies (Chang 2015;
Acheampong 2019). In contrast to Uche and Effiom’s (2021), a
one-unit rise in GDP per capita has a negative coefficient of 0.16%.
Lastly, the energy use coefficient is positive and statistically
insignificant.

4.4.3 Robustness checks
As a robustness check of the ARDL estimates, the dynamic

DOLS, FMOLS, and CCRwere adopted (Table 10). Reassuringly, the
results for all three models and the coefficient signs are similar for all
estimated variables—FD index, FM, and FI—except for the control
variable of GDP per capita, where the coefficient is positive and
statistically significant for FD and FM across all tests. This implies
that GDP per capita exacerbates environmental quality in South
Africa. Lastly, the energy-use results are consistent across all models;
in the same way, the coefficient slope is negatively and positively
statistically significant, suggesting that energy-use has a detrimental
effect on environmental quality.

The cumulative sums (CUSUM) of recursive and cumulative
squares plots of the ARDL and NARDL regression show that the

models are stable since they are all within the 95% confidence
interval in Figures 1, 2.

4.4.4 Dynamic multiplier graph
The dynamic multiplier indicates that asymmetry is trending

around the mean of all three models in Figure 3. The variation of FD
is more stable, suggesting that the negative shock responds more to
environmental degradation than the positive shock. This trend is
consistent with the results for both long-term positive and negative
shocks, in which the negative shock coefficient is higher than
the positive.

5 Conclusion and policy implications

This study was envisioned to evaluate the symmetric and
asymmetric impact of FD on EF. The latest measure of FD and
its sub-indices (FM and FI) was adopted, which differentiates this
study from previous studies that relied on the overall or traditional
measures of FD. Environmental quality is measured using the
comprehensive EF, in contrast to most earlier literature which
only employed one ecological indicator, such as CO2. Lastly, this
study controlled annually for GDP and energy use over 1980–2018.
In the methodology, ARDL and the NARDL were utilized to
discover whether a symmetric and asymmetric association exists
between these two variables.

According to the study findings, the long-run symmetric
model’s practical findings show that FD and FM generally
enhance environmental quality. In contrast, FI degrades
environmental quality. The possible justification for this is that
FD facilitates the availability of credit and encourages the
consumption and production of environmentally friendly goods,

FIGURE 3
Multiplier graph.

Frontiers in Environmental Science frontiersin.org12

Khoza and Biyase 10.3389/fenvs.2024.1347977

258

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1347977


thus creating a more sustainable future for current and future
generations.

The asymmetric results suggest that both positive and negative
shocks reduce EF. This may be due to a reduction of FD instigating a
reduction in the production and consumption scale, ultimately
resulting in decreased carbon emissions (Mensah and Abdul-
Mumuni, 2022). As for the control variables, the GDP per capita
coefficient was negative and statistically significant at a 1% level of
significance. Finally, the energy-use coefficient was positive and
statistically significant at 1%, suggesting that a unit rise in energy use
is linked with degrading environmental quality. FM on the EF
showed that the coefficients of positive and negative shocks are
negative and statistically supported. This outcome proposes that FM
supports environmental quality. A one-unit rise in GDP per capita
will promote environmental quality by −0.90%. In addition, the
energy-use coefficient outcome suggests that a unit rise in energy use
is associated with degrading environmental quality. FI on the EF
indicated that the positive and negative shock outcome is statistically
supported and positive at a 5% level. This implies that both shocks
will have a long-term negative impact on environmental quality. A
unit rise in GDP per capita will promote environmental quality.

These findings possess significant policy implications, as FM and
FI project contrasting relationships with EF, which measures
environmental quality. FI positive and negative shocks deteriorate
environmental quality, whereas FM positive and negative shocks
favor environmental quality. This could be due to the corporate
social investment (CSI) reports of firms or companies, environment
standards, and information of business day-to-day operations being
available to FI (banks and insurance companies) but are not required
for FM (investors and portfolio managers). This demonstrates an
information imbalance between FI and FM. A consistent process of
disseminating information about firms’ or companies’
environmental impact prior to deciding on an investment may
alert FM to a deleterious effect on environmental quality.
Another discovery from the results is that FI have been allocating
more funding to projects that do not promote environmental
quality, although they have environmental impact reports of
firms or companies. This could be attributed to relaxed or no
punitive measures for violating environmental quality.

The study makes theoretical contributions by advancing our
understanding of the relationship between financial development
and environmental sustainability, exploring asymmetric effects and
suggesting avenues for future research and policy interventions.
Practical policy implications emanating from the results are the
following. 1) FD is an important variable for reducing ecological
damage in South Africa. 2) A uniform approach should be adopted
by FI and FM for vetting the environmental impact of firms prior to
investing or allocating capital. 3) Government should introduce

regulations for FD to allocate a percentage of yield toward the
research and development of clean energy solutions. This research
contains some shortcomings that may be addressed in forthcoming
studies. A potential limitation in the analysis is that the study
overlooked other related aspects that affect the association
between FD and EF, including institutional variables, government
policies, and technological innovation. Thus, future research may
consider incorporating the interactive term(s) such as institutional
and social variables in analyzing the association between FD
and the EF.
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The influence of agricultural
insurance on agricultural carbon
emissions: evidence from China’s
crop and livestock sectors

Yue Jin, Xinya Wang* and Qian Wang*

Business School, Nanjing University of Information Science and Technology, Nanjing, China

Agricultural insurance is an important tool for promoting low-carbon agriculture
and achieving the “Carbon Peaking and Neutrality” goal. Using panel data from 31
provinces in China from 2001 to 2020, this study analyzes the carbon-reducing
effects of agricultural insurance in both crop and livestock sectors. The results
show that: (1) Agricultural insurance can decrease agricultural carbon emissions.
(2) For crops, agricultural insurance reduces carbon emissions through green
technical efficiency, and for livestock products by green technological advances.
(3) Agricultural insurance could lower carbon emissions from the livestock and
crop sectors in the eastern region. The carbon-reducing benefits of agricultural
insurance for the crop sector are seen in the agricultural, agro-pastoral, and
pastoral domains; for the livestock sector, these impacts are only seen in the
agricultural domains.

KEYWORDS

carbon emission, agricultural insurance, the crop sector, the livestock sector,
mediating effect

1 Introduction

Agricultural production activities are the largest source of greenhouse gas (GHG)
besides industrial production and energy consumption (Tang et al., 2021). As a large
agricultural country, China’s agricultural carbon emissions account for 17% of the country’s
total carbon emissions and are becoming increasingly serious (Jiang et al., 2023). The crop
and livestock sectors are the major sources of GHG emissions from agriculture. Carbon
emissions from rice cultivation, agricultural inputs, and livestock production accounted for
25.95%, 26.38%, and 33.46% of agricultural carbon emissions in 2019 (Tian and Yin, 2022).
The crop sector in China has long formed a “high input, high output, high pollution” rough
development mode, which poses a great threat to the ecological environment (Su et al.,
2020). The livestock sector also suffers from inadequate infrastructure, sloppy production
methods, and low attention to manure resource utilization technology (Zhuang and Li,
2017). In September 2020, China made clear its ambition to peak carbon and become
carbon neutral (i.e., the “dual-carbon” goal). Without the deep involvement of agriculture,
this goal cannot be achieved. Therefore, it is of practical significance to explore the way of
reducing agricultural carbon emissions for sustainable development under the premise of
ensuring the stability of agricultural production.

Agricultural insurance is an effective tool to diversify farmers’ production and
management risks. It can help change the behavior of agricultural producers, such as
using production factors, applying new technologies, and low-carbon agricultural
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production (King and Singh, 2020; Wong et al., 2020). In 2007, No.
One Document of the Central Committee of the Communist Party
of China (CPC) first clarified the central government’s subsidy
responsibility for agricultural insurance. Between 2007 and 2015,
financial subsidies increased at an average rate of 27% per year. The
coverage rate of agricultural insurance for the crop and livestock
sectors increased from 3.83% to 3.40% in 2008 to 11.98% and 12.88%
in 2018 (Zhang Q. et al., 2019). Form 2018, the coverage of the
livestock sector has exceeded that of the crop sector for the first time,
breaking the decades-long pattern of “strong crop sector and weak
livestock sector”. Meanwhile, the impact of agricultural insurance on
the sustainable development of the crop and livestock sectors has
become a matter of public concern. There are two perspectives on
the environmental implications of agricultural insurance. The first
one is positive, arguing that agricultural insurance can promote
sustainable agricultural development. Some scholars analyze from
the view of farmers’ production factor inputs. Tang and Luo (2021)
found that agricultural insurance can decrease the proportion of
chemical fertilizers and increase the proportion of biopesticides. Li
et al. (2022) found that farmers can reduce fertilizer and pesticide
inputs by neglecting farmland management after purchasing
agricultural insurance. Cai et al. (2024) classified this as an
environmentally friendly moral hazard. Some scholars concluded
that agricultural insurance motivates farmers to use green
production techniques (Mao et al., 2023). Jiang et al. (2023) treat
agricultural carbon emissions as a source of agricultural pollution,
characterizing agriculture in the narrow sense of plantation, and find
agricultural insurance is effective in curbing agricultural carbon
emissions. The second perspective is negative, claiming that
agricultural insurance does not improve the environment. Liu
et al. (2019) found that agricultural insurance is not conducive to
curbing carbon emissions from plantations, but interaction with the
Internet can decrease carbon emissions. Sibiko and Qaim (2020)
argued that agricultural insurance could encourage farmers to use
more fertilizer inputs due to the existence of a market
failure problem.

In summary, research findings on the environmental impacts of
agricultural insurance are remain controversial. In addition, most of the
studies are still based on a single-factor input perspective, such as
pesticides and fertilizer. A few scholars have used carbon emissions
to test environmental performance, but they tend to use crop carbon
emissions to represent agricultural carbon emissions. Both crop and
livestock sectors are the major sources of agricultural carbon emissions,
and the agricultural insurance protection level for the livestock sector has
increased and surpassed that of the crop sector (Zhang Q. et al., 2019).
Relevant studies often use carbon emissions from the crop sector as a
proxy for carbon emissions from agriculture, which may lead to some
bias and is not conducive to comprehensively understanding the effect of
agricultural insurance’s environmental impact.

The possible contributions of this paper include three main
aspects: 1) To improve the accuracy of evaluating the impact of
agricultural insurance on carbon emissions, the study conducts a
thorough examination of both the crop sector and livestock sector to
illustrate the influence of agricultural insurance on carbon emissions
across different sectors. 2) To illustrate the mechanism between the
different sectors, we utilize technological advancements and
technological efficiency as mediators to investigate how
agricultural insurance impacts carbon emissions in the crop and

livestock sectors. 3) To test the regional and sector differences in
agricultural insurance, we construct the model by different areas
according to natural resource endowment conditions and the level of
economic development. Filling all these gaps, the paper extends the
boundaries of the environmental consequences of agricultural
insurance and enhance comprehension of the mechanisms and
pathways of influence in various sectors of the region. The
findings may shed light on agricultural insurance policy
adjustments and decision-making for different agricultural sectors.

2 Analysis framework and research
hypothesis

2.1 Agricultural insurance and agricultural
carbon emissions

The green production behavior of farmers is influenced by their
risk choices (Nastis et al., 2019). Since the vulnerability of
agricultural production is significant (Cheng et al., 2023; Khan
et al., 2023), farmers usually choose to avoid risks to stabilize
their income (Qu et al., 2023). Risk-averse farmers tend to
choose cautious production methods to mitigate potential risks.
For instance, to increase their output, farmers often employ
extensive agricultural production techniques and depend on a
multitude of production factors to reduce agricultural risks, such
as fertilizers and pesticides, resulting in significant pollution to the
ecological environment (Zheng et al., 2020).

Agricultural insurance, as a financial tool to protect farmers’ income
and disperse agricultural production, can improve farmers’ ability to
cope with agricultural production risks, change farmers’ income
expectations, encourage farmers to adjust production decisions, and
better bear losses caused by green production risks (Ai et al., 2023).
Farmers may be more motivated to adopt advanced technologies, scale
up agriculture operations, and improve management efficiency which
will impact agricultural carbon emissions (Yu et al., 2018). On the other
hand, agricultural insurance has a post-disaster compensation effect, and
insurance companies will compensate farmers for economic losses after
disasters and stabilize farmers’ income (Xie et al., 2024). It is possible to
improve farmers’ ability to handle risks, whichmay then encourage them
to embrace eco-friendly agricultural technologies and significantly
increase their production efficiency (Yu et al., 2021).

2.2 Agricultural insurance, green
technological changes, and agricultural
carbon emissions

Research indicates that green technological innovation is an
efficient method for addressing environmental issues and reducing
carbon emissions (Chang et al., 2023). In agriculture, improving soil
management, optimizing nutrient management, adopting efficient
irrigation, improving animal nutrition, and managing maturity
could lead to significant carbon emission reductions, which are
related to green technological progress and green technology
efficiency (Khatri-Chhetri et al., 2023). Green technological
progress refers to advancements in sustainable development,
environmental protection, and technological innovation, which
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emphasize the creation and use of innovative technologies to address
environmental issues, cut down on the use of natural resources, and
lessen pollution in the environment (Hu et al., 2023). For instance,
the implementation of methane capture devices in animal
management and the adoption biopesticides in grain farming. On
the other hand, green technology efficiency is centered around
utilizing green technology to enhance resource usage efficiency
and minimize environmental effects, such as the widespread
utilization of modern agricultural devices and equipment that can
enhance both production efficiency and labor efficiency (Li and
Rao, 2023).

However, green technology may bring farmers with it a higher
risk of initial investment and uncertainty. Such as new technologies
may have challenges with operation, technical failures, or problems
that limit their ability to meet the demands of agricultural output
(Hong et al., 2024). In these situations, agricultural insurance may
help mitigate the impact of new technological uncertainties on
agricultural output, as well as support the potential reduction in
revenue due to the use of environmentally friendly technology
(Wang et al., 2023). Agricultural insurance can contribute to the
reduction of carbon emissions in agriculture through two
mechanisms:

In terms of green technological progress, green technology in the
planting industry will result in innovations in fertilizers, pesticides,
agricultural film, irrigation methods, machinery and equipment, crop
varieties, and the replacement of traditional high-emission energy
sources. For example, biopesticides and biodegradable film are easily
destroyed by soil microorganisms, resulting in a natural material
circulation mode that is pollution-free for the environment. However,
biological pesticides exhibit a lower control effect in comparison to
chemical pesticides, and the application requires intricate technology,
which may result in reduced crop output. Agricultural insurance may
support the potential revenue decline brought on by biopesticides,
then promote green technology and reduce carbon emissions.
Compared to the crop sector, the livestock sector is more capital
and technology-intensive, and it is easier to realize breakthroughs in
low-carbon and green technologies (Pan et al., 2021). China’s
agricultural insurance is linked to the harmless treatment of
livestock and poultry, which is explicitly required as a precondition
for receiving insurance compensation. Large-scale livestock farmers
have a greater demand for agricultural insurance and are more willing
to choose the harmless treatment, and the adoption of green
technology to solve the risk (Peng and Xu, 2023).

In terms of green technical efficiency, farmers with strong
operation and management skills can fully allocate existing
agricultural production factors by applying professional
knowledge based on original production technology, improving
the utilization rate of production factors, and reducing carbon
emissions while maintaining economic benefits. In the planting
industry, grain planting is easier to achieve scale management
and efficiency improvement through mechanization (Zhao et al.,
2023). In China, the insurance coverage rate of three major staple
grains reached 60% or even more than 70% (Zhang Q. et al., 2019).
With the promotion of agricultural insurance, growers will be more
likely to plant cereal crops. Some studies have indicated that grain
crops exhibit more efficiency in terms of agricultural machinery and
irrigation utilization compared to cash crops (Feng et al., 2024).
Within the sector of farm animals, agricultural insurance firms can

gather and assess data from livestock production. They may also
supervise and assess the technical proficiency and risk level of
farmers. Agricultural insurance agencies can utilize big data and
modernmonitoring technology to offer tailored technical advice and
management guidance to livestock farmers. This assistance aims to
enhance production processes and boost technical efficiency.
Therefore, agricultural insurance may help farmers make
adjustments to their production structure, through specialization
and data monitoring management to improve technical efficiency.

Accordingly, the following hypotheses are proposed.

Hypothesis 1. Agricultural insurance could decrease agricultural
carbon emissions.

Hypothesis 2. The mediating effects of agricultural insurance on
carbon emissions are driven by green technology progress and
technical efficiency. However, the effects of different industries
and regions may vary and should be examined through
empirical testing.

3 Model, variables and data

3.1 Model design

We use a panel data two-way fixed effects model to test
agricultural insurance’s impact on carbon emissions. The
regression model is shown below (Eq. 1):

Ln carbonit � α0 + α1Lninsuranceit + controlsit + λi + μt + εit (1)
Where i stands for province and t for year. Carbonit is the carbon
emissions of the province i in year t. Insuranceit is the agricultural
insurance of the province i in year t. Controlsit is the control variable,
and εit is the random perturbation terms. λi and yeart are province
and year dummy variables, indicating province and year
fixed effects.

3.2 Description of variables and data

3.2.1 Dependent variables
Agricultural carbon emissions consist of the crop and livestock

sectors, due to the low greenhouse gas emissions from forestry
and fisheries.

Plantation carbon emissions include two parts: First, carbon dioxide
(CO2) from agricultural inputs. The carbon emission coefficients refer
toDu et al. (2023). The second is themethane (CH4) emission from rice
during the growth process (Zhang L. et al., 2019). Considering the
obvious differences in water and heat conditions across China, the
carbon emission coefficients with regional differences were chosen for
rice measurement (He et al., 2022).

Livestock carbon emissions mainly examine the CH4 emissions
from gastrointestinal fermentation during livestock and poultry
rearing as well as nitrous oxide (N2O) and CH4 and emissions
from manure management (Shi et al., 2022). Supplementary Table
S1 and S2 list the carbon emission coefficients.

The formula for calculating agricultural carbon emissions is
established as follows (Eq. 2):
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Ecarbon � ∑Ei � ∑C′
i · σi (2)

Where Ecarbon denotes carbon emissions, Ei denotes carbon emissions
from each carbon source, c denotes the amount of carbon source used,
and σ denotes the carbon emission coefficient of the carbon sources.
For ease of analysis, CH4 and N2O are uniformly converted to
standard carbon when calculating total agricultural carbon
emissions according to the IPCC Fourth Assessment Report (2007).

3.2.2 Main independent variable
Per capita premium income of primary industry employees is

used as the level of development of agricultural insurance, reflecting
farmers’ awareness of agricultural insurance.

3.2.3 Mechanism variables
There are four mechanism variables: First, plantation green

technological progress and technical efficiency, are obtained by
measuring and decomposing the green total factor productivity in
plantations using the SBM-GML method. According to Wang et al.
(2022), land input, fertilizer input, plantation machinery input, and
plantation labor input are selected as input indicators, and plantation
gross output value and plantation carbon emissions are selected as
output indicators. Second, livestock technological progress and
technical efficiency are obtained by measuring and decomposing
the total green factor productivity of livestock. According to Acosta
and Luis (2019) and Yan et al. (2023), capital inputs, intermediate
consumption, livestock labor inputs, and livestock machinery inputs
are selected as input indicators, and livestock gross output value and
livestock carbon emissions are selected as output indicators.

3.2.4 Control variables
Based on relevant literature, select agricultural-related

indicators and regional economic and social development
indicators as the control variables, including farmers’ wealth
level, urbanization rate, level of fiscal expenditure, fiscal
support for agriculture, level of economic development, and
agricultural industry structure. The definitions of the variables
relevant to this study are given in Table 1.

3.3 Data sources

In this study, panel data from 31 provinces in China (excluding
Hong Kong, Macao, and Taiwan) are selected from 2001 to 2020. All
data are taken from the Yearbook of China’s Insurance, China Statistical
Yearbook, China Rural Statistical Yearbook, and ChinaAnimal Industry
Yearbook. Some missing data are supplemented by interpolation. The
descriptive analysis of specific indicators is shown in Table 1.

4 Empirical analysis

4.1 Spatial characteristics of agricultural
carbon emissions

Figure 1 shows the carbon emissions from the crop and livestock
sectors in each province in 2020. Carbon emissions from the crop
sector are mainly concentrated in the central and eastern regions,

including Hunan, Hubei, Jiangsu, Anhui, Jiangxi, and Heilongjiang.
We can see that the major grain-producing areas are themain source
of carbon emissions from the crop sector in China. Carbon
emissions from the livestock sector are mainly concentrated in
the western region, mainly including Xinjiang, Sichuan, Yunnan,
Inner Mongolia, Qinghai and Tibet. We can see that the carbon
emissions from the livestock sector generated by grassland pastures
in the western part of China are dominant in the country. As for the
developed regions such as Beijing, Tianjin, and Shanghai in China,
the agricultural carbon emissions are very low given the small share
of agriculture. This shows that reducing carbon emissions from the
crop sector in the central and eastern regions and the livestock sector
in the western regions is of great importance in realizing the national
agricultural carbon emission reduction.

4.2 Baseline estimation results

This study assesses the carbon-reducing effects of agricultural
insurance in agriculture, plantations, and livestock. The results are
presented in Table 2. Columns (1) to (2) report the regression results
for agricultural carbon emissions, columns (3) to (4) report the
regression results for plantation carbon emissions, and columns (5)
to (6) report the regression results for livestock carbon emissions.

Once the control variables are added, the coefficients of the
regression results are all negative. Column (2) suggests that
agricultural insurance is effective in reducing agricultural carbon
emissions at a significant level of 1%. On average, for every 1%
increase in the level of agricultural insurance development, the carbon
reduction effect in agriculture is 0.025%. Columns (4) and (6) are
significant at the 1% and 10% levels, suggesting that agricultural
insurance is effective in reducing carbon emissions from the crop and
livestock sectors. When the level of agricultural insurance
development increases by 1%, the carbon reduction effect of the
crop and livestock sectors can increase by 0.041% and 0.021%.

4.3 Robustness test

The results above indicate that agricultural insurance has a carbon-
reducing effect on the crop and livestock sectors. This study further tests
the robustness of the above results by substituting main independent
variable and applying winsorized regression.

1. Replacement of the main independent variable. The depth of
agricultural insurance reflects its position in the regional
economy (Jiang et al., 2023). The depth of agricultural
insurance (DAI), the depth of plantation insurance (DPI), and
the depth of livestock insurance (DLI) are expressed by the ratio of
premium income to its output value respectively. The results of the
impact of insurance depth on carbon emissions from agriculture,
plantations, and livestock are presented in columns (1) to (3) of
Supplementary Table S3. The estimated coefficients are all
significantly negative, suggesting that the results above are robust.

2. Winsorized regression. To eliminate the influence of extreme
values on the regression results, the explanatory variables in
this study were treated with a 1% winsorization rule. In
Supplementary Table S3, columns (4) to (6) are the results

Frontiers in Environmental Science frontiersin.org04

Jin et al. 10.3389/fenvs.2024.1373184

265

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1373184


of the winsorized regression. It shows that the signs of the
estimated coefficients remain unchanged, indicating that the
benchmark regression results are still robust and reliable.

4.4 Endogeneity test

To mitigate the problem of reverse causality, the previous period
of agricultural insurance is analyzed as an instrumental variable
through two-stage regression (IV-SLS). Supplementary Table S4
shows the estimation results of the second stage. The estimated
coefficient is significantly negative. Meanwhile, the Cragg-Donald

Wald F statistic is 554.978, which is much larger than the critical
value of 16.38 for rejecting the hypothesis of weak instrumental
variables. It shows that this method has no weak instrumental
variables problem and that agricultural insurance still reduces the
carbon emissions from agriculture, plantations, and livestock. After
dealing with endogeneity problems.

4.5 Mechanism testing

The regression findings of the mechanism of the planting
industry are provided in Table 3. Columns (1) and (2), suggest

TABLE 1 Descriptive statistics.

Variable Abbreviation Definition Mean Sd

Agricultural carbon emissions ACE Carbon emissions from crops and livestock 15.540 0.945

Plantation carbon emissions PCE Detailed calculation is shown in Supplementary Table S1 14.730 1.334

Livestock carbon emissions LCE Detailed calculation is shown in Supplementary Table S1 14.663 0.985

Agricultural insurance AI Per capita premium income of primary industry employees 4.882 2.563

Urbanization rate UR Urban population/total population 0.517 0.158

Level of fiscal expenditure FE Government fiscal expenditure/GDP 0.248 0.185

Fiscal support for agriculture FSA Expenditure on agriculture, forestry and water affairs/government expenditure 0.098 0.039

Level of economic development ED GDP per capita 9.968 0.772

Farmers’ wealth level FWL Per capita net income of rural residents 8.515 0.597

Agricultural industry structure AIS Value added in the primary sector/GDP 0.102 0.061

Plantation technology advances PTA Decomposed by green total factor productivity of plantations 0.937 0.177

Livestock technology advances LTA Decomposed by green total factor productivity of livestock 0.874 0.140

Plantation technology efficiency PTE Decomposed by green total factor productivity of plantations 0.631 0.118

Livestock technology efficiency LTE Decomposed by green total factor productivity of livestock 0.636 0.099

FIGURE 1
Carbon emissions from the crop and livestock sectors in 2020.
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that agricultural insurance can contribute to carbon emission
reduction by improving technical efficiency in the crop sector.
However, it does not facilitate the green technology advance
significantly. The results of the mechanism of animal husbandry
are provided in (3) and (4), indicating that in the livestock sector
agricultural insurance facilitates the reduction of carbon emissions
by promoting technological progress.

In the crop sector, agricultural insurance can promote the
“grain-oriented” development of the planting industry (Lin and
Li, 2023). Compared with cash crops, grain crops are easier to
achieve centralized and continuous planting, which is conducive to
mechanized production. The use of agricultural machinery further
deepens the degree of intensification and specialization of
agricultural production and improves the use efficiency of
fertilizers, pesticides, labor, and other factors (Zou and Mishra,
2024). Therefore, agricultural insurance is conducive to promoting
the improvement of planting technology efficiency. However, green
production technology in the crop sector is distinguished by its high
expenses, substantial risks, and exceptional effectiveness, requiring
funding for its implementation (Qing et al., 2023). Although the
crop insurance coverage in China is extensive, the degree of
protection is inadequate. Consequently, agricultural insurance is
unable to facilitate the advancement of green technologies in the
crop sector.

Compared with growing crops, feeding livestock requires more
capital and technology, which makes it easier to make advancements
in low-carbon and green technologies (Lovarelli et al., 2020). China’s
livestock and poultry insurance is based upon the implementation of
non-harmful practices. It clearly states that the adoption of non-
harmful practices is a prerequisite for receiving insurance
compensation (Zhu et al., 2023). As a result, insured farmers are
more inclined to embrace environmentally friendly production
techniques and prioritize the use of non-harmful methods for
handling livestock and poultry. Therefore, agricultural insurance
plays a crucial role in advancing the development of eco-friendly
techniques in livestock production.

5 Heterogeneity analysis

5.1 Different stages of agricultural insurance
development

In 2007, China began to provide central financial subsidies
for agricultural insurance and decided to gradually launch pilot
projects in some provinces. By 2012, the pilot of policy-based
agricultural insurance was expanded nationwide. This study
categorizes the period of agricultural insurance development

TABLE 2 Baseline regression results.

ACE PCE LCE

(1) (2) (3) (4) (5) (6)

AI −0.020* −0.025*** −0.027** −0.041*** −0.010 −0.021*

(0.012) (0.009) (0.014) (0.010) (0.015) (0.012)

UR 0.740*** 0.688*** 0.768***

(0.194) (0.151) (0.260)

FE 0.327*** 1.216*** 0.547***

(0.107) (0.144) (0.122)

FSA 1.191*** 1.359*** 1.865***

(0.302) (0.369) (0.383)

ED 0.172 −0.041 0.464***

(0.124) (0.133) (0.159)

FWL 0.106 0.588*** −0.079

(0.143) (0.143) (0.185)

AIS −0.126 −0.188 0.494

(0.459) (0.486) (0.647)

Constant 15.607*** 12.441*** 14.824*** 9.509*** 14.698*** 10.017***

(0.042) (1.115) (0.049) (1.335) (0.053) (1.428)

Year and Province FE YES YES YES YES YES YES

Observations 620 620 620 620 620 620

R-squared 0.981 0.984 0.985 0.99 0.972 0.976

***, **, and * are significant at the level of 1%, 5%, and 10% respectively. The same applies to all the tables hereafter.
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into the budding period (before 2008), the start-up period (from
2008 to 2012), and the development period (after 2012). It then
analyzes the carbon-reducing effects of agricultural insurance in
various phases.

The results are shown in Table 4. The regression results for the
crop and livestock sectors are not significant in the budding and
start-up period and are significant in the development stage. The
national government’s increasing subsidies for agriculture insurance
are enhancing the farmer’s risk dispersion capacity. Consequently,
farmers are increasingly inclined to embrace ecologically sustainable
practices to reduce carbon emissions.

5.2 Differences in regional economic
development levels

China’s regions differ in economic development level and
agricultural production structure, which affects the level of
agricultural technology, and thus affects carbon emissions from
the crop and livestock sectors (Guo and Zhang, 2023). Premium
subsidies for agricultural insurance vary between eastern, central,
and western regions. Therefore, the study assesses the carbon-
reducing effects of agricultural insurance in different regions.

The results are shown in Table 5. Columns (1) to (3) suggest
that the carbon-reducing effects of agricultural insurance in the

eastern regions are negatively significant. Columns (4–6) suggest
that the effects in the central and western regions are not
significant. Possible reasons include: compared to the central
and western regions, the eastern region has developed
agricultural insurance earlier, the insurance system is relatively
perfect, and farmers are relatively rich and have funds to
purchase agricultural insurance. Meanwhile, farmers in the
eastern region have a higher education level (Chen et al.,
2023). They tend to have a better understanding and
acceptance of agricultural insurance, as well as a stronger risk
management concept. Therefore, the production behavior of
farmers in the eastern region is more easily influenced by
agricultural insurance, which in turn affects agricultural
carbon emissions.

5.3 Differences in agricultural production
characteristics vary across regions

Following the classification criteria published by the China
Animal Husbandry Association, 31 provinces in China were
divided into agricultural areas, agro-pastoral areas, and pastoral
areas. The results are shown in Table 6. Columns (1), (3), and
(5) suggest that the carbon-reducing effects from plantations
are reflected in agricultural, agro-pastoral, and pastoral areas.

TABLE 3 Carbon reduction mechanisms.

PTA PTE LTA LTE

(1) (2) (3) (4)

AI −0.006 (0.006) 0.013**(0.006) 0.012***(0.003) −0.003 (0.04)

Constant 0.866*(0.511) 2.484***(0.745) 1.194***(0.337) 2.284***(0.623)

Controls YES YES YES YES

Year and Province FE YES YES YES YES

Observations 620 620 620 620

R-squared 0.895 0.562 0.916 0.615

TABLE 4 Heterogeneity analysis of agricultural insurance at different stages of development.

PCE LCE

Budding
period

Start-up
period

Development
period

Budding
period

Start-up
period

Development
period

AI −0.011 0.006 −0.054*** −0.031 0.011 −0.075***

(0.011) (0.010) (0.018) (0.023) (0.007) (0.022)

Controls YES YES YES YES YES YES

Year and
Province FE

YES YES YES YES YES YES

Province FE YES YES YES YES YES YES

Observations 186 155 248 186 155 248

R-squared 0.998 0.999 0.998 0.988 0.999 0.994
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Columns (2), (4), and (6) suggest that the carbon-reducing
effect is reflected in agricultural areas, but not in agro-
pastoral and pastoral areas. Possible reasons for this result
include: agricultural areas are mainly dominated by pigs and
poultry, and pig farming is dominated by smallholder backyard
farmers in China. Promoting agricultural insurance will
encourage large-scale farming in agricultural areas and
reduce carbon emissions. The farming scale of cattle, sheep,
and other ruminants in agro-pastoral areas and pastoral areas is
large (He et al., 2022). This implies that there is limited scope for
agricultural insurance to influence livestock carbon emissions
through increased scale.

6 Conclusions and policy implications

6.1 Conclusion

This paper analyzes the carbon-reducing effects of agricultural
insurance in both crop and livestock sectors, using panel data from
31 provinces in China from 2001 to 2020. The following findings
were obtained: (1) Agricultural insurance has a carbon-reducing
effect, and with the development of agricultural insurance, the

carbon-reducing effects are gradually improving. (2) The
mediating effects of agricultural insurance on carbon emissions
are driven by green technology progress and technical efficiency.
Agricultural insurance reduces carbon emissions by increasing green
technical efficiency in the crop sector and improving green
technological advances in the livestock sector. (3) The carbon-
reducing effects of agricultural insurance exhibit regional
variations. Specifically, economically developed eastern regions
demonstrate more pronounced effects, while central and western
regions show less apparent impacts. Additionally, agricultural areas,
agro-pastoral areas, and pastoral areas benefit from carbon
reduction in the crop sector, while the livestock sector’s effects
are limited to agricultural areas.

6.2 Policy implications

First, agricultural insurance can raise expected income,
strengthen farmers’ ability to manage risk, and eventually affect
the adoption of green technology which lowers carbon emissions.
Therefore, agricultural insurance providers should be encouraged to
develop innovative agricultural insurance options to satisfy a variety
of farmers’ business risks. At the same time, it is imperative to foster

TABLE 5 Heterogeneity analysis in the East, Central and Western Regions.

Eastern regions Central and western regions

ACE PCE LCE ACE PCE LCE

(1) (2) (3) (4) (5) (6)

AI −0.050*** −0.046*** −0.060*** 0.006 −0.014 0.006

(0.011) (0.012) (0.015) (0.009) (0.012) (0.012)

Controls YES YES YES YES YES YES

Year FE YES YES YES YES YES YES

Province FE YES YES YES YES YES YES

Observations 260 260 260 360 360 360

R-squared 0.993 0.991 0.986 0.988 0.995 0.963

TABLE 6 Heterogeneity analysis in agricultural, agro-pastoral and pastoral areas.

Agricultural areas Agro-pastoral areas Pastoral areas

PCE LCE PCE LCE PCE LCE

(1) (2) (3) (4) (5) (6)

AI −0.039*** −0.057*** −0.030*** 0.009 −0.070** 0.003

(0.008) (0.011) (0.010) (0.010) (0.027) (0.021)

Controls YES YES YES YES YES YES

Year and Province FE YES YES YES YES YES YES

Observations 420 420 120 120 80 80

R-squared 0.994 0.988 0.994 0.992 0.997 0.917
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farmers’ awareness of insurance and enhance the assistance
provided for agricultural insurance in economically
disadvantaged regions.

Second, strengthen the impact of technology advancements and
technological efficiency in reducing carbon emissions by
implementing agricultural insurance. Governments may
contemplate providing attractive insurance premiums to livestock
and crop producers that embrace carbon-reducing technologies, and
develop a carbon emission index system for animal husbandry and
crop farming as one of the evaluation criteria for agricultural
insurance. In crop farming, it is essential to boost the motivation
of small-scale farmers and emerging agricultural businesses to
embrace innovative technology, new crop varieties, and modern
agricultural production practices.

Third, the government could prioritize regional peculiarities
when establishing policies designed to promote green
agriculture. To meet the needs of agriculture in the central
and western regions, the government could develop and
promote agricultural insurance products tailored for local
specific risks, and reduce insurance premiums to enhance the
carbon-reducing effect in these areas. In the livestock sector,
agricultural insurance reduces carbon emissions mainly in
agricultural areas, provides premium subsidies to farmers
who adopt combined planting and breeding methods,
optimizes feed structures, and promotes the efficient
utilization of manure may enhance the effect.

6.3 Limitations and future directions

This study also has the following limitations: It focuses on
analyzing the carbon-reducing effect of agricultural insurance
from a macro perspective, without conducting a full assessment
of the micro mechanism that influences farmers’ production
behavior. Due to the lack of data availability, the empirical proof
of the process by which agricultural insurance influences
changes in farmers’ cost-benefit has not been established. Our
future plans involve directly gathering survey data from farmers
to dig deeper into the correlation between agricultural insurance
and the economic viability of farmers in both crop and
livestock sectors.
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Sentiment analysis of global news
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impact on low-carbon economy
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In this study, we leverage sentiment analysis to investigate public perception
towards environmental issues as conveyed through global news articles and its
potential implications on the transition to a low-carbon economy. Utilizing an
extensive corpus of news articles sourced globally, we deploy Natural Language
Processing (NLP) techniques to quantify sentiment in these articles, capturing
public sentiment’s dynamism and complexity towards various environmental
issues. Our methodology involves sentiment scoring of key aspects like
“climate change”, “climate policy”, “renewable energy”, “solar energy”, “wind
energy”, and “environmental impact” which facilitated a detailed sentiment
trend analysis over time. We also incorporated a Latent Dirichlet Allocation
(LDA) model to conduct topic modelling, identifying five major topics
recurring in the discourse. Our correlation analysis uncovers interesting
relationships such as a positive correlation between sentiment scores of “low
carbon” and “electric cars”, and a negative correlation between “greenhouse gas
emissions” and “electric cars". The findings indicate that public sentiment towards
environmental issues is not only multifaceted but also evolving, with significant
implications for policy-making and stakeholder engagement in the low-carbon
transition. These results exemplify sentiment analysis as a powerful tool in
understanding public perception, providing actionable insights for researchers,
policymakers, and stakeholders involved in environmental issues and the low-
carbon economy transition.

KEYWORDS

sentiment analysis, natural language processing, public perception, environmental
issues, machine learning, sustainability, policy-making

Introduction

Environmental issues, primarily encompassing climate change and the necessity of
transitioning to a low-carbon economy, have steadily become central topics in the global
narrative. Public perceptions and opinions on these issues significantly influence individual
behaviors, as well as broader policy and decision-making processes related to environmental
action (Capstick et al., 2015).
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The media, as a primary information source for many, plays a
substantial role in shaping these perceptions and opinions (Schmidt
et al., 2013). The manner in which environmental issues are
represented and interpreted through the media can guide public
response towards them. However, fully understanding this
influence, and the spectrum of sentiment it fosters within the
public regarding various environmental topics, requires in-depth
investigation.

To contribute to this exploration, our study conducts sentiment
analysis on news articles pertaining to environmental issues and the
shift towards a low-carbon economy. Our primary research question
is: “How are sentiments within news articles on environmental
issues and the low-carbon economy transition represented, and
how have these sentiments evolved over time?"

Literature review

Sentiment analysis

In the evolving field of sentiment analysis, a variety of scholarly
works have provided substantial insights and advancements. The
comprehensive study by Liu et al. (2016) serves as a cornerstone in
this domain, offering an extensive exploration of sentiment analysis
from its fundamental concepts to advanced methodologies. Their
work is notable for its application in diverse sectors, encompassing
marketing and political science, demonstrating the versatility of
sentiment analysis.

Medhat et al. (2014) contribute to the field by summarizing
various sentiment analysis algorithms and their applications,
particularly highlighting the distinction between machine
learning and lexicon-based methods. This comparison is crucial
for understanding the diverse approaches within sentiment analysis.

The realm of social media, specifically Twitter, presents unique
challenges and opportunities in sentiment analysis. Giachanou and
Crestani (2016) address this by focusing on methods tailored for
analyzing sentiments in Twitter data. Their work underscores the
distinctive aspects of sentiment analysis within social media
contexts. Further refining the approach to Twitter sentiment
analysis, Tang et al. (2014) introduce a groundbreaking method
for learning sentiment-specific word embeddings. This technique
proves effective in capturing the nuances of sentiment in the context
of Twitter’s textual data, marking a significant advancement in
the field.

While not exclusively focused on sentiment analysis, the
research by Turney and Pantel (2010) is instrumental in
understanding vector space models. These models are
fundamental to many sentiment analysis techniques, providing a
mathematical and conceptual foundation for the field.

Ligthart et al. (2021) offer a systematic review of sentiment
analysis, synthesizing results from various secondary studies. Their
comprehensive overview identifies key topics, approaches, features,
algorithms, datasets, challenges, and open problems in sentiment
analysis, providing a thorough understanding of the field’s current
state and future directions. Karmaniolos and Skinner (2019) delve
into the foundational technologies of sentiment analysis, tracing the
development of modern frameworks and exploring the taxonomy of
its parent fields, namely, natural language processing and machine

learning. Their literature review offers a historical perspective,
tracing related research back to the early 1990s. Nanli et al.
(2012) focus on methods for extracting opinions from online
reviews, classifying them into positive, negative, or neutral
sentiments. Their work is pivotal in understanding the
application of sentiment analysis in the context of online
consumer feedback. Lastly, Nandwani and Verma (2021)
contribute a comprehensive review focusing on sentiment
analysis and emotion detection from text. They discuss the
various levels of sentiment analysis, the different emotion
models, and the intricate process of sentiment analysis and
emotion detection from textual data. Their work also sheds light
on the challenges encountered in sentiment and emotion analysis,
marking an important contribution to the field.

Sentiment analysis and environmental issues

In the field of sentiment analysis, recent studies have
increasingly focused on applying these techniques to
environmental and climate change topics, demonstrating the
versatility and societal relevance of sentiment analysis. Kirilenko
and Stepchenkova (2014) made a significant contribution in this
arena by applying sentiment analysis to Twitter data concerning
climate change. Their work uncovered a range of public sentiments
and topics of discussion related to climate change, providing
valuable insights into public perception and discourse on this
critical global issue.

Expanding the application of sentiment analysis to the realm of
public governance, Rocca et al. (2020) explored how local
governments utilize social media to disseminate information
about their environmental actions, plans, and policies. Their
study is unique in that it not only examines the use of social
media for environmental communication but also applies
sentiment analysis to gauge citizens’ judgments of these
environmental disclosures on Facebook. This approach offers a
novel perspective on enhancing governmental accountability and
organizational legitimacy through the lens of social media
engagement.

In a comprehensive systematic review, Okky Ibrohim et al.
(2023) delved deep into the tasks, techniques, and benchmarks
developed for sentiment analysis specifically in the context of
natural environment-related topics. Their analysis spanned seven
dimensions: contribution, topical focus, data source and query,
annotation, language, details of the task, and the technology or
algorithm used. This review stands out for its thorough examination
of the application of sentiment analysis in environmental discourse,
providing a roadmap for future research in this area. Sham and
Mohamed (2022) proposed an innovative climate change sentiment
analysis framework that leverages natural language processing
techniques to analyze tweets related to climate change. Their
research goes beyond mere analysis of sentiments; it also
investigates the relationship between the sentiment polarity in
tweets and socio-economic indicators of the countries where
these tweets originated. This aspect of their study offers a
nuanced understanding of how socio-economic factors might
influence public sentiment about climate change, reflected
through social media.
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A groundbreaking study by (Bessec and Fouquau, 2020) utilized
textual analysis of 71,785 articles from The Wall Street Journal,
revealing a significant impact of environmental sentiment on the
stock prices of S&P500 firms, with sector-specific responses. Their
findings highlight the financial market’s sensitivity to environmental
concerns, suggesting that firms with better environmental
performance could potentially leverage this sentiment to enhance
their market valuation.

The transition towards post-carbon cities necessitates
comprehensive evaluation tools that encompass environmental,
social, and economic impacts (Bottero et al., 2021). emphasize
the importance of such tools in aiding decision-makers to select
sustainable solutions, thus facilitating the low-carbon transition at
the urban level.

The intersection of Big Data with environmental management
has opened new avenues for research (Su et al., 2020). conducted a
bibliometric analysis to explore the application of Big Data in
climate change and environmental management, uncovering a
burgeoning field of study that spans across various industries and
geographical regions.

(El Barachi et al., 2021) introduced a novel sentiment analysis
framework employing a Bi-directional LSTM classifier for real-time
monitoring of public opinion on climate change. Their method
showcases the potential of advanced machine learning techniques in
capturing and analyzing public sentiment towards environmental
issues efficiently.

Exploring the link between environmental news and the
financial performance of green industries (Wang et al., 2021),
discovered a negative correlation between media attention
to environmental issues and the stock returns of companies
in the green sector, mediated by investor sentiment. This
indicates the critical role of media in shaping investor
perceptions and decisions in the context of environmental
sustainability.

(Luxon, 2019) examined how environmental non-governmental
organizations (ENGOs) utilize media to mobilize public sentiment
on climate change. The study found that positive emotional framing
in ENGO press releases effectively influences media coverage,
suggesting a strategic avenue for environmental advocacy.

The transition to a low-carbon economy

The transition to a low-carbon economy is a complex and
multifaceted challenge that has attracted significant academic
attention, resulting in a diverse array of theoretical frameworks,
analytical approaches, and policy recommendations. Bergek et al.
(2015) contribute a foundational theoretical framework for
understanding the dynamics of technological innovation
systems within the context of transitioning to a low-carbon
economy. Their framework is instrumental in conceptualizing
how technological advancements can facilitate this critical shift.
Li and Pye (2018) delve into the uncertainties, political dynamics,
and technological considerations inherent in the transition to a
low-carbon energy future. Their work underscores the necessity of
diversified transition pathways, highlighting the complexity and
multifaceted nature of this global endeavor. McCauley and Heffron
(2018) bring a unique perspective by advocating for the integration

of climate, energy, and environmental justice in the transition
process. They introduce the concept of “just transition,”
emphasizing the importance of fairness and equity in the shift
towards a low-carbon economy. Shove and Walker (2010) explore
the impact of everyday practices on the transition to a sustainable,
low-carbon society. They suggest a bottom-up approach, arguing
that the governance of the low-carbon transition should be rooted
in the daily behaviors and practices of individuals and
communities.

Wang et al. (2022) provide a comprehensive systematic review
and bibliometric analysis of research in the low-carbon economy
field. Utilizing machine learning methods, they identify five major
clusters of research topics, ranging from low-carbon energy policy
to carbon emission drivers. Their analysis also sheds light on the
influence and effects of low-carbon economic policies on energy
futures. Dawson (2021) offers a practical guide for decision-
makers on transitioning to a resilient, prosperous, and carbon-
free economy. His work covers the necessary technologies, policies,
legal structures, financing, and sectoral strategies. Furthermore,
Dawson discusses the broader benefits and opportunities of this
transition for economies, communities, and the natural
environment. Finally, Krogstrup & Oman (2019) examine the
macroeconomic and financial policies pertinent to climate
change mitigation. They focus on the roles of fiscal, monetary,
prudential, and financial market policies, providing a detailed
menu of policy tools for mitigation and discussing their
interactions and trade-offs.

Methodology

In this section, we outline the methodology employed in our
study, serving to expose the methods of data collection, analysis, and
processing that were pivotal in our quest to better understand public
sentiment around environmental issues and the transition to a low-
carbon economy.

Our study operates at the intersection of computational
linguistics, media studies, and environmental policy, thereby
necessitating a methodological framework that is capable of
bridging these diverse fields. At the heart of this approach is the
use of sentiment analysis—a field within Natural Language
Processing (NLP) that aims to identify and quantify affective
states and subjective information within source materials.

The primary sources of our data are news articles. We selected
this data due to the significant role of media in shaping and reflecting
public opinion. News media, in particular, has a widespread reach,
can influence public perception, and plays a crucial role in shaping
policy discussions and outcomes. The time period of these articles
was carefully chosen to capture recent sentiment and
relevant trends.

For the sentiment analysis, we employed a blend of existing
tools and custom-developed algorithms to extract, process, and
analyze sentiment from the text data in the articles. This process
comprised several steps, including data cleaning, text
preprocessing, sentiment scoring, and further statistical analysis.
The combination of these methods allowed us to generate
quantitative sentiment scores, detect trends, and draw insights
about public sentiment over time.

Frontiers in Environmental Science frontiersin.org03

Bucur et al. 10.3389/fenvs.2024.1360304

274

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1360304


Furthermore, we harnessed the power of machine learning
for topic modelling to gain a deeper understanding of
the recurrent themes within the articles. Specifically, we
used the Latent Dirichlet Allocation (LDA) method, a
generative statistical model that allows sets of observations
to be explained by unobserved groups. Overall, the steps we

followed enabled us to gain significant insights into
the temporal dynamics of public sentiment concerning
the environment and the transition towards a low-
carbon economy. In the following subsections, we delve into
a more detailed explanation of each step in our
methodology (Figure 1).

FIGURE 1
A schematic diagram of the methodology used for this research (figure built by the authors).
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Data collection

The data we used for analysis originates from a comprehensive
collection of Top 25 World News Headlines (2018–2023): https://
www.kaggle.com/datasets/suruchiarora/top-25-world-news-2018-
2023?select=WorldNewsData.csv.

This source presents a dataset containing a comprehensive collection
of world news headlines from May 2018 to April 2023. The dataset was
sourced from Reddit using the PMAW (Python Reddit API Wrapper)
API. It covers a wide range of topics, including international news,
politics, economics, science, technology, and entertainment. The dataset
comprises seven columns, including the date and the top 25 news
headlines ranked by importance. The dataset consists of seven
columns that provide essential information for each news headline.

The columns include:

• Date: Represents the date of the news headline.
• Top1 to Top25: Includes the top 25 news headlines for each
respective date. The headlines are ranked based on their
importance, with Top1 being the most significant headline.

The dataset consists of 1,680 rows each with 25 news headlines
making a total of 42.000 headlines.

We collected global news articles related to
environmental issues.

Data preprocessing

Before conducting the sentiment analysis, we preprocessed the
text data to improve the accuracy of the analysis. This involved
several steps, including:

Handling noisy data. text cleaning

Our preprocessing begins with an extensive text cleaning process.
This involves removing HTML tags, URLs, and non-alphanumeric
characters, which are common sources of noise in text data. We also
standardize the case by converting all text to lowercase to ensure
uniformity.

Handling noisy data. normalization

Beyond basic cleaning, we employ text normalization
techniques, including the removal of stop-words (common words
that are unlikely to carry significant meaning, such as “and”, “the”,
etc.), and the application of lemmatization to reduce words to their
base or dictionary form. This step helps in focusing the analysis on
meaningful words.

Addressing outliers. statistical analysis for
anomaly detection

We conduct a statistical analysis to identify outliers in terms of
word frequency and sentiment scores. Words that appear with an

unusually high frequency and do not contribute to sentiment or
thematic relevance are flagged for review and removed if deemed
as outliers.

Addressing outliers. sentiment score
distribution analysis

We analyze the distribution of sentiment scores across the
dataset to identify and assess potential outliers. Articles with
extreme sentiment scores that deviate significantly from the
mean are subjected to a manual review to determine if they
result from anomalies in data collection or preprocessing.

Tokenization

We broke down the text into individual words or
“tokens”. This is a standard step in text analysis and
allows us to analyze the frequency and distribution of words
in the text.

Stop word removal

We removed common words that do not carry significant
meaning, such as “the”, “is”, and “and”. These words are often
removed in text analysis to focus on the words that carry more
information.

Lemmatization

We reduced words to their base or root form (e.g., “running”
to “run”). This helps to consolidate different forms of the same
word and reduce the complexity of the analysis. We performed
preprocessing and analysis on the “WorldNewsData.csv”
dataset related to the low carbon transition. By converting
the “Date” column to datetime, setting it as the index, and
combining the top news into a single column, you have created a
more manageable dataset. Furthermore, we filtered the dataset
to focus on environmental issues by selecting rows where the
“combined_news” column contains the term ‘environment’
(Figure 2). This allows us to narrow down the dataset
specifically to news related to the environment and the low
carbon transition.

Sentiment analysis

Sentiment analysis, also known as opinion mining, is a subfield
of Natural Language Processing (NLP) that involves determining the
sentiment or emotion expressed in a piece of text. The goal is to
classify the text into one or more categories: positive, negative,
neutral, and sometimes more specific emotions like happy,
sad, angry, etc.

There are several approaches to sentiment analysis, including
machine learningmethods, lexicon-basedmethods, and hybridmethods.
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We used a sentiment analysis model to assign a sentiment score
to each news article. The sentiment score is a numerical value that
represents the overall sentiment of the text, with higher values
indicating more positive sentiment and lower values indicating
more negative sentiment. We used the VADER (Hutto et al.,
2014) (Valence Aware Dictionary and sEntiment Reasoner)
model, which is a lexicon and rule-based sentiment analysis tool
specifically attuned to sentiments expressed in social media.

Sentiment analysis model selection and
validation

Model Selection: We utilize the VADER sentiment analysis
model, chosen for its robustness in handling social media and
news text. VADER is particularly adept at understanding the
nuances of sentiment expressed in various forms, including slang
and emoticons.

Validation Process: To ensure the accuracy and reliability of our
sentiment analysis, we validate the model’s performance on a
benchmark dataset with manually annotated sentiment labels.
This allows us to adjust parameters and refine our approach
based on precision, recall, and F1-score metrics.

Ensuring analysis reliability

Contextual Sentiment Analysis: Recognizing the importance of
context in sentiment analysis, we implement additional NLP
techniques that consider the surrounding text to determine the
sentiment of specific words or phrases. This contextual analysis
helps in accurately capturing the intended sentiment, especially in
complex sentences.

Cross-validation with Human Annotation: For a subset of the
dataset, we conduct a cross-validation process involving human
annotators. The annotators review the sentiment scores assigned by
our model to ensure they align with human judgment. Discrepancies
are analyzed and used to fine-tune the model.

Handling noisy data in sentiment analysis

Filtering and Weighting: In the sentiment analysis phase,
noisy data that may skew sentiment scores, such as sarcasm or
hyperbole, are addressed through filtering and weighting
mechanisms. Words and phrases identified as potential
sources of noise are weighted less in the final sentiment score
calculation.

To gain insights into the sentiment of the news articles, we
employed the VADER (Valence Aware Dictionary and sEntiment
Reasoner) sentiment analysis tool from the NLTK library. By
applying the sentiment analysis to the “combined_news” column,
we obtained sentiment scores for each news article.

VADER uses a combination of a sentiment lexicon, which is a
list of lexical features (e.g., words, emoticons) weighted by their
sentiment intensity, and a set of grammatical and syntactical rules to
determine the sentiment of a piece of text. It uses a combination of
qualitative and quantitative methods to analyze text data
(C.J. Hutto, 2023).

Lexicon: VADER has a lexicon (a dictionary of words) that
contains over 7,500 words, emoticons, and other lexical features.
Each entry in the lexicon has been manually annotated by human
raters with a sentiment intensity, which ranges from −4 (extremely
negative) to +4 (extremely positive). For example, the word “good”
has a positive sentiment intensity of 1.9, while the word “excellent”
has a higher positive sentiment intensity of 2.7.

FIGURE 2
Screen capture taken during the lemmatization process (figure built by the authors).
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Sentiment Intensity Scoring: VADER analyzes a piece of text
by looking at each word in the text, finding the word in its lexicon,
and summing up the sentiment intensity of each word to calculate
the total sentiment score of the text. The sentiment score of a
text can range from −1 (extremely negative) to +1
(extremely positive).

Incorporating Contextual Information: VADER also takes into
account the context in which a word is used. It uses grammatical and
syntactical rules to handle things like negations (e.g., “not good” is
negative), intensifiers (e.g., “very good” is more positive than
“good”), and diminishers (e.g., “kind of good” is less positive
than “good”).

The sentiment score assigned by VADER to a text document is
computed as follows:

1. Each word in the text is matched with the sentiment lexicon to
obtain its sentiment score. The sentiment score of a word is a
real number in the range [-4, 4], with negative numbers
indicating negative sentiment and positive numbers
indicating positive sentiment.

2. The sentiment scores of the words are then summed up to
obtain the raw sentiment score of the text.

3. The raw sentiment score is normalized to be in the range [-1, 1]
to obtain the final sentiment score of the text. This is the
‘compound’ score in VADER.

The final sentiment score of a text is calculated using the
following formula:

compound score � normalize sum of sentiment scores( )

where normalize is a function that scales the sum of sentiment scores
to be between −1 and +1. This compound score represents the

overall sentiment of the text. The normalization is done using the
following formula:

compound score � raw sentimental score����������������������
raw sentiment score( )2 + α

√

where α is a normalization constant (usually set to 15 by default
in VADER) to ensure that the compound score is
between −1 and 1.

The graph below (Figure 3) illustrates the normalization process.
It demonstrates that as the value of x increases, it tends to
approach −1 or 1. Similarly, when applying VADER sentiment
analysis to documents with a significant number of words, the
resulting score tends to be closer to −1 or 1. Consequently,
VADER sentiment analysis is most effective for shorter
documents such as tweets and sentences, rather than
larger documents.

VADER also takes into account intensifiers (e.g., ‘very’),
diminishers (e.g., ‘kind of’), and negations (e.g., ‘not good’) by
adjusting the sentiment scores of the words following
these modifiers.

VADER is effective especially for social media text, as it may not
capture all nuances and complexities of human sentiment, especially
for more complex or specialized texts.

In selecting the VADER (Valence Aware Dictionary and
sEntiment Reasoner) lexicon for sentiment analysis within our
research, we made a deliberate choice guided by several key
factors that align with the objectives and design of our study.
This decision is rooted in the specific attributes of VADER that
render it particularly suited to our research context, as outlined
below, with justification grounded in the relevant literature (Hutto
and Gilbert, 2014):

FIGURE 3
The normalization graph for VANDER (figure acquired from https://medium.com/@piocalderon/vader-sentiment-analysis-explained-
f1c4f9101cd9).
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1. Designed for Social Media Text: VADER is explicitly designed
to handle the nuances of social media text, including the use of
slang, emoticons, capitalization, and punctuation to convey
sentiment. Given the diversity of sources in our dataset,
including news headlines that often adopt a concise and
impactful style akin to social media discourse, VADER’s
sensitivity to such linguistic features ensures a more
accurate sentiment analysis.

2. Pre-calibrated Lexicon: Unlike many sentiment analysis tools
that require extensive calibration to specific datasets or
domains, VADER comes pre-calibrated with a lexicon that
is optimized for general sentiment analysis across various
contexts. This aspect of VADER allows for immediate
application to our diverse dataset without the need for time-
consuming manual calibration.

3. Rule-based Model with Quantitative Scoring: VADER
combines both qualitative and quantitative approaches,
utilizing a rule-based model that interprets the intensity of
sentiment expressed, thereby providing nuanced sentiment
scores ranging from strongly negative to strongly positive.
This capability is particularly valuable for our research, as it
allows us to capture the subtleties and degrees of sentiment
within environmental discourse.

4. Efficiency and Scalability: The efficiency and scalability of
VADER make it highly suitable for analyzing large datasets.
Its implementation in the Python Natural Language Toolkit
(NLTK) allows for seamless integration into our analytical
pipeline, enabling the processing of our extensive collection of
news articles with minimal computational overhead.

5. Proven Effectiveness in Similar Research Contexts:

Several studies have demonstrated VADER’s effectiveness in
sentiment analysis within contexts similar to ours. For instance
(Ribeiro et al., 2016), successfully applied VADER in their
comparative analysis of sentiments. While other lexicons and
sentiment analysis tools exist, such as LIWC (Linguistic Inquiry and
Word Count) or SentiWordNet, these alternatives either require
extensive customization to the specific dataset or lack the nuanced
understanding of internet-specific language forms that VADER offers.
Given our dataset’s diversity and the importance of accurately capturing
sentiment expressed in modern, concise news language, VADER’s
design and capabilities offer a compelling fit for our research objectives.

A comprehensive study by Das et al. (2021) compared seven
sentiment analysis tools, including VADER, across four datasets
from Twitter, Facebook, Economic Times Headlines, and stock
market news articles. The study found VADER to perform
exceptionally well, particularly on Facebook data, demonstrating its
robustness across different sources of text data (Das et al., 2021).
Another research by Dhanalakshmi et al. (2023) compared VADER
and logistic regression techniques on a dataset of airline tweets. Despite
logistic regression achieving higher accuracy, VADER’s lexicon-based
method was recognized for its simplicity and efficiency, particularly
when quick, rule-based sentiment analysis is required (Dhanalakshmi
et al., 2023).

The adaptability of VADER was further illustrated in studies that
modified the tool for languages other than English. A study by Amin
et al. (2019) developed Bengali VADER, showcasing the tool’s versatility
and its application in sentiment analysis for low-resource languages,

providing a significant improvement over existing models (Amin et al.,
2019). Additionally, Stanley et al. (2023) explored the use of VADER in
analyzing sentiments expressed in tweets about the COVID-19 vaccine,
demonstrating its capability in quickly processing and extracting
sentiments from social media texts. This study highlighted VADER’s
potential in public health research, emphasizing its utility in capturing
public sentiment during health crises (Stanley et al., 2023).

After the sentiment analysis has been successfully performed on
the cleaned text, we obtain results as in preview table below
(Table 1/Figure 4):

Topic modelling

To identify common themes or topics among the news articles, we
used a topic modelling technique called Latent Dirichlet Allocation
(LDA). LDA is a probabilistic model that assumes each document is a
mixture of a certain number of topics, and eachword in the document is
attributable to one of the document’s topics.

Topic modelling is a type of statistical modelling for discovering
the abstract “topics” that occur in a collection of documents (e.g., in
Figure 5). One popular method for topic modelling is Latent
Dirichlet Allocation (LDA). LDA is a generative probabilistic
model that assumes each document is a mixture of a certain
number of topics, and each word in the document is attributable
to one of the document’s topics. Here’s a more detailed explanation:

1. Topics: In LDA, a topic is defined as a distribution over a fixed
vocabulary. For example, the topic “environment” might
consist of words like “climate”, “pollution”, “sustainability”,
with each word having a certain probability.

2. Documents: Each document is modelled as a multinomial
distribution over topics, and each word in the document is
modelled as a multinomial distribution over the words for the
chosen topic.

The goal of LDA is to find the topic distribution that best
explains the set of documents in the corpus. This is done by
maximizing the following joint probability (Figure 6):

Where:

• M represents the total number of documents.
• N denotes the number of words in a particular document
(document “i" has “Ni” words).

• α is a parameter that determines the prior belief about the
distribution of topics within each document.

• β is a parameter that determines the prior belief about the
distribution of words within each topic.

• θ represents the distribution of topics for a specific
document “i."

• φ represents the distribution of words for a particular
topic “k."

• “z" represents the topic assignment for the jth word in
document “i."

• “w" represents a specific word.

For each word in each document, we calculate the likelihood of it
belonging to a specific topic. This likelihood is determined by the
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proportion of words in the document that are currently assigned to that
topic (“P (Topic T | Document D)"). We also calculate the likelihood of
a word being generated by a specific topic. This is determined by the
proportion of topic assignments across all documents that originate
from that word (“P(Word W | Topic T)").

We then reassigned the word to a new topic based on
probabilities. We choose a new topic based on the combined
probability of “P (Topic T | Document D)" and “P(Word
W | Topic T)." This process essentially means that the new topic
for word “w" is selected based on how likely that topic
generated the word.

Natural language processing (NLP)
techniques: suitability

For our study, NLP techniques are particularly suitable due to
their ability to process and analyze large volumes of unstructured

text data from global news articles. The diverse and dynamic nature
of language used in news media to describe environmental issues
demands the robust and flexible analytical capabilities provided by
NLP. By employing these techniques, we can systematically
categorize sentiments expressed in the news, thereby unveiling
public perceptions and narratives surrounding environmental
issues and the low-carbon economy transition.

Latent dirichlet allocation (LDA): suitability

The LDA model is particularly suited to our study for several
reasons. First, it allows us to uncover latent topics within our
extensive collection of news articles on environmental issues,
providing insights into the thematic landscape of global
environmental discourse. Secondly, LDA’s ability to handle large
datasets and uncover hidden thematic structures without prior
labeling makes it ideal for exploring diverse and voluminous

TABLE 1 Excerpt from the results obtained from the sentiment analysis stage (table built by the authors).

Index Date Cleaned_text Sentiment

0 01 May 2018 north korea open sky south korean media reports mueller probe ending anytime soon brand new renault alpine start amp loud
sound story midwestern innocent let loose big city trope successful comedies tales city girls sweetbitter new six episode series

−0.6486

1 02 May 2018 got fear trump threatens declassify fbi justice department files surveillance abuse clinton email probe doj slow release congress
best garage heater reviews incuding electric gas ventfree ga apple fueled everyone biggest fear companies going use extr

−0.932

2 03 May 2018 hollywood simply churning crummy remakes nice movies anymore terrible remakes mediocre movies proof see overboard
moderately wants date model weird goldie hawn kurt russell comedy wealthy girl tumbles h iran foreign minister us consistently
violated

−0.6369

FIGURE 4
Example of sentiment score obtained (figure built by the authors).
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news data. Finally, the probabilistic nature of LDA offers a nuanced
understanding of topic prevalence and composition, which is crucial
for interpreting the complex interplay of themes in environmental
news coverage.

So, the combination of NLP techniques and the LDA model
offers a robust framework for analyzing sentiment and topics within
large textual datasets. These methods are theoretically grounded and
practically suitable for dissecting the intricate ways in which

FIGURE 5
LDA used to detect the topic representation for a document (figure acquired from https://medium.com/analytics-vidhya/latent-dirichelt-
allocation-1ec8729589d4).

FIGURE 6
The LDA model (figure acquired from https://medium.com/analytics-vidhya/latent-dirichelt-allocation-1ec8729589d4).
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language is used to convey sentiments and themes in global news
coverage of environmental issues. This approach enables us to
achieve our research objective of understanding public perception
and its impact on the transition to a low-carbon economy, thereby
contributing valuable insights to the field.

Correlation and clustering analysis

We conducted a correlation analysis to examine the
relationships between different news articles based on their
sentiment scores. We also performed a clustering analysis to
group similar news articles together. This provided insights into
the common themes or topics among the news articles and how they
relate to the sentiment scores.

We have performed a correlation analysis and clustering on the
news articles sentiment value. The correlation analysis was done
using cosine similarity, which measures the cosine of the angle
between two vectors. This is a measure of how similar the documents
are irrespective of their size. The clustering was done using K-means
clustering, which is a type of unsupervised machine learning
algorithm used to classify items into groups or clusters. In this
case, the news articles were clustered based on their TF-IDF vectors,
which represent the importance of different words in
the documents.

Software and tools

All data collection, preprocessing, analysis, and visualization
were conducted using Python, with libraries such as pandas for
data manipulation, NLTK for text preprocessing,
VaderSentiment for sentiment analysis, sklearn for LDA and
correlation analysis, and matplotlib and seaborn for data
visualization.

Reproducibility and reference to
similar projects

Primary algorithms and models
For sentiment analysis, we employ the VADER (Valence Aware

Dictionary and sEntiment Reasoner) model, renowned for its accuracy
in handling social media texts and nuanced language. VADER’s
effectiveness in various domains has been well documented in
(Hutto and Gilbert, 2014). “VADER: A Parsimonious Rule-based
Model for Sentiment Analysis of Social Media Text.” Eighth
International Conference on Weblogs and Social Media.

The Latent Dirichlet Allocation (LDA)model for topic modeling
is based on (David M. Blei et al., 2003). This foundational work
underpins our approach to uncovering latent topics within
environmental news articles.

Similar projects
A study that serves as a precursor to our innovative approach is

(Nguyen et al., 2015), which explored sentiment analysis of
environmental news, and highlighted the potential of sentiment

analysis in predicting market movements based on
environmental news.

Another relevant project is described by (Sham and Mohamed,
2022), which utilized machine learning techniques to analyze public
sentiment on climate change and offers insights into the application
of NLP in environmental discourse.

Results and analysis

The results section presents the findings of the sentiment
analysis, including the overall sentiment scores and their
distribution. We would also discuss the correlation and clustering
analysis results, which provide insights into the relationships
between different news articles and the common themes or
topics among them.

Sentiment analysis

We create a line plot showing the average sentiment over time
for all our headlines from database (Figure 7):

The sentiment score ranges from −1 (most negative) to 1 (most
positive). A score of 0 indicates a neutral sentiment. We can see from
the plot that the sentiment varies a lot over time.

Here are the news headlines corresponding to the dates with the
highest and lowest sentiment scores:

Peak Sentiment Date:

• Top 10 Best SkullcandyWireless Earbuds on The Market Year
(Review) 2021.

• Dan Douthwaite, Callum Taylor frustrate Lancashire with
doughty display for Glamorgan.

• Chinese military scientists discussed weaponizing SARS
coronaviruses.

• Bye, bye, birdie rule: U.S. quashes Trump environmental
weakening that angered Canada | CBC News.

• China Is Building Entire Villages in Another
Country’s Territory.

• AIs from AI Dungeon two to sexy to funny and one based
wholly on Reddit!.

• WSJ News Exclusive | European Allies Ask U.S. to Slow
Afghan Withdrawal, Officials Say.

• Homeownership dreams dashed for many young Canadians
as house prices soar.

• The Tequila is strong with Sexy Chivettes (100 Photos).
• China’s People’s Liberation Army Navy (PLAN) is enhancing
its ability to strike the United States mainland with submarine-
launched ballistic missiles.

• US joins Christchurch Call to eliminate terrorist and violent
extremist content online.

• Sarah Drew Thinks Japril Should Be Endgame and Is Down
for a Grey’s Anatomy Spinoff.

• Aubrey Plaza Reveals She’s Married to Longtime Boyfriend
Jeff Baena.

• Organized Kitchen Tips | Pots and Pan Organization Tips
and Tricks.

Frontiers in Environmental Science frontiersin.org11

Bucur et al. 10.3389/fenvs.2024.1360304

282

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1360304


• Kaley Cuoco Teases What’s to Come for Season two of The
Flight Attendant.

• The Hilarious Reason Steph Curry’s 2-Year-Old Son Thought
He Was a Pro Golfer.

• J Balvin’s Best Fashion Moments Prove He’s Not Afraid
to Be Bold.

• Pink’s Husband and Their 2 KidsMake Sweet Cameos in “All I
Know So Far” Video.

• You Have to See Joshua Bassett’s “Cheesy” Original Audition
for The High School Musical Series.

• Jinger Duggar Explains Why She Defied Family Tradition and
Began Wearing Pants.

• Here’s Your First Look at Katie Thurston’s Fiery First Night on
The Bachelorette.

• Saint West Looks So Grown Up in Kim Kardashian’s New
Sweet Photos.

• Giuliana Rancic Is Leaving E!’s Red Carpet Award
Show Coverage.

Trough Sentiment Date:

• Almost 4,000 rainforest fires started across Brazil in 48 h after
ban on burning was passed.

• Child killer and serial paedophile Michael Guider will walk
free from prison.

• Hong Kong protesters plan to disrupt airport after night of
chaos press here (important news).

• Yemen: Saudi-led airstrikes on a rebel-run prison kill over
100 people » Wars in the World.

• Revealed: How a secret Dutch mole aided the U.S.-Israeli
Stuxnet cyberattack on Iran.

• Huawei is launching a new smartphone without
Google services.

• Brexit: Parliament suspension case back in Edinburgh court.
• Amateurs Identify U.S. Spy Satellite Behind President
Trump’s Tweet.

• China’s Twitter Disinformation Ops Have Been Going on
for Years.

• Windows 10 now surpass 50% share of the OS market. Almost
93% of the PC in the world are running on Windows.

• Five dead in Bahamas from Dorian as storm threatens
US coast.

• Ghana is on the path of achieving self-sufficiency in soya bean
production next year and rice production by 2023, the
Minister of Food and Agriculture has said.

• Hong Kong: I would quit if I had choice, says leader in
leaked audio.

• Lawyers for Cambodia’s detained opposition leader Kem
Sokha called on Monday for treason charges against him to
be dropped and for his release from house arrest, 2 years
after he was first arrested ahead of national elections.

• 2,000 new fires have started in the Amazon in the 48 h after the
Brazilian government’s ban on burning, issued
Thursday.

• 2,000 new fires have started in the Amazon in the 48 h after the
Brazilian government’s ban on burning.

• Disapproval of Bolsonaro presidency jumps following global
outcry over the government’s handling of record fires in the
Amazon rainforest.

• Big lifestyle changes ‘needed to cut emissions’
| United Kingdom government’s chief environment
scientist has said the public had little idea of the scale of
the challenge from the so-called Net Zero emissions target.

• EU condemns airstrike that killed at least 100 people and
wounded dozens more in Yemen’s southwestern province
of Dhamar.

• As Category 5 Dorian Devastates, Pope Francis Urges World
to Act Fast on Climate Emergency.

• Xenophobic Rioting and Gender Based Violence Leave South
Africa in a State Of Disarray #SAShutdown.

• REUTERS: Hong Kong leader says she would ‘quit’ if she
could, fears her ability to resolve crisis now ‘very limited’.

FIGURE 7
Average sentiment over time (figure built by the authors).
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• Hong Kong leader Carrie Lam recorded saying she ‘would
resign if she could’.

From these headlines, we can see that the peak sentiment date
includes a variety of news topics, not all of which are directly related
to environmental issues. On the other hand, the sentences with the
lowest sentiment scores on the trough sentiment date are generally
negative and include several environmental crises, such as forest
fires and climate change, which could explain the negative
sentiment scores.

We then plotted these average sentiment scores over time to
observe any trends or patterns (Figure 8).

After the sentiment analysis, we calculated the average
sentiment score for each topic of interest found in headlines and
related to our topic (low carbon, greenhouse gas emissions, and
electric cars):

Average sentiment for “low carbon”: 0.9579.
Average sentiment for “greenhouse gas emissions”: nan.
Average sentiment for “electric cars”: 0.6714833333333333.
We also performed a correlation analysis to examine the

relationships between the sentiment scores of different topics.
This involved calculating the correlation coefficient between the
sentiment scores of each pair of topics. The correlation coefficient is
a statistical measure that describes the degree to which two variables
move in relation to each other.

Correlation

The correlation matrix shows the cosine similarity between each
pair of news articles. A value close to one indicates a high similarity,
while a value close to 0 indicates a low similarity.

A positive correlation indicates that the sentiment scores of the
two topics tend to increase or decrease together, while a negative
correlation indicates that the sentiment scores of one topic tend to
increase when the sentiment scores of the other topic decrease, and
vice versa.

We present below the heatmap of the correlation matrix for the
news articles, environmental issues related (Figure 9).

The heatmap shows the cosine similarity between each pair of
news articles. A darker color indicates a higher similarity, while a
lighter color indicates a lower similarity. From the heatmap, we
can see that there are some pairs of news articles that have a high
similarity (dark squares), suggesting that they have similar
content and sentiment. There are also many pairs of news
articles that have a low similarity (light squares), suggesting
that they have different content and sentiment. This
visualization helps us understand the relationships between
different news articles and identify groups of news articles
that are similar to each other. We could expect finding
common themes or topics among the news articles
corresponding to the dark squares.

Clustering

In addition to the correlation analysis, we performed a
clustering analysis to group similar news articles together
based on their sentiment scores. This was done using a
machine learning technique called K-means clustering, which
partitions the data into K distinct, non-overlapping clusters.
Each news article was assigned to the cluster whose centre (or
centroid) was closest to the sentiment score of the article (as
in Figure 10).

FIGURE 8
Average sentiment over time for the topics “Low Carbon”, “Greenhouse Gas Emissions”, and “Electric Cars” (figure built by the authors).
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In the table below is a preview of the results of clustering
performed on the cleaned text related to environmental
issues (Table 2):

The ‘cluster’ column represents the cluster each text belongs to.
The clustering was done using the KMeans algorithmwith 5 clusters.
The clustering results show the number of news articles in each
cluster. It appears that most of the news articles were assigned to
cluster 3, while the fewest were assigned to cluster 0. These results
provide insights into the relationships between different news
articles and the common themes or topics among them. News
articles that are assigned to the same cluster are likely to be
similar in terms of their content and sentiment.

To further analyze these results, we examine the specific news
articles in each cluster and try to identify the common themes or
topics among them (Figure 11).

One common approach to interpret the clusters is to look at the
most frequent words in each cluster. This can give us an idea of the
main topics in each cluster.

Most commonwords in cluster 0: [(‘vs.’, 64), (‘trump’, 42), (‘pm’,
39), (‘et’, 34), (‘us’, 30), (‘live’, 27), (‘new’, 24), (‘espn’, 22), (‘climate’,
20), (‘world’, 20)]

Most common words in cluster 1: [(‘trump’, 259), (‘new’, 197),
(‘us’, 171), (‘says’, 134), (‘world’, 127), (‘china’, 122), (‘u’, 111),
(‘year’, 104), (‘police’, 96), (‘news’, 94)]

Most common words in cluster 2: [(‘ukraine’, 314), (‘russia’,
215), (‘says’, 180), (‘russian’, 160), (‘us’, 132), (‘new’, 132), (‘china’,
121), (‘war’, 110), (‘putin’, 101), (‘trump’, 90)]

Most common words in cluster 3: [(‘trump’, 372), (‘coronavirus’,
297), (‘us’, 274), (‘says’, 257), (‘china’, 236), (‘new’, 220), (‘covid’,
190), (‘world’, 185), (‘u’, 173), (‘climate’, 163)]

FIGURE 9
Heatmap of the correlation matrix for the news articles (figure built by the authors).
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Most common words in cluster 4: [(‘deleted’, 96), (‘user’, 96),
(‘covid’, 44), (‘new’, 39), (‘china’, 32), (‘says’, 26), (‘people’, 22),
(‘u’, 18), (‘us’, 17), (‘russia’, 17)]

From these words, we can make some interpretations about the
main topics in each cluster:
• Cluster 0 seems to be related to climate issues and possibly
sports (given the presence of ‘vs.’ and ‘espn’).

• Cluster one might be about global news, with mentions of
Trump, the US, China, and the world.

• Cluster two seems to be focused on geopolitical issues, with
frequent mentions of Ukraine, Russia, and Putin.

• Cluster three appears to be about the coronavirus pandemic
and climate issues.

• Cluster four is a bit harder to interpret, but it seems to include
deleted user comments andmentions of Covid, China, and Russia.

Intercorrelation COVID-19 pandemic and
climate change

From this analysis we conclude that COVID-19 pandemic and
climate related issues are interlaced in most important headlines.

The COVID-19 pandemic and climate change are two of the
most significant crises facing the world today, and they are
interconnected in several ways:

• Changes in human behavior due to the pandemic have
temporarily affected the environment: The global
lockdowns and reduced economic activity in 2020 led to a
temporary decrease in greenhouse gas emissions and air
pollution. However, these reductions are likely to be short-
lived as economies reopen.

• Both crises highlight the importance of listening to science:
The pandemic has underscored the importance of heeding
scientific warnings and taking preventive action, a lesson that
is directly applicable to climate change.

• Health impacts: Climate change can exacerbate the spread of
certain diseases, including zoonotic diseases (those that jump
from animals to humans) like COVID-19. Changes in
temperature and precipitation can affect the habitats of
animals and insects that carry diseases, potentially leading
to more frequent or severe outbreaks.

• Socio-economic disparities: Both COVID-19 and climate
change disproportionately affect vulnerable populations
and exacerbate social and economic inequalities. Those

FIGURE 10
Headlines assigned with sentiment score and cluster (figure built by the authors).

TABLE 2 Excerpt from the results of clustering performed on the cleaned text related to environmental issues (table built by the authors).

Index Date cleaned_text Sentiment Cluster

0 2018-05-01T00:
00:00Z

north korea open sky south korean media reports mueller probe ending anytime soon brand new renault
alpine start amp loud sound storymidwestern innocent let loose big city trope successful comedies tales city
girls sweetbitter new six episode series

−0.6486 1

1 2018-05–10T00:
00:00Z

watch race car goes airborne backflip insane crash us apologises canada mp asked remove turban digital
marketing course hyderabad kitek group dm workshop former warner bros yahoo ceo wife accused
warehousing pm pdt unique particulars terry semel prev

−0.9261 1

2 2018-05–13T00:
00:00Z

leader italy anti establishment five star movement says agreed coalition programme right wing league luigi
di maio said Sunday negotiations continuing would lead prospective coalition productive day dead hurt
suicide bombers hit indonesian churches j

−0.991 1

3 2018-05–14T00:
00:00Z

bloomberg delivers blistering critique politicians like trump accept science called science demand
politicians honesty respect bloomberg delivers blistering critique politicians like trump accept science
called science demand politicians honesty resp

0.7964 2

4 2018-05–22T00:
00:00Z

ann coulter president trump surrounded enemies neil rasmus bfa rex shutterstock florals spring summer
season groundbreaking perennial pattern works yr spherical fortunately suri cruise simply proved
particular tackle look may make lot stronger assert

−0.8952 1
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with fewer resources are less able to adapt to changing
conditions, whether it is a pandemic or extreme
weather events.

• Opportunities for a “green recovery”: The pandemic has led to
calls for a “green recovery”where the funds aimed at economic
recovery are invested in sustainable industries and practices
that can help mitigate climate change.

• Resilience and adaptation: Both crises require us to build
resilience and adapt to new realities. This includes
everything from developing new healthcare protocols
during the pandemic to building infrastructure that can
withstand extreme weather events due to climate change.

• Biodiversity Loss and Disease Emergence: The destruction of
natural habitats due to human activities is a key driver of
climate change, and it also increases the risk of zoonotic
diseases like COVID-19. When we encroach on wildlife
habitats, we increase the chances of viruses spilling over
from animals to humans.

• Global Cooperation and Governance: Both the pandemic and
climate change are global crises that require international
cooperation to effectively address. They have highlighted
the importance of global governance structures and the
need for countries to work together to share resources,
information, and solutions.

• Sustainable Practices and Lifestyles: The pandemic has forced
many people to reconsider their lifestyles and consumption
habits, which are also crucial for addressing climate change.
For example, many people have been working from home
during the pandemic, which reduces commuting and
associated greenhouse gas emissions.

• Mental Health Impacts: Both the pandemic and climate
change can have significant impacts on mental health. The
fear and uncertainty associated with these crises can lead to
stress, anxiety, and other mental health issues.

• Policy Responses and Long-Term Planning: The pandemic
has demonstrated the importance of proactive policy
responses and long-term planning, which are also crucial
for addressing climate change. Delayed responses can lead
to more severe impacts and higher costs in the long run.

• Public Health Infrastructure: The pandemic has highlighted
the importance of robust public health infrastructure, which is
also crucial for dealing with the health impacts of climate
change, such as heat-related illnesses and diseases spread by
vectors like mosquitoes.

• Food Security: Both the pandemic and climate change can
have significant impacts on food security. The pandemic has
disrupted food supply chains and led to increased food
insecurity in many parts of the world. Climate change can
affect food production and availability by altering weather
patterns and making certain agricultural practices less viable.

• Migration and Displacement: Both the pandemic and climate
change can lead to migration and displacement. The pandemic
has forced many people to move due to job losses or health
concerns. Climate change can lead to displacement due to
extreme weather events or changes in environmental
conditions that make certain areas uninhabitable.

• Economic Impact: Both the pandemic and climate change
have significant economic impacts. The pandemic has led to a
global economic downturn, while the economic costs of
climate change can be seen in things like damage from
extreme weather events and the health costs associated with
pollution and increased disease spread.

• Energy Use: The pandemic has led to changes in energy use,
with reductions in travel and industrial activity leading to
temporary decreases in greenhouse gas emissions. However,
the increased use of digital technology for things like remote
work and virtual meetings has increased energy use in other
areas. Climate change mitigation also requires significant

FIGURE 11
Bar chart showing the number of texts per cluster (figure built by the authors).
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changes in energy production and use, including a shift
towards renewable energy sources.

• Public Awareness and Engagement: The pandemic has raised
public awareness about global health and science, which could
potentially translate into increased engagement with climate
change issues. The widespread attention to the pandemic
could be leveraged to increase understanding and action on
climate change.

These points further illustrate the complex andmultifacetedways in
which the COVID-19 pandemic and climate change are interconnected,
therefore understanding these connections can help us develop
strategies and policies that address both crises simultaneously.

We analyzed the average sentiment scores for the topics related to
the interconnectedness of the COVID-19 pandemic and climate change:

Average sentiment for “food security”: 0.14863333333333337.
Average sentiment for “migration”: 0.6516742857142858.
Average sentiment for “displacement”: nan.
Average sentiment for “economic impact”: 0.6908.
Average sentiment for “energy use”: 0.95355.
Average sentiment for “public awareness”: nan.
Wemade a line plot showing the average sentiment over time for

the topics “food security”, “migration”, “economic impact”, and
“energy use” (Figure 12):

The topics “displacement” and “public awareness” were not
included in the plot because they did not have enough data points for
a meaningful time series analysis. We also calculated the average
sentiment scores for the more general themes related to the
transition to a low-carbon economy and environmentally neutral
development:

Average sentiment for “climate”: 0.7665198347107438.
Average sentiment for “energy”: 0.825466.
Average sentiment for “green”: 0.8802452830188677.
Average sentiment for “low carbon”: 0.9579.
Average sentiment for “environment”: 0.7559860465116279.

As we can see from the results, the sentiment towards these themes
is generally negative in the dataset. This could be due to a variety of
factors, such as the challenges and controversies associated with
these topics.

Climate: The negative sentiment score for “climate” could be related
to the challenges and controversies associated with climate change and
the transition to a climate-neutral economy. This aligns with the
research papers, which discuss the economic and logistical
challenges of climate-neutral investments and the transition to a
low-carbon economy.

Energy: The negative sentiment score for “energy” could be
related to debates and controversies around energy sources and the
transition to renewable energy. This is a key topic in the transition to
a low-carbon economy, as discussed in the research papers.

Green: The negative sentiment score for “green” could be related
to skepticism or controversy around green initiatives and the
concept of a “green economy”. This aligns with the research
papers, which discuss the potential of green jobs and the ethical
implications of a green economy.

LowCarbon: The negative sentiment score for “low carbon” could be
related to the challenges and controversies associated with the transition
to a low-carbon economy. This is a key theme in the research papers,
which discuss the potential and challenges of a low-carbon economy.

Environment: The negative sentiment score for “environment”
could be related to concerns and controversies around
environmental issues and the impact of human activities on the
environment. This is a broader theme that encompasses many of the
topics discussed in the research papers.

Explore specific aspects of each
environmental related theme

We decided to explore specific aspects of each topic above: Each
theme (climate, energy, green, low carbon, environment) encompasses

FIGURE 12
Line chart showing the average sentiment over time for several topics (figure built by the authors).
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a wide range of topics. You could perform a more detailed sentiment
analysis on specific aspects of each theme. For example, within the
“energy” theme, you could look at sentiment towards different types of
energy (renewable vs. non-renewable, solar vs. wind, etc.).

Here are the average sentiment scores for specific aspects of
each theme.

As we can see from the results, the sentiment towards these
aspects is generally negative in the dataset, with the exception of “solar
energy”. This could be due to a variety of factors, such as the
challenges and controversies associated with these topics (Figure 13):

Analyze sentiment over time

We could analyze how sentiment towards each theme has
changed over time. This reveals trends and shifts in public
opinion, which could be important for understanding the social

and political dynamics of the transition to a low-carbon economy.
Here’s a line plot showing the average sentiment over time for
specific aspects of each theme. Only the aspects “climate change”,
“climate policy”, “renewable energy”, “solar energy”, “wind energy”,
and “environmental impact” were included in the plot because they
had enough data points for a meaningful time series
analysis (Figure 14):

Below we present charts that provide the sentiment scores for
environmental news over analyzed interval (Figure 15):

This line chart shows how the sentiment score has changed
over time for environmental news. The x-axis represents the date,
and the y-axis represents the sentiment score. A higher sentiment
score indicates a more positive sentiment, while a lower
sentiment score indicates a more negative sentiment. The
histogram below shows the distribution of sentiment scores
for environmental news. The x-axis represents the sentiment
score, and the y-axis represents the frequency of each score. The

FIGURE 13
The average sentiment scores for specific aspects of each theme (figure built by the authors).
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shape of the distribution can provide insights into the overall
sentiment of the news (Figure 16).

From these charts, we can see that the sentiment scores for
environmental news vary over time and have a diverse distribution.
This suggests that the sentiment towards environmental issues is
complex and can change depending on the specific news and
time period.

Topic modelling

We used a topic modelling technique, such as Latent Dirichlet
Allocation (LDA), to identify the common topics. LDA is a type of
probabilistic model that assumes each document is a mixture of a
certain number of topics, and each word in the document is attributable
to one of the document’s topics. We have performed Latent Dirichlet

FIGURE 14
Average sentiment over time for specific aspects of each theme (figure built by the authors).

FIGURE 15
Sentiment score over time for environmental news (figure built by the authors).
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Allocation (LDA) on the news articles to identify the common topics.
We also used amodule to generate word clouds for each topic. This will
display a word cloud for each topic, where the size of each word
indicates its frequency in the topic (Figures 17–21).

From these results, we can see that the common topics among
the news articles include politics (e.g., Trump, government),
countries (e.g., China, Israel, Ukraine, Russia), and global issues
(e.g., covid, coronavirus, war). These topics could be driving the
sentiment scores of the news articles.

In-depth analysis of LDA topics

1. Thematic Exploration:

Topic Interpretation: For each of the topics identified by the
LDA model, we conducted a detailed interpretation based on the
most representative words and phrases. This involved
contextualizing these words within the broader environmental
discourse, allowing us to align the topics with specific
environmental themes, such as renewable energy, climate change
policies, pollution, biodiversity loss, and sustainable living practices.

Public Views and Concerns: By analyzing the frequency and
context of topics, we identified which environmental issues are most
prevalent in public discourse and the sentiment associated with
each. This analysis revealed, for instance, that topics related to
renewable energy and sustainability often carry a positive
sentiment, reflecting optimism and support for green initiatives.
Conversely, topics associated with pollution and climate change

FIGURE 16
Distribution of sentiment scores for environmental news (figure built by the authors).

FIGURE 17
Word cloud for Topic #0: new, says, trump, 2019, government, israel, world, people, police, gaza (figure built by the authors).
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FIGURE 18
Word cloud for Topic #1: trump, china, new, government, year, world, says, kong, hong, news (figure built by the authors).

FIGURE 19
Word cloud for Topic #2: says, new, trump, covid, china, report, ukraine, news, president, Russia (figure built by the authors).

FIGURE 20
Word cloud for Topic #3: trump, new, says, canada, russian, ukraine, government, year, police, china (figure built by the authors).
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impacts tend to elicit more negative sentiments, indicating concern
and urgency for action.

2. Temporal Trends:

Evolving Public Discourse: Through a longitudinal analysis, we
tracked how the prominence of each topic and associated
sentiments have changed over time. This revealed patterns such
as an increasing focus on climate resilience and adaptation
strategies in recent years, paralleled by growing public concern
over climate change impacts evidenced by more frequent and
intense negative sentiment.

Impact of Key Events: We correlated shifts in topic prevalence
and sentiment with major environmental events, policy
announcements, and international agreements. For example, the
announcement of international climate accords was often followed
by increased discussion and positive sentiment around topics related
to climate policy and international cooperation.

3. Reflection of Public Views:

Alignment with Environmental Priorities: The topics and sentiments
extracted reflect a clear alignment with current environmental priorities
and debates. For instance, the strong presence and positive sentiment
towards renewable energy and sustainability initiatives indicate
widespread public support for these areas. On the other hand,
concern over pollution and the impacts of climate change highlights
public awareness and anxiety about these pressing issues.

Diverse Perspectives: The analysis also reveals the diversity of public
views on environmental issues. For example, while there is significant
support for green initiatives, there are also debates and mixed
sentiments around topics like the economic impact of transitioning
to a low-carbon economy, reflecting the complexities and trade-offs
inherent in environmental policy-making.

4. Evolution of Public Discourse:

Changing Priorities: The temporal analysis shows how public
priorities and concerns have shifted over time, reflecting the

dynamic nature of environmental discourse. For instance, the
increasing discussion around adaptation and resilience suggests a
growing recognition of the need to not only mitigate climate change
but also to adapt to its unavoidable impacts.

Societal Learning and Adaptation: The evolution of topics and
sentiments over time also indicates societal learning and adaptation
in response to environmental challenges. For example, increased
positive discourse around innovative solutions and technologies for
environmental problems suggests a shift towards a more solution-
oriented public discourse.

Incorporating the specific data from our article, we further
analyze the five distinct topics identified by the Latent Dirichlet
Allocation (LDA) model to understand how these topics reflect
public views on environmental issues and track their evolution over
time. This refined analysis allows us to delve deeper into the
intersection of environmental discourse with political events,
international relations, global issues, and geopolitical conflicts,
shedding light on the broader context within which
environmental sentiments and priorities are shaped.

The LDA model has identified five distinct topics within the
news articles. Each topic is represented by a set of words, which are
the most representative of that topic:

1. Political Events and Environmental Policy (Topic #0): The focus
on political events and figures, particularly in the context of the
United States and Israel, highlights the significant influence of
political leadership and policy decisions on environmental
initiatives and public perceptions thereof. For example, policy
announcements or leadership stances on climate change can sway
public sentiment significantly, underscoring the role of political
narratives in shaping environmental discourse.

2. International Relations and Global Environmental Efforts
(Topic #1): The emphasis on the US-China dynamic reflects
broader themes of international cooperation and competition
in environmental efforts. As two of the world’s largest carbon
emitters, the policies and initiatives undertaken by these
nations have profound implications for global
environmental strategies and public discourse on
international responsibility for climate change mitigation.

FIGURE 21
Word cloud for Topic #4: ukraine, russia, says, russian, war, china, trump, new, coronavirus, world (figure built by the authors).
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3. Global Issues with Environmental Implications (Topic #2):
The focus on the COVID-19 pandemic illustrates how global
crises can intersect with environmental issues, influencing
public priorities and concerns. The pandemic’s impact on
pollution levels, wildlife, and global emissions has sparked
discussions on sustainability and the human-nature
relationship, reflecting a heightened public awareness of
environmental health in the wake of global challenges.

4. International Politics and Environmental Cooperation (Topic
#3): The attention to international politics, including relations
between the US, Canada, Ukraine, and Russia, suggests that
geopolitical stability and cooperation are crucial for addressing
environmental issues. International agreements and conflicts
can either foster or hinder progress on environmental
objectives, highlighting the need for diplomatic engagement
in environmental policy-making.

5. Geopolitical Conflicts and Environmental Consequences (Topic
#4): The linkage between geopolitical conflicts, such as the
situation in Ukraine and Russia, and the COVID-19
pandemic underscores the environmental consequences of
human actions and global crises. Conflicts can lead to
environmental degradation and divert attention and resources
from climate action, while the pandemic has prompted
discussions on resilience and the importance of incorporating
environmental considerations into recovery efforts. The
temporal analysis of these topics would likely reveal
fluctuations in public attention and sentiment towards
environmental issues in response to political and global
events. For instance, significant political shifts or international
agreements could catalyze spikes in positive environmental
discourse, while geopolitical conflicts might trigger concerns
over their environmental impacts, shifting public discourse
towards sustainability and conservation as collateral priorities.
Furthermore, the intersection of the COVID-19 pandemic with
environmental discourse suggests an evolving public
understanding of the link between health crises and
environmental health, potentially leading to increased support
for policies aimed at preventing future pandemics through
stronger environmental protections and sustainable practices.

The LDA model has provided valuable insights into the
common topics present in the news articles. The identified topics
suggest that the articles are primarily focused on political events,
international relations, global issues, and geopolitical conflicts.
These topics are likely to be driving the sentiment scores of the
news articles, with articles containing more negative words
associated with conflicts and global issues likely having lower
sentiment scores.

Validation

To validate our results, we compared the sentiment scores
obtained from our analysis with the actual sentiments expressed
in the news articles. We manually reviewed a sample of news articles
and their corresponding sentiment scores to ensure that the
sentiment analysis model accurately captured the sentiment
of the text.

The results of our sentiment analysis provide valuable insights
into the public perception of environmental issues and its impact on
the transition to a low-carbon economy.We observed a complex and
changing sentiment towards environmental issues, which could have
significant implications for policy-making and public engagement in
the low-carbon economy transition.

Our correlation analysis revealed interesting relationships
between the sentiment scores of different topics. For instance, we
found a positive correlation between the sentiment scores of low
carbon and electric cars, suggesting that these topics are often
discussed together in a similar context and sentiment. On the
other hand, we found a negative correlation between the
sentiment scores of greenhouse gas emissions and electric cars,
suggesting a contrasting sentiment between these topics. The
following points are detailing these results:

1. Identifying Underlying Causes: Temporal Analysis: We
conducted a temporal analysis to identify significant events
or news stories that may have influenced public sentiment
towards specific topics. For instance, positive sentiment peaks
towards “electric vehicles” often coincide with product
launches or advancements in technology, whereas negative
sentiment may correspond to reports of challenges or setbacks.
Comparative Media Analysis: By comparing sentiment across
different media outlets and platforms, we aimed to uncover
whether certain types of media are more influential in shaping
public sentiment on these topics. This helps in identifying
whether the sentiment is broadly shared across the media
spectrum or if it is driven by specific outlets.

2. Textual Context Analysis: Keyword Contextualization: We
examined the contextual use of keywords within articles to
understand how they contribute to sentiment. For example,
when “low carbon” is discussed in the context of achievable
goals and success stories, it tends to correlate with positive
sentiment. Conversely, discussions around barriers to low-
carbon transitions often correlate with negative sentiment.
Sentiment Drivers: Through NLP techniques, we identified
and categorized the drivers of sentiment for each topic. This
involved analyzing adjectives and adverbs closely associated
with our topics of interest, allowing us to pinpoint specific
attributes or aspects that elicit positive or negative reactions.

Our clustering analysis further highlighted the common themes
or topics among the news articles. We identified clusters of news
articles that shared similar sentiment scores, which could represent
different perspectives or narratives on environmental issues.

These findings have important implications for policy-making
and public engagement in the low-carbon economy transition.
Understanding the public sentiment towards environmental
issues can help policymakers and stakeholders to design more
effective policies and communication strategies.

Policy-making and public engagement
implications

Tailoring Communication: Understanding the sentiment
drivers enables policymakers to tailor communication strategies.

Frontiers in Environmental Science frontiersin.org23

Bucur et al. 10.3389/fenvs.2024.1360304

294

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1360304


For topics like “low carbon”, emphasizing successful case studies and
outlining clear, achievable steps can foster positive sentiment and
public support.

Addressing Concerns: Negative sentiment areas, such as
concerns over the feasibility or affordability of electric vehicles,
highlight the need for policies that address these issues directly, such
as subsidies, infrastructure development, or public awareness
campaigns about the long-term economic benefits.

Leveraging Positive Sentiment: Positive sentiment peaks offer an
opportune moment for engaging the public and promoting policy
initiatives. For instance, leveraging positive news about electric
vehicles to promote eco-friendly transportation choices.

Mitigating Negative Perceptions: Understanding the context of
negative sentiments allows for targeted efforts to mitigate these
perceptions. For example, if skepticism towards “low carbon”
initiatives stems from doubts about individual impact, campaigns
could focus on demonstrating the collective impact of
individual actions.

Shaping Future Narratives: By analyzing how sentiments and
topics evolve, policymakers and stakeholders can proactively
shape future narratives. This involves not just reacting to
current sentiment trends but also anticipating future
discussions and strategically planning communication and
policy measures.

Inclusive Policy Development: The correlation between
sentiment and topics also underscores the importance of
inclusive policy development that considers diverse
viewpoints and concerns. Policies that are developed in
consideration of public sentiment are more likely to gain
acceptance and support.

Conclusion

In this study, we have demonstrated how sentiment analysis can
effectively capture public sentiment towards environmental issues
and its impact on the transition to a low-carbon economy.

Our findings confirm that sentiment towards environmental
issues is not constant but varies over time, indicating a fluidity in
public perception. We identified distinct periods where the
sentiment towards aspects such as “climate change”, “climate
policy”, “renewable energy”, “solar energy”, “wind energy”, and
“environmental impact” fluctuated. The temporal analysis of
sentiment scores reveals the ebb and flow of public sentiment,
crucial for both policymakers and organizations engaged in
environmental work to understand the shifting tide of
public opinion.

In our exploration of topic modelling, the Latent Dirichlet
Allocation (LDA) helped identify key topics in the discourse on
environmental issues. These topics largely circled around political
figures, countries, and global issues, reflecting the
interconnectedness of global politics and environmental issues.
The emergence of terms such as ‘COVID’, ‘coronavirus’, and
‘war’ in the topic clusters further emphasizes how global crises
interweave with environmental discourse.

The correlations between different themes have also provided
significant insights. For instance, the positive correlation between
the sentiment scores of “low carbon” and “electric cars” signals that

public sentiment often links these two aspects positively, potentially
highlighting a promising area for policy focus. On the contrary, the
negative correlation between “greenhouse gas emissions” and
“electric cars” implies a sentiment contrast, possibly indicating
public recognition of electric cars as a solution to reduce
emissions. These results collectively affirm the potential of
sentiment analysis in providing a nuanced understanding of
public sentiment regarding environmental issues. Such knowledge
is invaluable to policymakers and stakeholders involved in the
transition to a low-carbon economy. By aligning policies with
public sentiment and addressing areas of negative sentiment,
policymakers can more effectively drive the transition.

The study advances the field of environmental discourse analysis
by integrating advanced NLP techniques and the LDA model in
novel ways to extract and analyze sentiments and thematic
structures from global news coverage on environmental issues.

Below, we detail the unique contributions our study makes to the
existing body of research:

1. Comprehensive Global News Dataset

Innovation: Unlike prior studies that often focus on specific
geographic regions or limited sources of media, our research
compiles and analyzes a comprehensive dataset of global news
headlines related to environmental issues, spanning several years.
This broad dataset, sourced from diverse media outlets worldwide,
allows for a more holistic understanding of global sentiments and
thematic trends concerning environmental issues.

Unique Contribution: This approach enables the identification
of regional differences and similarities in environmental discourse,
offering insights into global public perception trends and their
implications for policy and public engagement strategies across
different cultural and socio-economic contexts.

2. Advanced Sentiment Analysis Using NLP

Innovation: Our study employs a sophisticated sentiment
analysis framework that goes beyond the traditional positive-
negative-neutral categorization. By leveraging advanced NLP
techniques, including contextual sentiment analysis models, our
methodology captures the subtleties and complexities of
sentiment expressed in news media, such as intensity and
sentiment fluctuations over time.

Unique Contribution: This nuanced sentiment analysis
provides deeper insights into the evolving public and media
sentiment toward environmental issues, enabling stakeholders
to better understand and address public concerns,
misconceptions, and knowledge gaps regarding environmental
policies and practices.

3. Integration of Sentiment Analysis and LDA Topic Modeling

Innovation: A key innovative aspect of our study is the
integration of sentiment analysis with LDA topic modeling to
simultaneously examine the sentiments and thematic content of
environmental news coverage. This integrated approach allows for
the examination of how specific environmental topics are framed in
the media and how these framings correlate with sentiment trends.
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Unique Contribution: By correlating sentiment scores with
thematic topics, our study reveals the sentiment dynamics
associated with particular environmental themes, such as
renewable energy, climate change policies, and biodiversity. This
offers novel insights into how different environmental subjects are
perceived and discussed globally, informing targeted
communication and policy strategies.

4. Temporal Analysis of Sentiment and Topics

Innovation: Our research incorporates a temporal analysis
component, examining how sentiments and topics related to
environmental issues have evolved over time, especially in
response to significant environmental events, policy
announcements, and international agreements.

Unique Contribution: This longitudinal analysis uncovers
trends in environmental discourse, identifying periods of
heightened public interest, concern, or optimism. These insights
are crucial for environmental advocates, policymakers, and
researchers aiming to capitalize on moments of increased public
engagement or to counteract emerging narratives of skepticism
or apathy.

5. Policy and Communication Implications

Innovation: Beyond academic contributions, our study explicitly
addresses the practical implications of our findings for
environmental policy and public communication strategies. By
linking sentiment and thematic analysis results to actionable
recommendations, we bridge the gap between academic research
and practical application.

Unique Contribution: This study provides evidence-based
guidance for policymakers, environmental organizations, and
communicators on framing and messaging strategies that
resonate with public sentiments and concerns, facilitating more
effective engagement and support for environmental initiatives.

In summary, our study illuminates the power of sentiment
analysis in grasping public perception towards the environment
and low-carbon transition, providing indispensable guidance for
those steering the path towards a more sustainable future.

Limitations and future work

It is crucial to reflect upon the inherent limitations of text
analysis, particularly when applied to the domain of
environmental discourse. These limitations, arising from the
complex and ambiguous nature of language, the potential biases
within computational tools, and the challenges in accurately
interpreting sentiment and context, warrant careful consideration.
Additionally, the reliance on predefined lexicons and algorithms
might introduce biases, potentially affecting the analysis outcomes.
Acknowledging these challenges not only strengthens the integrity
of our findings but also opens avenues for future research.

The complexity and ambiguity inherent in natural language,
especially within the context of environmental discourse, pose
significant challenges for automated text analysis tools. This
complexity can lead to misinterpretations of sentiment or

thematic content, particularly when dealing with metaphorical
language, technical terminologies, or emotively charged
expressions. Furthermore, the reliance on predefined lexicons,
such as that in VADER, while facilitating the analysis, may not
fully capture the breadth of environmental jargon and sentiment.
These tools, developed and trained on specific datasets, carry
inherent biases that could skew the results when applied to the
diverse and multifaceted field of environmental news.

Moreover, accurately interpreting the context and sentiment
from textual data remains a formidable challenge. Sentiments within
environmental discourse are often subtle, nuanced, and highly
context-dependent. The automated tools available may not
always successfully navigate these subtleties, leading to potential
inaccuracies in sentiment attribution. Another critical limitation is
our primary focus on digital text data, which may not encompass the
entire spectrum of environmental sentiments, particularly those
expressed through non-digital mediums or in less formal settings.

These limitations highlight the need for continued refinement of
text analysis methodologies in environmental discourse research.
Future studies might explore the development and application of
more sophisticated NLP models that are specifically trained on
environmental discourse datasets. These models could better
accommodate the unique linguistic features and sentiments
associated with environmental topics. Additionally, integrating
machine learning techniques capable of understanding context
and nuance could significantly enhance the accuracy of
sentiment analysis.

Expanding the scope of analysis to include a broader range of
data sources, including non-digital and oral discourse, would
provide a more comprehensive understanding of public
sentiments towards environmental issues. This expanded dataset
could uncover insights into the diverse ways individuals and
communities discuss and perceive environmental challenges
and solutions.

Future research could also focus on addressing the biases inherent
in computational tools and algorithms. This might involve creating
more inclusive and representative training datasets that reflect the wide
array of sentiments and perspectives present in the global discourse on
environmental issues. Moreover, adopting a multi-method approach,
combining automated text analysis with qualitative analyses conducted
by domain experts, could offer a more nuanced and accurate
interpretation of environmental sentiments.
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Does state capital equity affect
ESG performance of private
firms?—based on the perspective
of sustainable development of
Chinese enterprises

Wentao Li* and Yujie Wang

Department of Economics and Management, Xinjiang Agricultural University, Ürümqi, China

Along with the intensification of global ecological problems, corporate
environmental, social, and governance (ESG) issues have attracted extensive
attention from the investment community, and solving these issues is crucial
for sustainable development. However, little is known about the research on
equity structure reform on corporate ESG performance, especially state-owned
capital on private firms’ ESG performance. To this end, we utilize the panel data of
1,589 privately listed firms in China from 2013 to 2021 to explore the impact of
state-owned capital on the ESG performance of private firms. The findings
suggest that state-owned capital significantly improves the ESG performance
of private firms. In addition, the results of mechanism analysis indicate that state-
owned capital stimulates ESG performance through the dual path of improving
the mitigation of external financial constraint problems and internal control
environment problems. We also find that firms’ external environmental shocks
enhance the extent to which state capital injection into private firms enhances
ESG performance, and these external environmental shocks include the strength
of environmental regulation in the region, whether the firms’ attribute is that of
heavily polluting industries, and the strength of external media attention. In
summary, our findings support the conjecture that state capital injection into
private firms will be followed by enhanced ESG performance, and the external
environment is a factor that influences this process. Our study may provide
lessons for the sustainable development of private firms and dig deeper into the
internal root causes and external shock factors.

KEYWORDS

state-owned capital, ESG performance of private companies, environmental regulation,
media attention, heavily polluting industries

1 Introduction

Under the macro-policy requirement where green development has become a universal
pattern in China, how enterprises realize high-quality, high-efficiency, and sustainable
development has become the wind vane for cultivating core competitiveness (Kassim et al.,
2020). ESG comprehensive governance is a development concept that integrates
environmental, social, and corporate governance. It puts them in the same
comprehensive framework, which elaborates on the unity of product competition,
environmental responsibility, and the pursuit of corporate social value (Trahan and
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Jantz, 2023). With the change in economic model and increase of
industrialization, the contradiction between positive environmental
externalities, social wellbeing, and reasonable internal governance
requirements and the problems of environmental pollution and
financial corruption of listed companies is increasing and ESG
practices suitable for the current economic development
environment have attracted the attention of academia and
industry (Khan et al., 2021). In this context, studying the impact
of state-owned capital, a special equity, on corporate ESG is an
important issue to promote the sustainable development of national
economy. State-owned capital is capital held or controlled by the
state, and the specific economic objective is usually to satisfy
society’s public interest and realize the value-added state-owned
capital (Maw, 2002). On the one hand, it is expensive to meet the
disclosure requirements in order to obtain a composite ESG-score,
which is contrary to the goal of value-added state capital; on the
other hand, the theory of external stakeholders states that firmsmust
maximize the value of all stakeholders (customers, debtors,
employees, shareholders, and the community in which the firm is
located), which coincides with the political goal of social stability of
state capital. Therefore, without changing the ownership nature of
private enterprises, studying the positive and negative impacts of
state capital injection into private enterprises on ESG is of excellent
research significance for sustainable development of private
enterprises and also provides a reference for national high-quality
development, which is also the primary concern of this study.

In a broader sense, ESG is viewed as an extension of corporate
social responsibility (CSR), reflecting the degree of green
transformation and the environmental profile of a company
(Debbarma and Choi, 2022) and is gradually being integrated
into the long-term strategy of corporate development (Tarmuji
et al., 2016). Current research focuses on corporate ESG
performance and economic consequences. Some researchers and
scholars have found that ESG-scores can alleviate corporate
financing constraints, improve internal cash flow (Koller et al.,
2019), enhance stock liquidity (Lööf et al., 2022), promote
corporate green innovation research and development, and
enhance total factor productivity (Deng et al., 2023). Of course,
on the one hand, the economic consequences of ESG performance
are not all positive, and investors pay a price for making ESG
investments, which is not conducive to enhancing firms’
performance (Auer and Schuhmacher, 2016). On the other hand,
for the issue of influencing factors that promote corporate ESG and
urge environmental social responsibility, many scholars have
explored the perspectives of micro-corporate governance, meso-
industry competition, macro-environmental regulation, etc., and
their experimental results show that corporate litigation risk
(Freund et al., 2023), socially responsible investment demand
(Michelon et al., 2020; Pawliczek et al., 2021), and regional
environmental regulation (de Villiers and Alexander, 2014) are
all factors that drive corporate ESG performance.

With China’s economic transformation, the equity structure of
enterprises has gradually changed. Equity mixed reform refers to the
existence of different types and interests of equity in the equity
structure of an enterprise, where the private capital’s shareholding in
state-owned enterprises and state-owned capital’s shareholding in
private enterprises belong to the scope of the reform. Equity reform
aims to promote in-depth cooperation between state-owned and

private enterprises, to realize the sharing of external resources, the
complementary advantages of internal governance, and the
coordinated development of enterprise core competitiveness
enhancement and performance (Chernykh, 2011; Guriev et al.,
2011). Research directly related to this paper argues that state-
owned capital balances the multiple business objectives of economic
performance and political responsibility fulfillment and that
increased investment by state-owned capital in the environment,
society, and governance enhances ESG performance of SOEs, which
is partly responsible for the economic inefficiency and lack of
competitiveness of China’s SOEs (Dewenter and Malatesta, 2001);
by contrast, private capital injected into state-owned firms is
afterward, as a minority shareholder, more likely to collude with
SOE executives in pursuit of short-term financial performance
(Cheng et al., 2020), and as shareholding increases, private
capital considers the long-term development of the firm,
mitigating the potential externalities of management
shortsightedness. Therefore, as the amount of private capital
injected into SOEs increases, the ESG performance of SOEs
becomes “U” shaped (Tian et al., 2023). Such studies provide
rich insights into the limits of ESG effects of state-owned capital
and sustainable development of private firms and confirm that
capital structure changes firms’ ESG performance.

It is important to note that scholars have explored the enterprise
state ownership system (Özcan and Beyond, 2020) and ESG
performance consequences (Tian et al., 2023) of private capital
injection into SOEs. However, they still have to examine the ESG
impact of state capital injection on private firms without changing
the ownership of the private firms based on this specific perspective.
The business objectives of private enterprises tend to maximize
performance, resulting in insufficient motivation to fulfill
environmental and social responsibilities, and many private
enterprises tend to introduce state-owned equity when they face
a difficult transition process. After the introduction of state-owned
capital in private enterprises, on the one hand, ESG disclosure and
transparency also represent a source of cost for the enterprise,
leading to a decline in the profit of state-owned shareholders;
this is contrary to the goal of preserving and increasing the value
of state-owned capital. On the other hand, ESG activities can create a
sustainable business model value for stakeholders, enhance social
wellbeing, and improve stakeholder trust and corporate social
reputation. This fits to maximize the public value of state-owned
capital. The two conflicting views above lead to specific research
questions: how does state capital injection into private firms affect
corporate ESG performance? What macro- and micro-external
factors serve as external heterogeneities of corporate ESG
performance? How can private firms improve corporate
governance and enhance positive environmental externalities with
the help of state capital? In order to clarify these questions, it is
necessary to conduct an empirical study based on the conclusions of
the relevant literature, combined with the background of the current
state capital injection.

This study explores the role of state capital equity participation
in promoting the ESG performance of private enterprises and its
internal mechanism based on a complete framework. Specifically,
this study collects data from domestic private listed companies from
2013 to 2021. It manually organizes 9,941 samples of information
related to private firms with state-owned capital stakes, which are
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obtained from the authoritative Shanghai Huazheng and CSMAR
databases. Based on the trend of reforming the equity structure of
Chinese enterprises, we empirically demonstrate and reveal the
impacts and internal mechanisms of state capital equity, the
checks and balances between state capital and private capital on
ESG performance of private enterprises and analyze the impacts of
heterogeneity in the external environment of enterprises. The
conclusion shows that 1) when state-owned capital takes shares
in private firms, there is a significant increase in ESG performance of
firms and the performance in the three dimensions of environment,
social responsibility, and governance. Influenced by political
objectives, state-owned capital is more obvious for the
enhancement of corporate social responsibility and governance
dimensions; 2) given that Chinese firms are at the initial stage of
sustainable financial investment, we found that state-owned capital
provides sustainable financial investment for firms by alleviating
financing constraints and enhancing corporate identity. This is a
specific channel through which state-owned capital enhances the
ESG performance of private firms; 3) state-owned capital enters
private firms as an emerging economy to optimize the original
shareholding structure, improve internal control mechanisms, and
reduce internal fraud. This is another channel for state-owned
capital to enhance the ESG performance of private enterprises; 4)
based on the external correlator theory, the degree of improvement
of external environmental shocks should be considered on ESG
performance, especially under strict environmental regulation and
greater media attention.

Compared with the completed studies, the marginal
contribution of this study is mainly reflected in the following.
First, this study proves that state-owned equity will positively
enhance the ESG performance of private firms from the
perspectives of macroeconomic trends and structural changes.
The synergy between the two will help to enhance the firms’
ability to resist financial risks. Unlike the completed research,
this paper emphasizes the role of state-owned capital for
sustainable development of private enterprises and ownership
mixing of private enterprises rather than the mixing of state-
owned enterprises. This enriches the research on economic
consequences of mixed-ownership reform from the opposite
perspective. Second, this paper investigates the internal
mechanism of the impact of state-owned equity on ESG of
private enterprises. This study finds that state-owned capital
partly enhances ESG performance through channels such as
alleviating private enterprises’ operating capital constraints and
improving internal control, which extends the theoretical basis of
the factors influencing corporate ESG governance. Third, this paper
explores the role of private firms’ external factors in enhancing state
capital’s equity participation and private firms’ ESG governance
from the perspectives of micro-external media attention, meso-
industry nature, and macro-environmental regulation. The
exogenous factors of corporate governance, corporate ESG
governance, and equity structure are placed in the same
framework to analyze the moderating role of exogenous factors
in as much detail as possible and to fill the gaps in related research.
Fourth, the results of this study have certain practical significance,
and under the current goal of focusing on the construction of
ecological civilization and high-quality synergistic development of
the economy, this paper provides policy insights for private

enterprises in developing countries to assume environmental and
social responsibilities.

The rest of this article is structured as follows: Section 2 is a
literature review with research and hypotheses, in which the
motives, specific paths, and possible hypotheses of state-owned
capital to stimulate private firms’ ESG are described. Section
3 describes the data and methodology and designs of the
regression model. Section 4 provides the results of the empirical
study and conducts rigorous endogeneity and robustness tests.
Section 5 verifies the mediating role of internal control and
financing constraints. In Section 6, the impact of the external
environment is considered as much as possible to investigate the
heterogeneous impact of external environmental shocks. Section
7 provides the economic consequences of synergies between state-
owned equity and corporate ESG. Section 8 is the conclusion and
policy implications section of this study, while Section 9 is the
limitation section of the study.

2 Literature review and research
hypotheses

2.1 Literature review

2.1.1 Economic consequences of state
capital equity

At the beginning of the 21st century, after China proposed that
“the market should play a decisive role in the allocation of
resources,” the proposal to develop a mixed-ownership economy
attracted extensive discussion in both academic and practical circles
(Bortolotti et al., 2002). Based on the theory of property rights (Hart,
1995), the theory of government intervention (Shleifer and Vishny,
1997), and so on, scholars mainly focus on the study of the economic
consequences of the introduction of non-state capital in state-owned
enterprises (Megginson et al., 1994), and the results of this research
provide a reasonable basis for equity ownership reform to explore
the direction of policy optimization. However, all the studies focus
on introducing private capital into state-owned enterprises.
However, few focus on the economic consequences of entering
state-owned capital into private enterprises.

So how exactly does state capital affect private firms? The few
existing literature works have made valuable explorations of the
external financing problem of private enterprises from the
perspectives of financial structure (Beck et al., 2008), finance
company function (Stein, 1997), political affiliation, and credit
discrimination (Cull et al., 2015), and other perspectives on the
external financing of private firms have been valuable explorations;
in addition, in terms of internal business risks, state capital plays the
role of supervising private firms by suppressing irregularities (Firth
et al., 2009; An et al., 2018), increasing the possibility of scrutiny, and
mitigating internal governance problems in order to reduce the
business risks of firms.

One-sidedly, research on the economic consequences of state-
owned capital for private enterprises has focusedmore on the factors
that can ease the external financing constraints of enterprises and
factors that can improve the internal governance of companies that
lack a thorough analysis of how to promote the improvement of the
environment and social wellbeing of private enterprises. However,
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without an answer to the question of “whether it could have an
impact,” the study of “what factors” will only be one-sided.

2.1.2 Influencing factors of ESG performance of
private enterprises

The concept of ESG, which originated from ethical and
responsible investing, is a comprehensive indicator that measures
the rights and interests of internal and external stakeholders of an
enterprise and requires enterprises to strive to balance the
relationship between internal governance, the environment, and
the society in the course of business. Currently, more research is
focused on the impact of the ESG system on corporate development
in a different areas of management. Regarding environmental and
social responsibilities, scholars have studied corporate social
responsibility and reputation (Moser and Martin, 2012; Qiu
et al., 2016), intrinsic social capital (Lins et al., 2017), and
institutional ownership mechanisms (Dimson et al., 2015).
Regarding corporate governance, scholars have thoroughly
investigated the perspectives of governance efficiency,
information disclosure, and investor returns.

Research on firms’ motivations to improve ESG performance
can be conducted from macro-, micro-, and intra-firm perspectives:
at the macro-national level, institutional theory states that firms are
influenced by a wide range of social frameworks and economic
factors and that higher levels of national political and cultural
institutions improve firms’ ESG ratings (Crespi and Migliavacca,
2020); at the domestic regional level, the intensity of environmental
regulation and monitoring will also push firms to enhance
environmental protection motivation (Chakravarthy et al., 2014),
which affects firms’ willingness to take on environmental social
responsibility (de Villiers and Alexander, 2014); at the micro-level,
the party organization internalizes the government’s social goals in
the corporate organization, which prompts firms to take on more
environmental and social responsibilities (Chang and Wong, 2004),
and ensures that ESG decision-making is effectively implemented
from the root cause; at the firm perspective, good ESG performance
reduces the negative externalities of corporate business activities
(Cho and Patten, 2007), which is manifested in reducing financing
costs (El Ghoul et al., 2011; Goss and Roberts, 2011; Tan et al., 2020),
improving innovation output (Ryou et al., 2022), improving
corporate information transparency (DesJardine et al., 2021),
reducing the risk of regulatory penalties (Baloria et al., 2019),
and creating a favorable business environment, which in turn
enhances firms’ value (Al-Tuwaijri et al., 2004; Dhaliwal et al.,
2011; Matsumura et al., 2014) and becomes an incentive to
attract firms to improve their governance performance. In
addition, the realization of ESG disclosure in developing
countries is costly. However, the potential rewards of ESG
disclosure seem to outweigh the accounting costs (Fandella et al.,
2023). This finding elaborates on ESG disclosure motives from an ex
post perspective and overcomes the sample selection bias problem in
the empirical evidence.

In summary, the research on the motivation of ESG focuses on
analyzing external macro- and micro-factors, resulting in a lack of
theory on the impact of equity differences on environmental and
social responsibilities and governance of private enterprises; based
on this, this study analyzes in depth whether state capital equity
participation can play a role in the radiation of political goals and on

whether and how it can push enterprises to undertake broader
environmental and social responsibilities, to enrich the sustainable
development of private enterprises and help realize the goal of green
development.

2.2 Research hypotheses

2.2.1 Impact of state ownership on corporate
governance

In the modern corporate governance system, the risk of
information asymmetry arising from the separation of enterprise
ownership and management and the possibility that managers may
make business decisions that hurt the enterprise out of their pursuit
of personal interests have led to the first type of principal–agent
conflict. In the process of the company’s operations, the controlling
shareholders often regard the company as their own “tunnel”
through the abuse of decision-making, transfer of resources, or
improper transactions to obtain private interests, to the detriment of
the interests of small- and medium-sized shareholders, leading to
the second type of principal–agent conflict (Ness and Mirza, 1991);
these two types of principal–agent conflict in the private sector are
more common. The principal–agent conflict is closely related to the
innovation of corporate governance structure, and companies can
improve the effectiveness and efficiency of the principal–agent
relationship through the innovation of their governance structure
(Singh and Davidson, 2003). The process of injecting state-owned
capital into private enterprises is actually the dynamic optimization
process of the governance structure of heterogeneous capital
through the equity game, which realizes the mutual integration
and incentive compatibility in equity structure, completes the
transformation from external stakeholders to internal
stakeholders, and then promotes the innovation of governance
structure of private enterprises.

Based on the embedding theory, the government–enterprise
relationship in contemporary China is an implicit contractual
relationship in which the government uses resource allocation to
incentivize enterprises to realize specific economic and non-
economic goals. The specific economic objectives of state-owned
capital are usually to satisfy social public interests, support scientific
and technological innovation, and safeguard national security and
social stability; at the same time, as the bearer of state property, value
preservation of state-owned capital is an important task for the
protection of the security of state property. Value-added state-
owned capital is essential for accumulating national wealth
(Maw, 2002). The dual diversification mechanism of business
objectives and the capital value preservation and appreciation
requirement make state-owned capital face more political
pressure (Jin et al., 2008). With the injection of state-owned
capital into private enterprises, the ultimate control of the
enterprise is not transferred; the pursuit of value maximization is
still the controlling shareholder’s pursuit of business objectives,
which coincides with the goal of value preservation and
appreciation of state-owned capital (Friedman, 2007); therefore,
through the optimization of equity governance structure to
enhance the level of corporate governance, it has become a
common demand of the state-owned capital and private
enterprises. As a representative of internal stakeholders, especially
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small- and medium-sized shareholders, on the one hand, state-
owned capital, as a political factor input, requires private enterprises
to establish a sound internal control mechanism, which includes risk
management, internal auditing, and compliance monitoring, in
order to ensure sound operation and risk prevention and control
capabilities. This will help reduce internal fraud and prevent major
shareholders from obtaining personal benefits through abusive
decision-making, transfer of resources, or improper transactions.
On the other hand, state-owned capital can actively promote the
organization of small- and medium-sized shareholders or appoint
representatives of small- and medium-sized shareholders to the
board of directors, optimize the structure of directors, promote the
establishment of a sound information disclosure system by
enterprises, provide comprehensive and accurate financial and
operational information, strengthen the voice of small- and
medium-sized shareholders in the board of directors’ strategy
formulation and operational decision-making process, and ensure
that outside investors have a comprehensive understanding of the
company’s operations and decision-making process (Yang et al.,
2023). According to the inference, the state-owned capital, as a
stakeholder in the development of the enterprise, can improve the
level of corporate governance by optimizing the shareholding
structure of the company and perfecting the internal control
system and alleviate agency problems of “shareholders–creditors,”
“major shareholders–minor shareholders” and “major
shareholders–minor shareholders.” Small shareholders” and
“shareholder–creditor” agency problems thus improve the
management performance of private enterprises (Joh, 2003) and
realize the common management objectives of both parties.

H1. State-owned capital stakes in private firms enhance corporate
ESG governance performance.

H2a. State-owned capital stakes in private firms enhance corporate
ESG performance by improving internal controls.

2.2.2 Impact of state ownership on the assumption
of environment social responsibility

In the enterprise external environment—social responsibility,
enterprises face the reality of green research and development,
energy saving and environmental protection transformation, and
other capital investment; however, such an investment cycle is long,
with low returns, high opportunity cost, and poor economic
efficiency (Meng and Wang, 2020); when enterprises face a
macroeconomic downturn, individual production costs rise to
enterprises operating in financial distress, it will reduce the
willingness of the independent inputs. Enterprises facing
macroeconomic downturns and rising individual production
costs will be less willing to invest independently. When external
supervision or regulation is intense, the willingness of enterprises to
undertake environmental and social responsibilities will be further
strengthened. Reducing environmental pollution and realizing green
ecological goals are part of the non-economic goals of state-owned
capital. Therefore, to realize the transformation of corporate
environmental profitability, the relevant state departments must
be guided by macro policies and capital market reforms.

This study concludes that the guiding effect of state-owned capital
on private enterprises’ assumption of environmental and social

responsibilities is mainly reflected in the two aspects of enhancing
the willingness to undertake and alleviating the resource dilemma. In
terms of willingness to undertake, the entry of state-owned capital not
only is a recognition of the strength of private enterprises but also
represents the supervision and guidance of enterprises at the state
level. Within the company, state-owned capital enters the corners
where government supervision fails through equity to enhance the
identity of private enterprises. State-owned capital, as a stakeholder in
the development of the enterprise, can enhance the enterprise’s
awareness of environmental protection and promote the
innovation and practice of environmental protection technology
through the cooperation and joint efforts of the enterprise and
private enterprises. This kind of supervision and guidance can
push enterprises to undertake environmental and social
responsibilities more actively and realize the goal of sustainable
development. Externally, the participation of state-owned capital in
private enterprises will send a positive signal, and such participation
will help enterprises build an excellent social reputation and enhance
their visibility (Zou and Ma, 2023). The partnership between
enterprises and state-owned capital will attract the attention of
environmental organizations and the public (Guo and Lu, 2021). It
will provide a means of supervision through the news media,
environmental letters and visits, and legal assistance to ensure that
enterprises fulfill their environmental responsibilities and move
toward green and sustainable development. Under such
supervision, enterprises have to take necessary measures to fulfill
their environmental responsibilities and safeguard the interests of the
society and the rights and interests of the public. In alleviating
enterprises’ resource dilemma, when enterprises undertake
environmental and social responsibilities for supply chain
transformation and face considerable financing constraints, they
will face the dilemma of market industry competition, high
investment, and low returns on environmental and social
responsibilities, which would limit the development of enterprises.
According to the signaling theory, state-owned equity participation
conveys the signal that private enterprises have a certain degree of
strength, advocates the active fulfillment of social responsibility,
enhances the social status of private enterprises, attracts more
customers and investors, helps enterprises to obtain more
resources to support them, and increases the cash flow of the
company, which significantly reduces the cost of debt financing for
private enterprises and increases the scale of debt financing (Al-
Tuwaijri et al., 2004; Rahaman et al., 2020), thus providing more
favorable production conditions for enterprises to meet the financial
requirements of production and business activities and environmental
and social responsibilities. Based on the above analysis, the research
hypothesis is proposed.

H2b. State-owned capital stakes in private firms enhance corporate
ESG performance by alleviating external financing constraints.

3 Study design

3.1 Sample processing and data sources

This study selects privately listed Chinese A-share companies for
2013–2021. In order to avoid the interference of outliers, the data are
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screened as follows: 1) Excluding the samples of ST, *ST, and
delisted companies; 2) excluding the financial companies; 3)
excluding the companies with missing values of the main
variables during the sample period; 4) in order to eliminate the
influence of extreme values, the variables are subjected to
winsorizing at the upper and lower 1% quartiles. After the
collation, 1,623 listed companies totaled 9,941 samples.

There are four sources of data in this study. The ESG evaluation
data come from the Shanghai Huaxin Evaluation System, which
adopts a combination of quarterly periodic evaluation and dynamic
tracking for data adjustment, with strong timeliness, and the index
can cover all the A-share listed companies with strong
representativeness. The ESG data robustness test data come from
hexun.com, which also adopts a professional evaluation system and
is China’s most widely recognized ESG testing website. One of the
more recognized ESG rating agencies in China. The calculation of
the regional marketization index in the macro control variables is
based on the yearbooks of provinces and statistical bulletins of
prefectural cities. At the same time, the data on state-owned capital
participation and the rest of the data are from companies’ annual
reports in the CSMAR database.

3.2 Definition of variables

3.2.1 Explained variables
There is no uniform academic definition of ESG at the

international level. However, many institutions and organizations
share a common focus on corporate ESG practices and are
committed to a consistent framework despite different systems.

In this study, we consider the authority of China’s ESG rating
agencies and choose the Huazheng rating system to characterize the
ESG (ESG-score) performance of private companies. Specifically, the
first-level indicators of Huazheng’s ESG information assessment system
contain three dimensions: environmental (E-score), social (S-score),
and corporate governance (G-score), with each dimension rated as
C-AAA totaling nine grades, and the composite scores of the three
dimensions are used as proxies for the company’s comprehensive ESG
performance. The assignmentmethod is used to assign a value of 1–9 to
C-AAA, and in order to avoid the problem of ESG-score data being too
large, the logarithmic approach of plus 1 is used for measurement. In
order to exclude the sample selection problem brought about by the
database selection problem, company ratings from hexun.com are used
in the robustness test section.

3.2.2 Core explanatory variables
This study manually organizes the types and nature of

shareholders of the top 10 companies, with 2,885 listed in China.
The identified shareholders include the state, state-owned legal
persons, domestic natural persons, foreign legal persons, and
others. The amount of shareholders’ participation in the top
10 affiliated shareholders was combined. If the state or state-
owned legal person retains less than 50% ownership, it is
considered a private enterprise (Özcan and Beyond, 2020).

The nature of the shareholders in the top 10 legal persons of the
enterprise, which are state or state-owned legal persons, will have a
practical decision-making impact on the enterprises that have taken
shares. In this study, the value of the samples with the presence of

state-owned shareholders in the top 10 shareholders of the private
enterprises (State1) will be taken to be 1. The value of the samples
will be taken to be 0 if otherwise.

Furthermore, based on the Company Law of the People’s
Republic of China, shareholders who individually or collectively
hold more than 10% of the company’s shares can request to convene
an extraordinary shareholders’ meeting within 2 months, or they
can convene and preside over the shareholders’ meeting on their
own. Therefore, this study hypothesizes that private firms can
participate in corporate management and decision-making more
when their state-owned capital injection exceeds 10% of the total
holding (Liu et al., 2023). The sample of private firms whose top
10 shareholders’ state-owned capital holdings (State2) are more than
10% of the total holdings will take the value of 1. Otherwise, it will
take the value of 0. The State2 sample is built on top of the
State1 sample, which is more stringent than the State1.

In addition, this study also uses the ratio of state-owned
shareholders to non-state-owned shareholders in the top
10 shareholders (State3) to measure the relative strength of state-
owned capital and private capital, and the larger the indicator, the
higher the degree of checks and balances of a different nature of
shareholdings in the mixed-system reform.

From a cross-sectional perspective, this studymanually reviews and
matches 200,000 pieces of information from the CSMAR database,
which include information on equity background and management
adjuncts, then cross-matches the information with the types of equity
held by the top 10 shareholders. The study also added missing
information by cross-checking with the official annual reports of
listed companies. By doing so, this study determines the reliability
and completeness of the research data. In addition, this study uses the
presence of state-owned shareholders in the top 10 shareholders and
whether the shareholdings of such shareholders exceed 10%—two
dummy variables that will enhance the robustness of the test results.

3.2.3 Control variables
At the macro-level, the methodology of Xin and Xin (2017) and

Song et al. (2024) was adopted, using the provincial marketization
index as a control variable, which included the combined
relationship between government and market relationships, the
development of the non-public economy, the degree of
development of product markets, the degree of development of
factor markets, and the development of market intermediary
organizations and the legal institutional environment. The index
is derived from the Marketization Index of Chinese Provinces—the
National Economic Research Institute (NERI) report compiled by
Wang et al. (2017), which provides the most authoritative
information currently available to Chinese scholars to assess the
degree of marketization and has been widely used to investigate the
external impacts of firms in different situations; in addition,
concerning previous studies (Tian et al., 2023; Zhang and Zhao,
2023) at the firm level, this study incorporates firm size (Size), the
number of years since listing (Age), the gearing ratio (Lev), the net
profit margin of assets (Roa), growth, the proportion of fixed assets
(Fixed), the value of Tobinq (TobinQ), the proportion of
independent directors (Indep), and whether it is audited by the
Big Four (Big4) accounting firms, which are considered to be
potentially influential. The specific measurements are shown
in Table 1.
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3.3 Modeling

In order to test the impact of state-owned capital investment on
the environmental, social responsibility, and corporate governance
performance of private enterprises, this paper sets model (1)
as follows:

ESGi,t � α0 + β1Statei,t + β2Controlsi,t +∑Industryi +∑Yeari

+ εi,t,

(1)
where ESGi,t denotes the ESG composite score (ESG-score) and sub-
scores (E-score, S-score, and G-score) for observation i in period t;
α0 is a constant term; Statei,t (State1 and State2) denotes the true
decision-making power and the degree of checks and balances of the
state-owned capital in the private firms in period t; Controlsi,t
denotes a series of control variables as mentioned above;
∑Industry denotes the industry fixed effect; and ∑Year denotes
the year fixed effect εi,t denotes the error variance term.

4 Empirical results and analysis

4.1 Descriptive statistical analysis

The results of the descriptive statistics and correlation analysis of
the variables after shrinkage treatment are shown in Table 2. The
results show that the mean value of ESG-score is 1.561
(corresponding to a sample standard deviation of 0.265),
corresponding to an average score value of BB, which shows that

the overall ESG performance of private enterprises is still good and
also indicates that there is a large difference between different
companies. The mean value of State2 is 0.038, with a standard
deviation of 0.089, which preliminarily indicates that there are
various forms of state-owned capital participation, but the basic
forms of participation are small- and medium-sized shareholders.

As shown in Table 3, the correlation analysis shows that the ESG
total score and sub-scores are significantly and positively correlated
with State1 at the 1% level and State2 at the 5% level, which initially
confirms that the research hypothesis H1 is correct. This study also
used the variance inflation factor (VIF) method to test further that
the variance inflation coefficients of each explanatory variable were
below 1.60, and the baseline regression model did not have serious
multicollinearity.

4.2 Benchmark regression results

In order to thoroughly test the hypotheses, this study carries out
the estimation of model (1) using a three-dimensional fixed-effects
panel regression. Table 4 reports the test results of state-owned
capital participation on ESG performance of private firms;
specifically, columns (1)–(4) use the presence of state-owned
shareholders in the top 10 shareholders (State1) as the core
explanatory variable to test the ESG performance of private firms
and the system’s three-dimensional environmental (E-score), social
(S-score), and corporate governance (G-score); columns (5)–(8) use
the three-dimensional fixed-effects panel regression to estimate
model (1) score and corporate governance (G-score); columns
(5)–(8) use the top 10 shareholders with more than 10% of state-

TABLE 1 Names of control variables and calculation methods.

Variable Variable
symbol

Calculation method

Enterprise size Size Natural logarithm of total assets for the year

Number of years listed Age Natural logarithm of the difference between the year of enumeration and the year of establishment of the
company

Asset–liability ratio Lev Total liabilities at year-end to total assets at year-end

Net asset profit margin Roa Total liabilities at year-end to total assets at year-end

Company growth Growth Current year’s operating income/previous year’s operating income − 1

Share of fixed assets Fixed Net fixed assets to total assets

Tobinq value TobinQ (Market value of outstanding shares + number of non-outstanding shares * net assets per share + book value of
liabilities)/total assets

Proportion of independent directors Indep Ratio of independent directors to number of directors

Is it audited by a
Big4 accounting firm

Big4 1 if the company is audited by one of the Big 4 audit firms (PricewaterhouseCoopers, Deloitte & Touche, KPMG,
and Ernst & Young); 0 if otherwise

Macro-regional marketization
index

Market Selecting the marketization index issued by the National Economic Research Institute of the China Reform
Foundation: the higher the index, the higher the degree of marketization. A composite index reflecting five
aspects: the relationship between the government and the market; the development of the non-public economy;
the degree of development of the product market; the degree of development of the factor market; the
development of market intermediary organizations; and the legal and institutional environment, which has been
standardized

Industry Industry Industry dummy variables

Accounting year Year Year dummy variable
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owned capital (State2) as the core explanatory variable, the rest of
the explanatory variables and control variables are consistent;
columns (9)–(12) use the checks and balances between state-
owned capital and private capital (State3) as the core explanatory
variable; columns (9)–(12) use the checks and balances between
state-owned capital and private capital (State3) as the core
explanatory variable, the rest of the explanatory variables and
control variables are consistent. The test results show that the
estimated coefficients of E-score, S-score, G-score, and ESG-score
are all significantly positive at the 10% level or lower, indicating that
the actual participation of state-owned capital in the management of

private firms and the checks and balances between state-owned
capital and private capital enhance the enterprises’ commitment to
the environment and social responsibility and improve the level of
corporate governance. Meanwhile, in multiple benchmark
regression results, the significance of the control variables and
the direction of the estimated coefficients are basically the same,
which initially indicate that the regression results are robust, the
results are relatively reliable, and hypothesis H1 is confirmed. On the
one hand, state-owned capital enhances the willingness of private
enterprises to undertake environmental responsibility and social
empowerment and stimulates enterprises to make sustainable

TABLE 2 Descriptive statistics.

Variable Obs. Mean Std. Dev. Min. Max. Skew. Kurt.

ESG-score 9941 1.561 0.265 0.693 1.946 −1.31 5.099

State1 9941 0.451 0.498 0 1 0.196 1.038

State2 9941 0.029 0.168 0 1 5.615 32.533

State3 9941 0.038 0.089 0 0.544 3.761 18.54

Size 9941 21.77 1.016 19.74 24.939 0.571 3.322

Age 9941 2.839 0.319 1.946 3.466 −0.439 2.928

Lev 9941 0.375 0.195 0.05 0.887 0.459 2.571

Roa 9941 0.036 0.077 −0.301 0.227 −1.649 9.127

Growth 9941 0.187 0.444 −0.604 2.785 2.946 16.429

Fixed 9941 0.184 0.129 0.002 0.553 0.726 3.001

TobinQ 9941 2.296 1.432 0.928 9.321 2.529 10.893

Indep 9941 0.38 0.054 0.333 0.571 1.01 3.77

Big4 9941 0.022 0.147 0 1 6.506 43.327

Market 9941 09.85 1.369 5.293 11.934 −1.129 4.352

TABLE 3 Correlation analysis.

ESG-score State1 Size Age Lev Roa Growth Fixed TobinQ Indep Big4 Market

ESG-score 1 0.04*** 0.06*** −0.05*** −0.16*** 0.24*** 0.10*** −0.01 −0.04*** 0.05*** 0.02 0.03***

State1 0.05*** 1 0.23*** 0.06*** 0.06*** 0.08*** 0.01 0.07*** 0.04*** −0.05*** 0.06*** −0.07***

Size 0.08*** 0.23*** 1 0.11*** 0.45*** 0.04*** 0.11*** −0.08*** −0.43*** −0.08*** 0.15*** 0.04***

Age −0.08*** 0.07*** 0.12*** 1 0.13*** −0.07*** −0.10*** −0.03*** −0.09*** 0.00 0.05*** 0.06***

Lev −0.20*** 0.06*** 0.46*** 0.14*** 1 −0.31*** 0.02** −0.00 −0.30*** −0.03*** 0.07*** 0.06***

Roa 0.27*** 0.08*** 0.06*** −0.08*** −0.32*** 1 0.40*** −0.03*** 0.23*** −0.02 0.03*** 0.00

Growth 0.04*** −0.03** 0.11*** −0.05*** 0.03*** 0.29*** 1 −0.05*** 0.05*** 0.01 −0.01 −0.04***

Fixed −0.03*** 0.08*** −0.06*** −0.01 0.00 −0.03*** −0.08*** 1 0.01 −0.03*** 0.04*** −0.05***

TobinQ −0.08*** 0.06*** −0.35*** −0.01 −0.20*** 0.11*** 0.00 −0.02 1 0.06*** −0.04*** 0.00

Indep 0.04*** −0.05*** −0.07*** 0.00 −0.02** −0.02** 0.00 −0.02** 0.05*** 1 −0.01 0.06***

Big4 0.02* 0.06*** 0.19*** 0.05*** 0.08*** 0.04*** −0.01 0.05*** −0.02** −0.00 1 0.04***

Market 0.05*** −0.07*** 0.02** 0.03*** 0.03*** 0.00 −0.03*** −0.08*** −0.01 0.07*** 0.03*** 1

Note: “***”, “**,” and “*” indicate significance at the 1%, 5%, and 10% levels, respectively. Lower triangular cells report Pearson’s correlation coefficients; upper triangular cells are Spearman’s

rank correlation.
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TABLE 4 Benchmark regression of state capital participation and ESG performance of private firms.

Variable E-score S-score G-score ESG-score E-score S-score G-score ESG-score E-score S-score G-score ESG-score

State1 0.013* 0.012*** 0.015** 0.015***

(1.726) (2.667) (2.014) (2.774)

State2 0.067* 0.054*** 0.074*** 0.069***

(1.797) (3.960) (4.601) (4.113)

State3 0.109 0.098*** 0.123*** 0.125***

(1.578) (3.651) (3.535) (3.782)

Size 0.043*** 0.028*** 0.013* 0.034*** 0.045*** 0.029*** 0.015** 0.036*** 0.044*** 0.028*** 0.014* 0.035***

(4.238) (4.049) (1.808) (4.027) (4.721) (4.332) (2.044) (4.312) (4.423) (4.128) (1.862) (4.102)

Age 0.007 −0.026** −0.026* −0.033** 0.005 −0.028** −0.028* −0.035** 0.004 −0.029** −0.029* −0.037**

(0.372) (−2.356) (−1.710) (−2.424) (0.260) (−2.439) (−1.842) (−2.503) (0.218) (−2.565) (−1.950) (−2.632)

Lev 0.021 −0.247*** −0.509*** −0.312*** 0.015 −0.252*** −0.516*** −0.318*** 0.017 −0.251*** −0.514*** −0.317***

(0.691) (−12.686) (−16.899) (−12.381) (0.506) (−12.906) (−17.191) (−12.591) (0.558) (−12.848) (−17.004) (−12.534)

Roa 0.066 0.548*** 0.866*** 0.688*** 0.068 0.550*** 0.868*** 0.690*** 0.070 0.552*** 0.870*** 0.692***

(1.028) (9.959) (14.395) (9.820) (1.050) (9.993) (14.361) (9.855) (1.074) (10.023) (14.435) (9.886)

Growth −0.031*** −0.015*** −0.007 −0.017*** −0.031*** −0.015*** −0.008 −0.017*** −0.031*** −0.014*** −0.007 −0.017***

(−4.054) (−3.276) (−0.890) (−2.930) (−4.136) (−3.234) (−0.886) (−2.904) (−4.040) (−3.160) (−0.843) (−2.827)

Fixed 0.191*** 0.037 0.005 0.043 0.192*** 0.038 0.007 0.045 0.192*** 0.037 0.006 0.044

(3.195) (1.001) (0.134) (0.933) (3.224) (1.034) (0.172) (0.967) (3.204) (1.005) (0.147) (0.938)

TobinQ −0.015*** −0.015*** −0.014*** −0.020*** −0.014*** −0.015*** −0.013*** −0.019*** −0.015*** −0.016*** −0.014*** −0.020***

(−2.786) (−5.292) (−3.902) (−5.280) (−2.690) (−5.094) (−3.850) (−5.085) (−2.682) (−5.190) (−3.987) (−5.186)

Indep −0.173* 0.222*** 0.591*** 0.270*** −0.168* 0.225*** 0.596*** 0.274*** −0.168* 0.226*** 0.597*** 0.275***

(−1.836) (5.301) (10.501) (5.213) (−1.798) (5.282) (10.529) (5.196) (−1.807) (5.326) (10.685) (5.246)

Big4 −0.017 −0.008 0.060** −0.010 −0.015 −0.006 0.062** −0.008 −0.016 −0.006 0.062** −0.008

(−0.495) (−0.391) (2.405) (−0.385) (−0.439) (−0.307) (2.429) (−0.300) (−0.444) (−0.308) (2.431) (−0.301)

Market 0.014** 0.008*** 0.007* 0.010*** 0.014** 0.008*** 0.007* 0.010*** 0.014** 0.008*** 0.008** 0.010***

(2.078) (3.138) (1.968) (3.133) (2.095) (3.093) (1.937) (3.086) (2.149) (3.258) (2.027) (3.255)

Constant −0.059 1.170*** 1.421*** 0.847*** −0.093 1.139*** 1.383*** 0.806*** −0.070 1.160*** 1.409*** 0.834***

(Continued on following page)
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investments and actions; on the other hand, state-owned capital
ensures the sound operation and risk prevention and control ability
of enterprises, which help to reduce internal fraud and improve ESG
performance.

According to Table 4—columns (1)–(3), (5)–(7), and (9)–(11) of
the regression results—the three sub-dimensions of environmental,
social, and governance of state-owned enterprises are analyzed in
depth. In the above nine columns, the coefficients of the
independent variables are significantly positive at the 10% level
or below, except for State3. Thus, state capital participation and
checks and balances provide comprehensive rather than partial
incentives to private firms. If we focus on the sub-dimension
coefficients, the effect of state capital participation on corporate
social responsibility and governance shows the most significant
performance, probably because the ring political objective of state
capital imposes more political and regulatory pressures, and the
participation of state shareholders leads to more targeted ESG-
enhancing strategies, and a greater tendency to take socially
sensitive actions in response to the concerns of the government
and investors. At the same time, state-owned shareholders ensure
sound business operations and risk prevention and control
capabilities, which will help reduce internal fraud and prevent
large shareholders from enhancing internal corporate governance
through abusive decision-making. As a result, we findmore nuanced
evidence in support of hypothesis H1.

ESG is a sustainable “substantive innovation,” and our study
affirms the positive significance of equity heterogeneity on ESG
performance, which positively affects firms’ empirical innovations.
The introduction of state capital as a form of equity heterogeneity
improves firms’ ESG good practices, promotes sustainable
development, and realizes the integration of firms’
environmental, social, and economic effects.

4.3 Robustness tests

This study focuses on the following types of endogeneity issues
to improve the findings’ robustness.

4.3.1 The problem of reverse causation
This study focuses on explaining the role of the introduction of

state capital in promoting the ESG performance of private firms, and
the results of the test above indicate that the two have a positive
correlation, but not enough to solve the reverse causality problem,
i.e., private firms attract the attention and recognition of state capital
and carry out the act of injecting capital because of their
environmental and social responsibilities; another possible
explanation is that good internal firms can better protect the
interests of internal shareholders and attract the injection of state
capital in order to realize the goal of value preservation and
appreciation. In order to preliminarily rule out the reverse
causality problem, this part swaps the core explanatory variable
(State1) with the explanatory variable (ESG-score) and carries out a
regression of the core explanatory variable (State1) for multiple
future periods. The results of the test, as shown in Table 5, indicate
that there is a relationship between the ESG performance of private
firms and state capital injection in the future period, but the
relationship disappears completely in the second period andT
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beyond. The test of lagging the core explanatory variables for
multiple periods can only preliminarily rule out the problem of
reverse causality, but a more rigorous test is still required.

This section further conducts a reverse causality problem test
using the two-stage least squares method, using the number of
broadband port accesses (Inter) in the prefecture-level city where the
private enterprise is registered to characterize the level of the
number and as an instrumental variable. The rationale for its use
lies in 1) correlation: the development of the digital level is often
cross-industry and cross-discipline and requires synergistic
cooperation among enterprises. State-owned capital’s equity
participation in private enterprises can promote public–private
cooperation, realize industry synergies, and jointly open up
markets in the field of digital economy. At the same time, private
companies are often innovative and agile in digital transformation,
making them attractive investment targets. 2) Homogeneity: there is
no empirical evidence that the number of broadband port accesses in
the region drives private firms environmental and social
responsibility-taking and governance performance. A weak
instrumental variables test shows that the Cragg–Donald Wald
F-statistic is 13.5059, while the critical value of 15% for the weak
instrumental variables test is 8.96, which rejects the original
hypothesis of weak instrumental variables at the 15% level.
Therefore, the number of broadband port accesses (Inter)
satisfies the correlation and homogeneity requirements. The test
results of the instrumental variable method are shown in Table 6,
and the results of the two stages of the instrumental variable are
significant at 1% and 5% levels, respectively, which indicates that the
hypothesis does not have the problem of reverse causality among
variables, and hypothesis H1 is still valid.

4.3.2 Omitted variable problems and
exogenous shocks

As the pillar industries in different provinces of China are
fundamentally different, and there will be differences in
industrial organizations, technological levels, resource
endowments, etc., the environmental and social problems will
also be different. Therefore, firms in different regions should
formulate appropriate environmental social responsibility
strategies and objectives based on local characteristics and
environmental issues. This part further controls the province
effect (Pro) in the model to eliminate the performance of
geographical variable differences affecting the impact of state-
owned capital equity on corporate ESG performance. The test
results are shown in columns (1) and (2) of Table 7. After
controlling for the province effect (Pro), the core explanatory
variables state-owned capital actual management (State1) and
state-owned capital–private capital checks and balances (State2)
are still significant at the 1% level, which indicates that
hypothesis H1 is still valid after controlling for the problem of
omitted variables.

ESG may be affected by political pressure from domestic “dual
carbon targets.” In 2020, China formally proposed at the 75th
session of the UN General Assembly to achieve peak carbon by
2030 and carbon neutrality by 2060, and the political pressure from
dual carbon targets may affect ESG. Therefore, this study constructs
a DID model to address the endogeneity problem that may result
from the pressure of this target. First, the time of the shock is

defined. This part uses 2020, the year that the dual carbon target was
proposed, as the exogenous time—with 2020 and the subsequent
year post-defined as 1 and the previous year as 0. Second, State1 itself
is the within-group variable, which is cross-multiplied by post to
form the State1*post DID variable, and the rest of the control
variables, as well as the industry year fixed effects, are consistent
with the central regression part. The results of the DID regression
test are shown in Table 7. The test results given in column (3) of the
table show that the DID variable is significantly positive (at least
significant at the 10% level), confirming the robustness of the
H1 findings.

4.3.3 Sample selection issues
According to the descriptive statistics, only some private

enterprises have state capital, and the state capital is small- and
medium-sized equities, which fail to constitute the actual control
of the enterprise, so there may be endogeneity problems caused by
differences in sample selection. Based on this, the propensity score
matching (PSM) is used to test endogeneity; first, based on the
existence of state-owned capital in the top 10 shareholders of
private enterprises, 1 or 0 assignment; second, the control variables
consistent with the primary regression are selected, and the logit
model is used to estimate the propensity scores of whether the state-
owned capital of the enterprise is as the top 10 shareholders; third, the
nearest-neighbor matching method is used to estimate the propensity
scores of whether the state-owned capital is as the top 10 shareholders
of the enterprise. Finally, the 1:1, 1:2, 1:3, 1:5 nearest-neighbor
matching method is used to find the control group for whether
the state-owned capital is in the top 10 shareholders, and the data
obtained after matching are subjected to a regression test. The results
are shown in Table 8; with the increase in the number of matches,
both State1 and State2 are significant at a 1% level, confirming that H1
of this study is valid.

4.3.4 Pseudo-regression problem
In order to avoid possible pseudo-regression and

multicollinearity problems in the baseline regression model, this
part further adopts the first-order difference model for the
regression analysis; specifically, the each of the variables in model
(1), and control variables are used to generate the new change
variables by subtracting the previous terms from the latter terms.
The test results are shown in Table 9.

4.4 Robustness tests

The data of this study mainly come from the Huazheng data
evaluation system, which is authoritative but partially different from
other rating agencies. Therefore, this part is replaced by hexun.com
ESG comprehensive evaluation database, which has the same
professional evaluation system. The hexun.com also categorizes
the ESG performance ratings of companies into C-AAA totaling
nine grades, using the assignment method of assigning values from
1–9 to C-AAA and using the plus 1 logarithmic approach for
measurement. The ESG performance rating of hexun.com (ESG-
HX) is taken as the explanatory variable. The actual management of
state-owned capital (State1) and the checks and balances between
state-owned and private capital (State2) are the core explanatory
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variables. Regression tests are conducted using the same control
variables and fixed effects as above. The results, as shown in Table 9,
show that after replacing the corporate ESG performance rating
database, the core explanatory variables are still significant at the 1%
level, and the conclusion of hypothesis H1 is valid. In addition, this
part also uses the cumulative shareholding of Chinese capital in the
top 10 shareholders and State4 to test the relationship between the
proportion of state-owned shareholdings and corporate ESG
performance. The results, as shown in Table 10, are still

significant at the 1% level after replacing the core explanatory
variable measure, and the conclusion of hypothesis H1 is robust.

In addition, this part also uses the proportion of the sum of
Chinese capital holdings of the top 10 shareholders of the firms
(State4) to characterize the state-owned capital holdings and test the
relationship between the proportion of state-owned capital holdings
and the firms’ ESG performance. The results, as shown in Table 9, are
still significant at the 1% level after replacing the core explanatory
variable measure, and the conclusion of hypothesis H1 is robust.

TABLE 5 Robustness tests: reverse causation problem.

Variable State1

State1 F-1 State1 F-2 State1 F-3 State1 F-4 State1 F-5

ESG-score 0.052** 0.011 0.019 0.031 −0.009

(2.438) (1.194) (0.548) (0.923) (−0.308)

Size 0.152*** −0.005 0.118*** 0.099*** 0.091***

(15.700) (−0.922) (10.765) (8.501) (6.689)

Age 0.075*** 0.063*** 0.096*** 0.105** 0.122**

(2.876) (3.501) (2.677) (2.406) (2.308)

Lev −0.113** 0.075** −0.104 −0.027 0.056

(−2.080) (2.503) (−1.553) (−0.411) (0.721)

Roa 0.077 0.090** −0.053 −0.052 0.058

(1.095) (2.339) (−0.649) (−0.568) (0.586)

Growth −0.044*** −0.003 −0.033** −0.034 0.035

(−3.845) (−0.398) (−2.254) (−1.520) (1.245)

Fixed 0.265*** 0.021 0.239*** 0.280*** 0.216**

(4.018) (0.369) (2.865) (3.045) (2.189)

TobinQ 0.037*** 0.002 0.025*** 0.030*** 0.025***

(6.942) (0.538) (3.329) (4.115) (3.948)

Indep −0.356*** −0.127* −0.272** −0.348*** −0.247

(−3.234) (−1.928) (−2.319) (−2.885) (−1.561)

Big4 −0.041 −0.015 −0.033 −0.049 −0.036

(−0.689) (−0.819) (−0.572) (−0.751) (−0.579)

Market −0.019** −0.007 −0.016* −0.010 −0.012

(−2.380) (−1.489) (−1.800) (−1.104) (−1.360)

Constant 8,567 0.017 −2.246*** −1.953*** −1.817***

0.120 (0.122) (−7.215) (−5.937) (−4.245)

Industry Yes Yes Yes Yes Yes

Year Yes Yes Yes Yes Yes

Observations 8,567 7,061 5,625 4,231 2,978

R2 0.120 0.079 0.100 0.102 0.108

Note: This table reports the regression results of private firms’ ESG performance on lagged state-owned equity participation. Each column of this table represents the regression results for lag

one, two, three, four, and five periods, and all control variables are the same as in model (1). The results include firm effects and fixed year effects, with robust standard errors clustered by

industry category.

“***,” “**,” and “*” denote significance at the 1%, 5%, and 10% levels, respectively, and values in parentheses are t-values.
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5 Testing the mechanism of action

5.1 State-owned capital to improve
internal control

Reasonable internal control is the core factor that directly
enhances the ESG performance of enterprises. Based on the

objective of capital preservation and appreciation, state-owned
capital requires private enterprises to establish sound internal
control mechanisms and more robust accounting policies to
ensure sound operation and risk prevention and control. At the
same time, state-owned capital, as the small- and medium-sized
shareholder and external regulator, appoints representatives of
small- and medium-sized shareholders to the board of directors,

TABLE 6 Robustness test: instrumental variable method test.

Instrumental variable method test

Variable First phase Second phase

Inter 0.033***

(3.507)

State1 0.429**

(2.492)

Size 0.162*** −0.027

(18.602) (−1.025)

Age 0.098*** −0.070***

(3.970) (−2.824)

Lev −0.072 −0.268***

(−1.259) (−8.018)

Roa 0.377*** 0.502***

(4.907) (5.323)

Growth −0.073*** 0.007

(−6.140) (0.506)

Fixed 0.387*** −0.074

(6.454) (−0.901)

TobinQ 0.047*** −0.034***

(6.961) (−4.317)

Indep −0.383*** 0.433***

(−3.540) (5.072)

Big4 −0.025 0.006

(−0.413) (0.159)

Market −0.029*** 0.017***

(−3.736) (2.650)

Constant −3.340*** 0.429**

(−14.038) (2.492)

Industry Yes Yes

Year Yes Yes

Observations 9,940 9,940

R2 0.146 −0.493

Note: This table reports the results of regressing the ESG performance of private firms on lagged state-owned equity participation. This table reports the results of the first and second stage

instrumental variables, and all control variables are the same as in model (1). The results control for industry and year fixed effects, and robust standard errors are clustered by the industry

category.

“***,” “**,” and “*” denote significance at the 1%, 5%, and 10% levels, respectively, and values in parentheses are t-values.
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TABLE 7 Robustness tests: omitted variable problem and exogenous shocks.

Variable ESG-score

(1) (2) (3)

State1 0.016***

(3.033)

State2 0.063***

(3.476)

State1*post 0.030**

(2.234)

Size 0.033*** 0.035*** 0.039***

(6.087) (6.615) (4.891)

Age −0.030** −0.031** −0.028**

(−2.043) (−2.174) (−2.262)

Lev −0.313*** −0.319*** −0.319***

(−11.427) (−11.565) (−12.317)

Roa 0.664*** 0.668*** 0.660***

(11.983) (12.080) (9.403)

Growth −0.016** −0.016** −0.018***

(−2.400) (−2.456) (−3.373)

Fixed 0.036 0.038 0.045

(0.956) (1.021) (0.985)

TobinQ −0.020*** −0.019*** −0.014***

(−6.876) (−6.696) (−4.993)

Indep 0.263*** 0.267*** 0.254***

(3.890) (3.930) (5.002)

Big4 −0.005 −0.004 −0.009

(−0.189) (−0.136) (−0.355)

Market 0.007 0.006 0.007

(0.624) (0.594) (0.737)

Constant 0.888*** 0.850*** 0.744***

(5.584) (5.390) (4.503)

Industry Yes Yes Yes

Year Yes Yes Yes

Pro Yes Yes Yes

Observations 9,941 9,941 1449

R2 0.208 0.208 0.206

Note: This table reports the regression results of state equity participation on the ESG profiles of private firms after controlling for province gaps and policy shocks. Columns (1) and (2) of this

table denote fixed effects controlling for industry, year, and province, and column (3) examines the effect of controlling for policy shocks on model (1), with all control variables the same as in

model (1). Robust standard errors are clustered at the firm level.

“***,” “**,” and “*” denote significance at the 1%, 5%, and 10% levels, respectively, and values in parentheses are t-values.
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optimizes the structure of the directors, reduces the short-selling
behavior of significant shareholders, and suppresses the surplus
management of private enterprises, which improves the
environment for internal control of enterprises.

Based on the above analysis, this study chooses the internal
control evaluation index (In_mana) as the channel test index, which
is based on the degree of realization of the five objectives of internal
control compliance, reporting, asset safety, operation, and strategy

to design the primary index of internal control. At the same time, the
internal control defects are used as the corrective variables, and
finally, the internal control that comprehensively reflects the level of
listed companies’ internal control and the ability of risk control is
formed. The larger the index, the better the company’s internal
control environment. In order to test the path hypothesis in H1, the
testing procedure in this study applies a three-step approach to test
the mediation mechanism, using the Stata “sgmediation” command

TABLE 8 Robustness tests: sample selection issues.

Variable ESG-score

Psmatch1:1 Psmatch1:1 Psmatch1:2 Psmatch1:3 Psmatch1:5

State1 0.011**

(2.238)

State2 0.116*** 0.102*** 0.087*** 0.086***

(4.283) (4.955) (4.547) (4.933)

Size 0.052*** 0.091*** 0.072*** 0.073*** 0.073***

(17.147) (4.203) (3.720) (3.324) (3.255)

Age −0.053*** 0.029 0.016 0.016 −0.002

(−6.132) (0.609) (0.382) (0.370) (−0.042)

Lev −0.317*** −0.598*** −0.631*** −0.617*** −0.582***

(−20.111) (−6.261) (−7.310) (−6.902) (−6.508)

Roa 0.594*** −0.291 −0.295* −0.277 −0.296*

(16.940) (−1.587) (−1.696) (−1.635) (−1.756)

Growth −0.024*** 0.039 0.042 0.031 0.040

(−3.871) (1.064) (1.280) (1.037) (1.227)

Fixed 0.060*** 0.249* 0.197 0.130 0.084

(2.626) (1.829) (1.592) (1.055) (0.670)

TobinQ 0.300*** 0.069 0.178 0.136 0.044

(6.526) (0.218) (0.625) (0.441) (0.141)

Indep −0.005 0.027 −0.003 −0.012 −0.027

(−0.303) (0.316) (−0.045) (−0.141) (−0.345)

Big4 0.011*** 0.023** 0.013 0.017* 0.017*

(5.379) (1.992) (1.204) (1.698) (1.717)

Market 0.431*** −0.641 −0.086 −0.094 −0.032

(5.679) (−1.203) (−0.175) (−0.170) (−0.056)

Constant 0.052*** 0.091*** 0.072*** 0.073*** 0.073***

(17.147) (4.203) (3.720) (3.324) (3.255)

Industry Yes Yes Yes Yes Yes

Year Yes Yes Yes Yes Yes

Observations 9,932 553 815 1,063 1,520

R2 0.203 0.499 0.482 0.466 0.484

Note: This table reports the results of the tests after nearest-neighbor matching, which focuses on frequency weights for State1 and probability weights for State2, given the sample size of the

explanatory variables. All control variables are the same as in model (1) and control for industry and year fixed effects.

“***”, “**,” and “*” indicate significance at the 1%, 5%, and 10% levels, respectively, and values in parentheses are t-values.
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to implement the Sobel test to test the mediation effect (MacKinnon,
Lockwood, Hoffman, West and Sheets, 2002). Models (1)–(3) were
set up to test hypothesis H2a.

In−manai,t � α0 + β1Statei,t + β2Controlsi,t +∑Industryi

+∑Yeari + εi,t, (2)
ESG − score � α0 + β1Statei,t + β2In−manai,t + β3Controlsi,t

+∑Industryi +∑Yeari + εi,t. (3)

The test results of models (2) and (3) are shown in Table 11. The
results show that the presence of state-owned shareholders (State1)
in the top 10 is positively related to the internal control rating of
enterprises at the 5% level, indicating that state capital participation

helps private enterprises improve the internal control environment.
The presence of state-owned major shareholders (State1) and the
internal control rating index (In_mana) are positively related to
corporate ESG at the 5% significant level, indicating that state capital
participation exerts governance effects and improves the internal
control environment of private firms, thus improving their ESG
performance, and hypothesis H2a is confirmed.

5.2 State-owned capital to ease financial
constraints

The multiple business objectives of state-owned capital dictate
that it pays more attention to the synergistic development of the
environment, society, and governance. State-owned capital
advocates enterprises’ fulfillment of environmental and social
responsibilities to enhance their legitimacy. Existing studies have
shown that private firms’ introduction of state-owned capital and
good political interactions with the government will enhance their
legitimacy and help them meet the government’s and stakeholders’
expectations, thus gaining access to more critical state resources. At
the same time, state capital endorses the behavior of private firms to
enhance corporate reputation, reduce policy discrimination, attract
more external investors, increase cash flow, and alleviate financing
constraints.

Based on the above analysis, this section examines the
mechanism of state-owned capital participation in the ESG
performance of private enterprises from two aspects: government
subsidies and financing constraints. The level of government
subsidies is characterized by the proportion of government
subsidies to enterprise assets (Ass_sub); the external financing
constraints of enterprises in the current year are characterized by
the KZ index (Kz), and the larger the index is, the larger the external
financing constraints of the enterprises are. In order to verify the
path hypothesis in H1b, the test program of this study applies the
three-step method to test the mediation mechanism, using the Stata
“sgmediation” command to implement the Sobel test to test the
mediation effect. Setting models (1), (4)–(7) to test the channel of
state capital injection on the financial constraints of private
enterprises, confirming hypothesis H2b.

Ass−subi,t � α0 + β1Statei,t + β2Controlsi,t +∑Industryi

+∑Yeari + εi,t, (4)
ESG − score � α0 + β1Statei,t + β2Governi,t + β3Controlsi,t

+∑Industryi +∑Yeari + εi,t, (5)
Kzi,t � α0 + β1Statei,t + β2Controlsi,t +∑Industryi +∑Yeari

+ εi,t,

(6)
ESG − score � α0 + β1Statei,t + β2Kzi,t + β3Controlsi,t

+∑Industryi +∑Yeari + εi,t. (7)

The test results of models (4)–(7) are shown in Table 12, and the
results show that state-owned capital stockholding indirectly
enhances the ESG performance of firms by alleviating external
financial constraints, and hypothesis H2b is valid.

TABLE 9 Robustness testing: the pseudo-regression problem.

Variable D_ESG-score

D_State1 0.012**

(2.342)

D_Size 0.094***

(7.172)

D_Age −0.049

(−0.537)

D_Lev −0.165***

(−7.044)

D_Roa −0.288***

(−5.847)

D_Growth −0.020***

(−2.925)

D_Fixed 0.008

(0.190)

D_TobinQ −0.000

(−0.027)

D_Indep 0.116*

(1.678)

D_Big4 0.046

(0.998)

D_Market −0.007

(−0.979)

Constant −0.026***

(−3.966)

Observations 7,992

R2 0.043

Note: This result controls for industry and year fixed effects, and all control variables are the

same as in model (1). Robust standard errors are clustered by industry category.

“***,” “**,” and “*” indicate significance at the 1%, 5%, and 10% levels, respectively, and

values in parentheses are t-values.
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6 External environmental
shock analysis

The regression results above show that state-owned capital injection
into private enterprises will positively promote their ESG performance
and is realized through improving the internal control environment and
alleviating corporate capital constraints. However, at the same time, the

factors affecting corporate governance and environmental responsibility
include internal control, resource constraints, other factors, and external
stakeholders such as the government, the media, and industry
competition (Clarkson et al., 2004). External stakeholders put
different requirements on corporate ESG performance based on their
demands. Under different external environments, is there a difference in
the role of state-owned capital injection in enhancing ESG performance?

TABLE 10 Robustness tests: varying the explanatory and interpretive variables.

Variable ESG-HX ESG-score

State1 0.000***

(3.083)

State2 0.000*

(1.980)

State4 0.002***

(3.257)

Size −0.000 −0.000 0.035***

(−0.200) (−0.090) (4.154)

Age 0.000 −0.000 −0.036**

(0.534) (−0.977) (−2.551)

Lev 0.000 0.000 −0.317***

(0.118) (0.271) (−12.543)

Roa 0.000 0.000 0.689***

(0.116) (0.095) (9.845)

Growth −0.000*** 0.000*** −0.016***

(−3.391) (3.427) (−2.730)

Fixed 0.000 0.000 0.045

(0.349) (0.351) (0.964)

TobinQ 1.000*** 1.000*** −0.020***

(1.246e+15) (2.274e+15) (-5.161)

Indep 0.000 0.000 0.274***

(0.365) (0.000) (5.256)

Big4 0.000 0.000 −0.009

(0.228) (0.513) (−0.350)

Market 0.000 0.000** 0.010***

(0.752) (2.327) (3.196)

Constant 0.000*** 0.000*** 0.830***

(4.187) (3.857) (4.654)

Industry Yes Yes Yes

Year Yes Yes Yes

Observations 9,852 9,852 9,941

R2 1.000 1.000 0.196

Note: This result controls for industry and year fixed effects, and all control variables are the same as in model (1). Robust standard errors are clustered by industry category.

“***,” “**,” and “*” indicate significance at the 1%, 5%, and 10% levels, respectively, and values in parentheses are t-values.
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TABLE 11 Mechanisms of state-owned equity influence on ESG performance: improving internal controls.

Variable Mediating variable: internal control of enterprises (In_mana)

In_mana ESG-score In_mana ESG-score

State1 0.006** 0.014**

(2.136) (2.634)

State2 0.015* 0.059***

(1.823) (3.408)

In_mana 0.433*** 0.433***

(15.839) (15.814)

Size 0.004 0.014** 0.005* 0.037***

(1.313) (2.634) (1.675) (5.156)

Age −0.014** 0.035*** −0.014** −0.014

(−2.289) (4.809) (−2.353) (−1.014)

Lev −0.026** −0.013 −0.028*** −0.252***

(−2.549) (−0.898) (−2.768) (−10.852)

Roa 0.703*** −0.246*** 0.704*** 0.405***

(18.449) (−10.680) (18.691) (5.453)

Growth 0.030*** 0.402*** 0.030*** −0.030***

(11.477) (5.408) (11.515) (−4.915)

Fixed 0.006 −0.030*** 0.007 0.086**

(0.290) (−4.927) (0.348) (2.290)

TobinQ −0.005*** 0.084** −0.005*** −0.013***

(−3.862) (2.261) (−3.699) (−3.406)

Indep 0.009 −0.013*** 0.009 0.258***

(0.464) (−3.528) (0.463) (4.806)

Big4 0.012 0.255*** 0.013 −0.030

(1.159) (4.804) (1.211) (−1.270)

Market 0.005*** −0.032 0.005*** 0.005*

(3.679) (−1.367) (3.584) (1.908)

Constant 7.334*** 0.005* 7.316*** −2.484***

(96.566) (1.929) (100.269) (−9.208)

Sobel test p = 0.01823527** p = 0.05203624*

Goodman test 1 p = 0.01835394** p = 0.05227698*

Goodman test 2 p = 0 .01811692** p = 0.05179569*

Industry Yes Yes Yes Yes

Year Yes Yes Yes Yes

Observations 9,312 9,312 9,312 9,312

R2 0.222 0.216 0.221 0.217

Note: Tests control for industry and year fixed effects, and robust standard errors are clustered by industry category. The significance represented by the p-value in the Sobel test determines the

presence or absence of mediation effects. For space considerations, only the test results of models (2) and (3) are reported.

“***,” “**,” and “*” indicate significance at the 1%, 5%, and 10% levels, respectively, and the values in parentheses are t-values.
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To address the above issues, this part attempts to carry out the study
from the macro exhaustively, micro- and meso-industry perspectives
outside the enterprise, explicitly selecting macro-regional environmental
supervision, meso-industry environmental pollution attributes, and
micro-enterprises receiving media attention to test for heterogeneity.

6.1 Regional environmental regulation

As an important role in macroeconomic regulation, regional policy
plays an unignorable role in resource allocation. With the continuous
promotion of ecological civilization construction, the government pays
more and more attention to the ESG performance of listed companies,
and the regional environmental regulation carried out by the
government will impact the assumption of environmental
responsibility by enterprises. Strict environmental regulation requires
firms to pay more attention to environmental protection and minimize
adverse environmental impacts to ensure that their operations comply
with regulations and standards. Firms may have to invest more
resources in environmental management and protection measures
(Downar et al., 2021). In addition, environmental regulation
mandates corporate transparency and reporting mechanisms to
increase firms’ environmental responsibility. Firms have to report
their environmental data and performance promptly and accurately.
This open and transparent requirement can drive firms to be more
proactive in adopting environmentally friendly measures and
improving their ESG performance (Qian and Schaltegger, 2017).

Regional environmental regulation aims to save energy and
reduce regional environmental pollution, so this section uses
carbon emissions to characterize the intensity of regional
environmental regulation. This section uses carbon emissions to
characterize the intensity of regional environmental regulation.
Furthermore, based on the carbon dioxide emissions of the
provinces (municipalities directly under the central government)
where the enterprises are located, the provinces with carbon
emissions higher than the median value are classified as high
carbon emission regional groups, and vice versa, and the test
based on the above groupings is shown in Table 13.

The reported results show that when the carbon emissions of the
region where the enterprises are located are high, the comprehensive
ESG performance (ESG-score) is significantly and positively correlated
with the index of state capital participation (State1 and State2) at the 1%
level, and the assessment index is significantly higher than that of the
region where the carbon emissions are low. Meanwhile, in the cross-
sectional analysis of State1 and State2 by introducing the cross-section
term, the Chow test values were calculated to be 5.98 and 5.85,
respectively, and the p-values were 0.000, which were significant at
the 1% level, indicating that the differences between the two groups
were significant. In regions with greater environmental regulatory
intensity, state-owned equity is more likely to enhance the ESG
governance performance of private firms significantly.

6.2 Nature of environmental pollution in
the industry

Corporate industrial activities significantly contribute to
environmental pollution, and heavily polluting industries face

environmental pressures from stakeholders such as the
government, media, and residential community, which may
motivate heavy-polluting industries to invest in ESG aspects.
Specifically, due to the nature of industrial activities, heavy-
polluting industries tend to have higher carbon emissions, face
higher environmental penalties such as emission permits and
differential electricity tariffs along with public opinion pressure
from the residential community, and have investors who will
demand higher returns to compensate for the potential risks
(Schneider, 2011; Chakravarthy et al., 2014). In order to
whitewash environmental performance and lower financing costs
to attract capital, there is a greater likelihood of “greenwashing”
behavior. By contrast, non-polluting firms with lower carbon
emissions are less likely to engage in “greenwashing” due to
regulatory or environmental performance pressures.

As China is in the nascent stage of sustainable financial
investment, a more significant financial gap must exist for firms
to shift from production based to environment based (Liu et al.,
2023). At the same time, the study confirms that energy
industrialization has a significant positive impact on carbon
emissions in the short term, reducing environmental performance
undertakings (Idowu et al., 2023). This is despite heavily polluting
firms being more likely to commit to reducing environmental
pollution, improving social responsibility, and obtaining more
long-term and lasting benefits. However, non-heavily polluting
industries still have inherent advantages in sustainable
operations, such as external stakeholder cooperation and reduced
production costs. Based on the above analysis, non-heavily polluting
industries are likely to improve ESG performance with state-owned
capital participation.

Based on the SEC industry classification, the sample is divided
into heavy pollution industry groups and non-heavy pollution
industry groups, and the test results of the grouping are shown
in Table 14. The results show that the assessment index of non-
heavily polluting industries is significantly higher than that of
heavily polluting industries, and further introducing the cross-
section analysis of State1 and State2 with cross-section terms, the
Chow test values are calculated to be 15.05 and 15.95, respectively,
and the p-values are both 0.000, which are significant at the 1% level,
indicating that the difference between the two groups is significant.
That is, non-heavily polluting industries can enhance ESG
performance with state capital participation.

6.3 Impact of media attention

Media attention is an external watchdog that drives high ESG
performance of privately listed firms. The news media, as a critical
micro-information intermediary, directly forms information
interaction with individual enterprises, helping investors make
investment decisions by timely conveying to the market positive
behaviors such as corporate environmental protection governance
and social responsibility fulfillment, as well as negative behaviors
such as environmental pollution and violation of laws and
regulations (Reverte, 2009). Moreover, state-owned capital is
more likely to receive media attention due to its property rights
nature and policy objectives and, therefore, will devote more energy
to environmental and social responsibilities fulfillment, thus
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TABLE 12 Mechanisms by which state equity participation affects ESG performance: easing financing constraints.

Variable Mediating variable: government grants as a share of
firms’ assets (Ass_sub)

Mediating variable: financing constraints
index (Kz)

Ass_sub ESG-score Ass_sub ESG-score Kz ESG-score Kz ESG-score

State1 0.000** 0.015*** −0.093* 0.016***

(2.027) (2.742) (−1.687) (3.058)

State2 0.001*** 0.065*** −0.200* 0.058***

(2.729) (3.779) (−1.770) (3.185)

Ass_sub 2.501*** 2.408***

(3.890) (3.677)

Kz −0.011*** −0.011***

(−4.474) (−4.496)

Size −0.001*** 0.035*** −0.001*** 0.038*** −0.101*** 0.035*** −0.116*** 0.037***

(−7.561) (4.304) (−6.784) (4.555) (−2.785) (4.108) (−3.253) (4.419)

Age −0.000* −0.032** −0.001** −0.034** 0.125 −0.021 0.129 −0.022*

(−1.784) (−2.339) (−2.168) (−2.415) (0.888) (−1.641) (0.924) (−1.730)

Lev 0.002*** −0.315*** 0.002*** −0.321*** 6.714*** −0.183*** 6.739*** −0.189***

(4.310) (−12.345) (4.118) (−12.542) (37.754) (−5.472) (38.124) (−5.636)

Roa 0.007*** 0.667*** 0.007*** 0.670*** −11.434*** 0.617*** −11.453*** 0.618***

(7.556) (9.636) (7.723) (9.666) (−19.970) (10.030) (−20.054) (10.011)

Growth −0.000*** −0.014** −0.000*** −0.014** −0.164** −0.018*** −0.159** −0.019***

(−3.554) (−2.380) (−3.604) (−2.394) (−2.505) (−3.110) (−2.391) (−3.116)

Fixed 0.004*** 0.033 0.004*** 0.035 0.938*** 0.089* 0.920*** 0.091**

(6.626) (0.728) (6.344) (0.772) (4.075) (1.953) (4.097) (1.996)

TobinQ 0.000** −0.020*** 0.000** −0.020*** 0.400*** −0.012*** 0.396*** −0.011***

(2.091) (−5.450) (2.432) (−5.248) (18.719) (−2.947) (17.676) (−2.791)

Indep −0.000 0.276*** −0.000 0.280*** 0.309 0.270*** 0.313 0.272***

(−0.275) (5.227) (−0.230) (5.212) (0.763) (5.089) (0.761) (5.053)

Big4 0.001 −0.011 0.001 −0.009 −0.264 −0.029 −0.272 −0.027

(1.420) (−0.438) (1.398) (−0.356) (−1.437) (−1.066) (−1.464) (−0.974)

Market −0.000 0.010*** −0.000 0.010*** −0.063*** 0.007** −0.062*** 0.007**

(−1.089) (3.294) (−1.008) (3.244) (−3.648) (2.362) (−3.676) (2.289)

Constant 0.023*** 0.797*** 0.021*** 0.760*** −0.106 0.755*** 0.142 0.715***

(10.594) (4.589) (9.191) (4.411) (−0.098) (4.189) (0.138) (4.028)

Sobel test p = 0.05548795** p = 0 .00049938*** p = 0.01010044** p = 0.04491448**

Goodman test 1 p = 0.05548795** p = 0 .00056791*** p = 0 .0108212** p = 0.04707939**

Goodman test 2 p = 0.05548795** p = 0 .00043686*** p = 0.00940389*** p = 0.04277171**

Industry Yes Yes Yes Yes Yes Yes Yes Yes

Year Yes Yes Yes Yes Yes Yes Yes Yes

Observations 9,928 9,928 9,928 9,928 9,312 9,312 9,312 9,312

(Continued on following page)
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promoting corporate ESG performance. Therefore, this study
expects that when media attention is high, the promotion effect
of state-owned capital on private firms’ ESG performance will be
more significant due to the pressure of external public opinion and
the motivation of government reputation protection.

To verify the above expectation, this section measures the media
attention of private firms by adding one to the total number of
company names appearing in newspaper reports and dividing them
into high- and low-media-attention groups based on the median. As
shown in Table 15, the regression significance of the high-media-
attention group is significantly higher than that of the low-media-
attention group, which proves the conjecture that when private firms
receive a higher level of media attention, the effect of state capital
participation on ESG performance is more prominent.

7 Further discussion: ESG and financial
market risk

In the above section, we intentionally used the introduction of
state-owned capital as an event to investigate “whether” it can
positively impact the ESG performance of private firms. Based on
the above findings, this section further discusses the impact of the
synergy between introducing state-owned capital and improving
ESG performance on enterprises’ financial market risk, to explore
the experience of sustainable enterprise management.

Private enterprises play an irreplaceable role in innovation and
safeguarding people’s livelihoods, and preventing their financial
risks is an important gateway to realizing sustainable business
and social wellbeing. As state-owned capital is more aware of
risk aversion and financial information quality requirements, it
supplements enterprise liquidity in the short term. Therefore, in
the face of challenges posed by the complex international situation,
some private enterprises have introduced state-owned capital to
cope with financial market risks. This part intends to analyze the
impact of state-owned capital participation and ESG performance of
private enterprises on the prevention of financial market risk of
private enterprises from the perspective of stock price crash risk.

The phenomenon of stock price collapse refers to the full
outbreak of “bad news” that has been concealed by an enterprise
for a long time, and the stock price in the market suffers a shock and
continues to fall, which may contagiously trigger a chain crash of
other stocks. Information transparency is the main factor affecting
the risk of stock price collapse. The above confirms that state-owned
capital participation enhances the ESG performance of private
companies, which focuses on the long-term value and sustainable
development of the enterprise, and will proactively strengthen

effective communication with the outside world, release more
reliable financial information to stakeholders, and improve the
transparency of the enterprise’s information. On the one hand, a
higher degree of information transparency increases the cost of
hiding bad news from the management and suppresses the risk of
stock price collapse. On the other hand, a higher degree of
information transparency facilitates investors’ understanding of
the enterprise promptly, helps investors make rational and
scientific investment decisions, and prevents the emergence of
“herd behavior” and “stock price bubbles.” Therefore, this section
predicts that state-owned capital participation can improve the ESG
performance of private firms and enhance their information
transparency to strengthen their financial prevention ability.

The validation section measures the risk of stock price collapse
using two indicators: the negative stock return skewness coefficient
(NCSKEW) and the ratio of upward and downward fluctuations in
returns (DUVOL).

The validation results are shown in Table 16. This result shows
that ESG performance can be used as a supplement to corporate
disclosure and become one of the measures of disclosure quality,
reducing the prevalent information barriers; on the other hand, the
ESG framework, to a certain extent, provides the correct guidance
for the direction of business management of enterprises and
provides new evidence for the relationship between state-owned
capital equity participation and financial prevention of private
enterprises. This finding may bring the following insights:
governmental organizations should actively promote the
development of ESG systems and urge private enterprises to
improve the ESG evaluation system. Meanwhile, private
enterprises should strengthen ESG concepts in operation and
management, reduce the hoarding of negative news, and realize
sustainable operations in the financial market.

8 Research conclusions and practical
implications

8.1 Conclusions of the study

When global economic recovery is struggling, it is beneficial to
national and even global economic recovery to explore action
programs with sustainable value for emerging economies from a
quantitative ESG system under a sustainable governance framework
(Richmond et al., 2019). As emerging economies, private enterprises
in which state-owned capital has taken a stake to reshape the
shareholding structure of traditional enterprises and cultivate the
strategic will for sustainable development. At the same time, state-

TABLE 12 (Continued) Mechanisms by which state equity participation affects ESG performance: easing financing constraints.

Variable Mediating variable: government grants as a share of
firms’ assets (Ass_sub)

Mediating variable: financing constraints
index (Kz)

Ass_sub ESG-score Ass_sub ESG-score Kz ESG-score Kz ESG-score

R2 0.127 0.196 0.129 0.197 0.587 0.185 0.587 0.186

Note: This table uses twomediating variables for the mechanism test of government grants. Test results control for industry and year fixed effects, and robust standard errors are clustered by industry

category. The significance represented by the p-value in the Sobel test characterizes the presence or absence of mediating effects. For space considerations, only the test results of models (2) and (3) are

reported.

“***,” “**,” and “*” indicate significance at the 1%, 5%, and 10% levels, respectively, and values in parentheses are t-values.
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owned capital has special political objectives relative to other
shareholders and enhances internal control by mitigating agency
problems; state-owned capital, as a supervisor, has an information
cost advantage in loan acquisition and the guarantee of government
endorsement, alleviating the difficulties of financing external funds
for enterprises.

This paper uses the panel data of listed private firms in China
from 2013 to 2021 to test the consequences of state-owned

capital participation on private firms’ environment, social
responsibility assumption, and governance and the possible
external correlates to the shock factors under the constant
nature of firm ownership. The test results show that, first,
state-owned capital injection enhances private firms’
environmental and social responsibility-taking and internal
governance performance. Moreover, state capital and ESG
governance processes will synergize to prevent financial risks.

TABLE 13 Impact of regulation of the external environment.

Variable ESG-score

Higher environmental regulatory intensity Lower environmental regulatory intensity

State1 0.020** 0.003

(2.563) (0.293)

State2 0.065** 0.038*

(2.244) (1.937)

Size 0.035*** 0.038*** 0.040*** 0.041***

(3.419) (3.880) (4.364) (4.415)

Age −0.019 −0.021 −0.028 −0.029

(−1.158) (−1.319) (−1.359) (−1.408)

Lev −0.307*** −0.313*** −0.307*** −0.311***

(−7.911) (−8.110) (−10.885) (−10.803)

Roa 0.799*** 0.812*** 0.582*** 0.579***

(7.669) (7.741) (7.180) (7.062)

Growth −0.012 −0.012 −0.023** −0.022**

(−0.898) (−0.931) (−2.244) (−2.181)

Fixed 0.115** 0.120** −0.022 −0.022

(2.054) (2.152) (−0.450) (−0.440)

TobinQ −0.018*** −0.018*** −0.014*** −0.014***

(−4.672) (−4.639) (−3.645) (−3.628)

Indep 0.333*** 0.332*** 0.192** 0.194**

(5.961) (5.825) (2.197) (2.219)

Big4 0.058** 0.057** −0.086** −0.084**

(2.371) (2.306) (−2.139) (−2.076)

Market 0.010* 0.010* 0.017*** 0.017***

(1.988) (1.998) (3.226) (3.223)

Constant 0.721*** 0.665*** 0.661*** 0.658***

(2.984) (2.835) (3.430) (3.445)

Industry Yes Yes Yes Yes

Year Yes Yes Yes Yes

Observations 4,910 4,910 4,863 4,863

R2 0.215 0.215 0.214 0.215

Note: This table screens for high and low external environmental regulations and reports the results of the tests in model (1). Test results control for industry and year fixed effects, and robust

standard errors are clustered by industry category.

“***,” “**,” and “*” indicate significance at the 1%, 5%, and 10% levels, respectively, and values in parentheses are t-values.
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This study demonstrates the relationship between state capital
injection and ESG of private enterprises, which will make up for
the gap of ESG influencing factors of private enterprises and
provide a brand new direction for studying corporate
sustainable development. Second, in terms of the channels
through which state capital injection affects the ESG
performance of private firms, state capital injection enhances
the actual management rights of small- and medium-sized

shareholders, a sound internal control system, and promotes
the recognition of environmental wellbeing, which improves the
internal control and governance structure of firms and eases the
channel mechanism of the external financial constraints faced
by firms, and positively enhances the ESG performance of
private firms. Finally, in terms of heterogeneity, a breakdown
of the sample shows that stricter regional environmental
regulation will enhance the ESG performance of private firms

TABLE 14 Impact of the nature of environmental pollution in industries.

Variable ESG-score

Heavily polluting industries Non-heavily polluting industries

State1 0.011 0.015**

(0.892) (2.514)

State2 0.040 0.071***

(1.537) (4.268)

Size 0.010 0.012 0.045*** 0.047***

(0.469) (0.595) (6.698) (6.987)

Age −0.046 −0.048 −0.025 −0.027*

(−1.415) (−1.466) (−1.637) (−1.688)

Lev −0.332*** −0.338*** −0.303*** −0.308***

(−4.867) (−4.995) (−11.886) (−11.986)

Roa 0.964*** 0.963*** 0.638*** 0.642***

(5.968) (5.931) (9.218) (9.266)

Growth −0.023* −0.023* −0.018*** −0.018***

(−1.969) (−1.850) (−2.856) (−2.893)

Fixed 0.045 0.049 0.052 0.053

(0.396) (0.429) (1.197) (1.231)

TobinQ −0.008 −0.007 −0.017*** −0.016***

(−1.047) (−0.973) (−7.499) (−7.723)

Indep 0.342** 0.345** 0.245*** 0.249***

(2.426) (2.475) (5.155) (5.103)

Big4 −0.002 0.001 −0.023 −0.023

(−0.063) (0.029) (−0.729) (−0.690)

Market 0.011*** 0.011*** 0.009** 0.009**

(6.113) (5.890) (2.122) (2.089)

Constant 1.331*** 1.291*** 0.580*** 0.545***

(3.295) (3.301) (3.540) (3.438)

Industry Yes Yes Yes Yes

Year Yes Yes Yes Yes

Observations 2,432 2,432 7,425 7,425

R2 0.191 0.192 0.202 0.203

Note: This table screens for heavily polluting and non-heavily polluting industries and reports test results from model (1). Test results control for industry and year fixed effects, and robust

standard errors are clustered by industry category.

“***,” “**,” and “*” indicate significance at the 1%, 5%, and 10% levels, respectively, and values in parentheses are t-values.
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through state capital equity participation; at the meso-industry
level, state capital equity participation in non-heavily polluting
industries has a stronger role in enhancing the ESG performance
of private firms; and at the micro-individual level, the
enhancement of ESG performance by state capital equity
participation is more pronounced when private firms receive
greater media attention.

8.2 Discussion and recommendations

Undeniably, injecting state capital while maintaining ownership
of private firms is an equity reform attempt with unknown risks,
which may trigger conflicts of interest between state and non-state
shareholders (Lo et al., 2022). However, our study confirms that
introducing state capital in private firms realizes ESG objectives and

TABLE 15 Impact of external media attention.

Variable ESG-score

High media attention Low media attention

State1 0.021*** 0.009

(4.602) (1.129)

State2 0.056** 0.040*

(2.306) (1.994)

Size 0.049*** 0.052*** 0.028*** 0.029***

(5.268) (5.553) (2.986) (3.117)

Age −0.026* −0.027* −0.037** −0.039**

(−1.717) (−1.726) (−2.096) (−2.142)

Lev −0.305*** −0.309*** −0.319*** −0.323***

(−7.632) (−7.623) (−8.445) (−8.458)

Roa 0.679*** 0.685*** 0.686*** 0.686***

(6.124) (6.159) (8.790) (8.874)

Growth −0.019** −0.020** −0.012 −0.012

(−2.373) (−2.504) (−1.058) (−1.041)

Fixed 0.064 0.067 0.026 0.028

(1.362) (1.414) (0.450) (0.482)

TobinQ −0.007** −0.007* −0.026*** −0.026***

(−2.128) (−1.981) (−6.299) (−6.262)

Indep 0.330*** 0.328*** 0.186** 0.190**

(4.326) (4.367) (2.051) (2.084)

Big4 −0.001 0.001 −0.011 −0.010

(−0.035) (0.035) (−0.443) (−0.401)

Market 0.005 0.005 0.014*** 0.014***

(1.628) (1.631) (3.332) (3.261)

Constant 0.460** 0.409* 1.001*** 0.977***

(2.231) (1.995) (5.194) (5.099)

Industry Yes Yes Yes Yes

Year Yes Yes Yes Yes

Observations 4,902 4,902 4,960 4,960

R2 0.209 0.209 0.205 0.205

Note: This table reports test results for model (1) at high and low media attention. Test results control for industry and year fixed effects, and robust standard errors are clustered by industry

category.

“***,” “**,” and “*” indicate significance at the 1%, 5%, and 10% levels, respectively, and values in parentheses are t-values.
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sustainability options and is carried out through multiple channels;
at the same time, introducing state-owned shareholders will generate
incentives for private firms’ financial market performance. Our
study provides new conclusions for equity reform by introducing
state capital based on external correlator theory and trade-off theory.

Although the sample of this study focuses on China, China’s
large market economy provides corroboration for focusing on the
issue of returns to state capital. Thus, this study is still of global
value. On the one hand, using the United Nations ESG paradigm as
an evaluation criterion, this study finds that private ownership
reforms contribute to sustainable development. These findings

inspire policymakers in developing countries to adopt the
international paradigm of sustainable governance to promote
further changes in shareholder structure and improve the
operational efficiency of private enterprises. On the other hand,
in the context of global economic integration, the findings also
reveal hidden issues such as regional differences in environmental
regulation, external media attention, and the “greenwashing” of
heavily polluting enterprises.

Based on the findings of this study, recommendations are made
at the policy level for state-owned shareholders in
developing countries:

TABLE 16 Impact of external media attention.

Variable Mediating variable: ESG-score

ESG-score NCSKEW DUVOL

State1 0.019*** −0.033** −0.023***

(3.246) (−2.547) (−2.710)

ESG-score −0.090*** −0.041*

(−2.844) (−1.821)

Size 0.037*** 0.025** −0.003

(4.419) (2.551) (−0.549)

Age −0.033** −0.065*** −0.045***

(−2.535) (−3.057) (−3.541)

Lev −0.303*** −0.043 −0.018

(−12.545) (−0.799) (−0.597)

Roa 0.720*** −0.186* −0.153**

(9.911) (−1.687) (−2.229)

Growth −0.010 −0.036** −0.036***

(−1.406) (−2.399) (−3.642)

Fixed 0.055 0.049 0.010

(1.170) (0.858) (0.245)

TobinQ −0.018*** 0.009 −0.004

(−4.512) (1.630) (−0.803)

Indep 0.241*** 0.091 0.025

(4.973) (0.780) (0.279)

Big4 −0.015 −0.077 −0.055

(−0.640) (−1.369) (−1.151)

Market 0.009*** 0.001 −0.003

(2.916) (0.153) (−0.550)

Constant 0.788*** −0.519** 0.135

(4.523) (−2.257) (0.893)

Observations 9,429 9,429 9,429

R2 0.200 0.039 0.049

Note: Tests control for industry and year fixed effects, and robust standard errors are clustered by industry category.

“***,” “**,” and “*” indicate significance at the 1%, 5%, and 10% levels, respectively, and values in parentheses are t-values.

Frontiers in Environmental Science frontiersin.org25

Li and Wang 10.3389/fenvs.2024.1342557

323

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1342557


(1) If state-owned capital requires private enterprises to improve
their ESG performance, it must consider the costs and
expenses associated with the amount of sustainable
development of the enterprise, take advantage of social
reputation, and alleviate the pressure of external financing
of the enterprise. Compared with developed countries, state-
owned capital must provide adequate financial support for
small- and medium-sized private enterprises, as sustainable
finance in developing countries is in the nascent stage, and the
development of sustainable investment could be faster.

(2) Segmentation of the sample shows that stricter regional
environmental regulation will enhance state capital’s equity
participation in boosting the ESG performance of private
firms. This inspires state capital to consider the strictness of
regional environmental regulation when choosing investment
targets by selecting private firms with potential and
cooperating in strictly regulated regions. Such a
cooperation model can be carried out within more
developing countries and positively affect global
environmental performance.

(3) At the meso-industry level, the role of state-owned equity in
non-polluting industries to enhance the ESG performance of
private firms is stronger. This, in turn, suggests to national
and regional governments that there is a greater gap in
sustainable development in heavily polluting industries and
that they have to prioritize capital injections into heavily
polluting industries to develop the environment. State-owned
stakes in private companies in heavily polluting industries can
gradually guide them to transform into green industries such
as those with clean energy and circular economy, thus
reducing their environmental impact at the source.

The injection of state capital into private enterprises has a
positive impact and will provide lessons for sustainable economic
development and environmental protection in developing countries.
At the same time, it also requires the joint efforts of the government,
enterprises, and all parties in society to ensure the effective
implementation and continuous monitoring of the injection of
state-owned capital into private enterprises to achieve the goals
of optimizing resource allocation and promoting sustainable
development.

9 Limitations and further exploration

After the hypotheses were formulated and tested several times,
this study still has several possible areas for improvement.

First, financial distress is a common problem encountered in
business operations. Due to financial constraints, companies may
not be able to invest sufficient resources in environmental
protection, human rights protection, and community investment
and face problems such as inaccurate financial statements and an
increase in non-compliance, which may diminish the company’s
environmental reputation, raise questions about public opinion, and
ultimately have a negative impact on ESG performance. This study
has not yet explored the issue of heterogeneity in corporate financial

distress, which may result in a gap in related research. Second, the
benchmark regression shows that the shareholding ratio of state-
owned capital has a significant positive effect on firms’ ESG
performance. This implies that a stronger balance of state capital
to private firms leads to better ESG performance. This paper has not
yet investigated the possibility of the non-linear impact of this
indicator on firms’ ESG performance.

Based on the limitations of this paper, future research directions
are first, future research will address the issue of corporate financial
distress and explore whether the role of state capital equity in
enhancing corporate ESG performance can be enhanced when
firms face financial pressure. Addressing this issue will provide
direction to the goal of state capital introduction. Second, future
research should be devoted to identifying the possibility of the non-
linear effect of state capital shareholding on corporate ESG
performance. Addressing the above issues will provide a useful
addition to studies related to utilizing state capital dividends to
enhance environmental and social wellbeing and improve internal
corporate governance.
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Evaluating the effect of the
accountability audit of natural
resources on carbon emissions
reduction in China

Liyang Xiong, Yiyi Shu and Xuefeng Li*

School of Economics, Management and Law, University of South China, Hengyang, China

The accountability audit of natural resources (AANR) is a major institutional
arrangement for advancing the construction of an ecological civilization in
China. Based on the panel data of 271 cities in China from 2005 to 2017, this
paper investigates the relationship between the AANR and carbon dioxide (CO2)
emissions using amulti-period difference-in-differences (DID)model. The results
show that AANR significantly increases the CO2 emission reduction rate by
0.009 units at the 5% significance level. The results still hold after a series of
robustness tests. Given all else being equal, this significant effect is 0.001. Further
analyses show that AANR improves pilot cities’ CO2 emission reduction rates
mainly by enhancing their green innovation capability. The mediating effect of
cities’ green technology innovation capability accounts for 96.00%, while the
AANR’s direct effect only accounts for 4.00%. The AANR has significantly positive
effects of 0.017% and 0.029% for western cities and cities with high fiscal pressure
at the 5% and 1% significance levels, respectively. Therefore, strengthening AANR
implementation by enhancing the mediating efficiency of cities’ green
technology innovations and implementing dynamically differentiated AANR
policies in Chinese meso-cities will contribute to the achievement of China’s
carbon peaking and carbon neutrality targets.

KEYWORDS

accountability audit of natural resources, carbon dioxide emission reduction rate,
government concern for the environment, green technology innovation capability,
multi-period difference-in-differences model

1 Introduction

Although high-carbon enterprises stagnated worldwide to varying degrees in 2020 due
to the COVID-19 pandemic, China’s CO2 emissions were as high as 9.899 billion tons,
which is a level far higher than those observed in other regions. According to the World
Energy Statistical Yearbook (70th Edition), carbon emissions in the Asia–Pacific region
accounted for 52% of total global emissions in 2020, with China accounting for as much as
30.70% of those emissions. Excessive CO2 emissions destroy the ozone layer, cause global
warming, and thus pose a great threat to human security. As the world’s largest carbon
emitter, China has undertaken many policy measures and actions to reduce carbon
emissions. In 2020, the General Secretary of the Communist Party of China (CPC),
Jinping Xi, proposed the goal of “achieving a carbon peak by 2030 and carbon
neutrality by 2060” (i.e., the “dual carbon” goals). In 2021, the “Opinions on the
Complete and Accurate Implementation of the New Development Concept to Achieve
Carbon Peak and Carbon Neutrality” and the “Carbon Peaking Action Plan by 2030” were
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issued. In 2022, the CPC’s 20th National Congress report proposed
measures to engage in carbon emission and pollution reduction
while actively and steadily moving toward carbon neutrality.
Although China has made some achievements in reducing
carbon emissions since then, there is still much progress to be
made to achieve the “dual carbon” goals.

In China’s existing environmental governance system, the central
government is mainly responsible for formulating policies and
providing normative guidance to local governments and enterprises.
Local governments, as the intermediary between the central
government and enterprises, enable information transmission
between those parties. However, local officials are influenced by the
traditional idea of “GDP championship,” so their long-held practice of
sacrificing the environment for GDP growth is difficult to change.
Economic development has traditionally been pursued at the expense of
environmental resources, and environmental protection has been either
verbally guaranteed or not guaranteed at all. In this context, the
accountability audit of natural resources (AANR) came into being to
force local officials to realize the importance of environmental
protection. In 2013, the Third Plenary Session of the 18th CPC
Central Committee first proposed the AANR. In 2014, the National
Audit Office organized Hubei, Shandong, Inner Mongolia, and other
local audit organs to carry out the AANR. China continued to carry out
pilot audits in stages from 2015 to 2017. In 2018, the AANR was fully
implemented in China when it entered a normalized phase. The
auditing authorities evaluate the environmental performance of
leading actors using a scientific index system, the results of which
serve as an important basis for the assessment, appointment, dismissal,
compensation, and punishment of local officials. Specifically, in terms of
carbon emissions, the auditing authorities focus on local governments’
implementation of major initiatives aimed at achieving carbon peaking
and carbon neutrality and scrutinize their formulation and
implementation of low-carbon policies, their management and use
of low-carbon funds, and the success of low-carbon engineering
projects. However, the AANR, which is still in its incipient stages,
still faces problems such as unclear delineations of responsibility,
difficulty in data extraction, and underdeveloped assessment and
evaluation systems (Zhu and Xu, 2022). These make the AANR
suboptimal in its current state.

As an institutional innovation in China, the literature on the
AANR has mainly focused on its theoretical basis and policy
implementation effects. From a theoretical perspective, the
existing literature mainly conducts normative research in the
context of audit theory (Li and Yin, 2016), audit elements (Liu
and Sun, 2016), and audit evaluation indices (Xiong et al., 2022). In
terms of policy implementation effects, the existing literature is
mostly empirical in nature and examines such factors as economic
surplus management (Liu and Xie, 2018), green technology
innovation (He and Feng, 2021), environmental information
disclosure quality (Zhang and Li, 2021), and environmental
investment at the firm level (Huang and Xie, 2022). At the
macro level, existing literature investigates the effects of the
AANR on urban innovation capability (Fu, 2022), regional
environmental governance (Wu et al., 2020), and government
officials (Zhu et al., 2022). These research studies affirm the
AANR’s positive effects. However, Yan et al. (2022) found that
the AANR has a significant negative impact on corporate ESG. In
addition, Wu et al. (2020) found that the implementation of the

AANR has an insignificant impact on exhaust and smog emission
improvement. Current interpretations of AANR’s potential
economic consequences have also not covered the mechanism of
AANR’s impact on carbon emission reduction efficiency.

There are lots of researchers who study the impact of auditing on
carbon emissions. In the case of energy audits, researchers found
that they can reduce energy use (Kontokosta et al., 2020) and carbon
dioxide emissions from paper mills (Kong et al., 2013). Energy audits
even achieve carbon emission reduction by improving energy use
efficiency in industrial firms (Thollander et al., 2013; Kluczek and
Olszewski, 2017). In terms of environmental auditing, the AANR
reduces carbon emissions by utilizing more industrial capacity (Li
and Guo, 2022). It also promotes agricultural technological progress
to reduce agricultural carbon emission intensity (Liu et al., 2023).
Zhao et al. (2022), on the other hand, found that air pollution audits
curb carbon emissions but have no effect on carbon emission
intensity. In summary, these scholars explore special audits’
impacts on carbon emissions. They emphasize that auditing
improves energy use efficiency to achieve carbon reduction.
Research in the field of economics suggests that R&D for
endogenous technological changes improves the effectiveness of
the power sector’s decarbonization (Jiang et al., 2023). However,
there are fewer studies related to the AANR impact on carbon
reduction efficiency based on a meso-city perspective.

As such, it remains unclear whether the AANR can reduce China’s
overall emission reduction rates and, if so, through which mechanisms
it can exert its effect. Furthermore, whether and the degree to which the
AANR effect varies across cities must also be investigated. This paper
systematically assesses the AANR impact on the CO2 emission
reduction rate in pilot cities in China by adopting a multi-period
difference in differences (DID) model with CO2 emissions as the
observation object during 2005–2017. The significant advantage of
the multi-period DID model is that it treats the AANR as a policy
dummy variable to quantify the changing effect of CO2 reduction rates
before and after the AANR implementation in the pilot cities. This can
directly induce the potential CO2 governance effects of the AANR
implementation with which this paper is concerned.

This research aims to quantitatively analyze the AANR’s externality
effects on carbon emission reduction in order to reveal the key
mechanisms underlying China’s AANR implementation on carbon
emission reduction inmeso-cities so as to provide a scientific theoretical
basis and practical policy support for effectively reducing CO2

emissions. Our work’s innovations are summarized as follows: (1)
existing research studies have mainly investigated the AANR’s
economic consequences at the enterprise level. Research studies on
the AANR impact on carbon emissions have mainly focused on
improving energy use efficiency to reduce carbon emissions.
However, there is limited literature that analyzes in depth the
AANR impact on carbon emission reduction efficiency in meso-
cities in China. This paper expands the scope of research in this
area. (2) We investigate whether the AANR impact on cities’ carbon
emission reduction efficiency varies significantly depending on the
superimposed impact of central environmental protection
inspections, geographical differences between east-central and
western cities, the level of cities’ green innovation capability, and the
magnitude of financial pressure. It supplements the heterogeneity
research on the AANR impact on carbon emission reduction
efficiency. (3) This paper further examines the mechanism of the
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AANR impact on cities’ carbon emission reduction efficiency under the
mediation effect of cities’ green innovation capability. It enriches the
research on the influencing factors of carbon emission reduction
efficiency and improves the theoretical basis of this paper’s
conclusions and policy recommendations. The main contributions of
this study include the following two aspects: on the one hand, against
the background of the “dual carbon” goals and AANR, this paper
investigates the AANR’s impact on carbon emissions by constructing a
multi-period DIDmodel; on the other hand, it differentiates and reveals
the influencing mechanisms in the difference between what the local
government “says” and what it “does” with regard to carbon emissions,
as represented by cities’ green technology innovation capability. This
study therefore not only supplements the existing studies but also helps
local Chinese governments understand and implement the carbon
emission reduction function of the AANR and provides meso-city
level ideas and empirical evidence for achieving the “dual carbon” goals
in China.

2 Theoretical analysis and hypothesis
formulation

CO2 emissions have negative economic externalities that cannot be
regulated by themarketmechanism. Thus, the Chinese government has
to intervene using its “visible hand.” However, there are still problems
with the awareness and attitude of Chinese local officials toward CO2

emissions, thereby resulting in insufficient and inefficient policy
implementation (Huang and Xie, 2022). After unveiling the AANR
pilot project, local governments’ appraisal systems have incorporated
environmental protection as a mandatory indicator for evaluating
Chinese local officials’ performance. Based on the “rational man”
assumption, local officials will seek to maximize their performance
to enhance their own value (Chen, 2023). Local officials realize that their
performance is no longer only judged on GDP growth and must now
pursue a balance between GDP growth and environmental protection
(Huang and Xie, 2022). To this end, local officials will strive to
outperform on indicators with clear metrics such as energy
conservation and emissions reduction, which are often the focus of
auditing authorities. In particular, when local officials’ carbon reduction
efforts receive positive feedback from the central government, they will
be motivated to further reduce carbon emissions and explore new
models and pathways to achieving the “dual carbon” goals.

The AANR comprises multiple functions and exerts strong
pressure on local governments’ carbon emission reduction efforts
(Zhu and Li, 2022). First, as an environmental regulation tool, the
AANR comprehensively supervises the environmental performance of
local officials and holds them accountable while urging the rectification
and improvement of lingering problems. By scrutinizing low-carbon
policy formulation and implementation, auditing authorities can
determine whether local governments and relevant departments
have upheld the emission targets. With the help of carbon fund
auditing, they can decide whether local governments have
misappropriated funds or retained idle carbon. They can also
identify whether such projects have effective planning, delayed
construction progress, or falsified data by checking the management
of low-carbon projects (Li and Guo, 2022). Second, the AANR is
characterized by lifelong accountability for ecological and
environmental damage. Even if local officials achieve rapid carbon

emission reductions in their jurisdictions during their tenure through
campaign-style governance, the auditing authorities will still monitor
the subsequent air quality after their departure. This increases
government officials’ environmental responsibility. Local officials will
therefore take effective measures to improve carbon emission
governance to reduce their risk of being held accountable. Finally,
the AANR reveals the shortcomings of local officials’ ecological and
environmental governance. In response to the problems identified by
the audit, relevant departments can hold local officials accountable and
urge them to rectify all aspects of their ecological and environmental
governance. Therefore, the AANR ensures the achievement of
scheduled CO2 emission reduction targets.

Based on the above analysis, this paper proposes the following
hypothesis:

H1: The implementation of the AANR improves the CO2 emission
reduction rate.

The previous section discusses the AANR impact on the CO2

emission reduction rate. Next, we examine the AANR’s transmission
mechanism, which affects the CO2 emission reduction rate from the
perspectives of government’s concern for environment and cities’
green technology innovation capability.

First, we examine the potential transmission mechanism of the
government’s concern for the environment. Environmental governance
will be focused on areas where the government’s attention is directed
(Shen et al., 2020). In recent years, China has attached great importance
to ecological and environmental governance. The implementation of the
AANR suggests that local officials’ assessments will incorporate
ecological and environmental protection, whether for the sake of
personal promotion or exemption from accountability. In the context
of carbon peaking and carbon neutrality, carbon reduction has become
the key factor in China’s ecological development, which will greatly
improve the government’s attention to environmental considerations.
The government’s concern for the environment (Wang et al., 2014)
provides guidance for local carbon emission reduction efforts to a certain
extent. On the one hand, this concern alleviates the possibility of
contradictory policy implementations. Local officials often take the
initiative to coordinate various departments in finding ways to
reduce carbon emissions and improve carbon policy implementation.
On the other hand, it sends a signal of the importance of carbon emission
reduction and the urgency of attracting significant human, financial, and
technological resources to the field of environmental management. As
such, it provides an important impetus for carbon emission reduction.

Second, we examine the potential transmission mechanism of
cities’ green technology innovation capability. Local governments
have a significant impact on innovation capability at the regional
level (Zhu et al., 2022). After the implementation of the AANR, local
governments realized that existing measures to meet environmental
regulations, such as shutting down heavily polluting and high-
emission enterprises, were undesirable. They also realized that
they should encourage and incentivize enterprises in their
jurisdictions to engage in green technology innovation (He and
Feng, 2021). Local governments generally force enterprises to engage
in green technology innovation by increasing environmental
penalties or providing relevant policy support and financial
subsidies. Improving cities’ green technology innovation can
reduce CO2 emissions (Wang et al., 2019). It reduces regional
carbon emissions through improved green production methods,
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specialized division of labor, and cost savings. It also eliminates
high-emission enterprises, improves energy efficiency, and reduces
fossil energy consumption through industrial reconstruction and
other means, thereby reducing carbon emissions (Gu et al., 2022).

Therefore, this paper proposes the following hypothesis:

H2: The AANR improves the CO2 emission reduction rate by
increasing the government’s concern for the environment as well
as cities’ green technology innovation capability.

3 Research design

3.1 Sample and data sources

This paper uses the panel data of 271 prefecture-level cities across
China from 2005 to 2017 as the research object. Because of the lack of a
control group in 2018, when all cities implemented the AANR, it does
not contain data from 2018 and beyond. We manually collected and
verified pilot cities’ data through official web pages, media reports, and
the China Audit Yearbook. Twenty-six cities began implementing the
AANR in 2014. Thus, we chose 2014 as the AANR reference year. We
also calculated the CO2 emission reduction rate based on China’s
county-level carbon emission data in China’s Carbon Accounting
Database (CEAD) from 2005 to 2017. The texts of the government’s
work reports are taken from the official website of each city. China’s
Urban Statistical Yearbook and provincial statistical yearbooks offer the
number of cities’ green invention data. Data for control variables are
from the CSMAR database. The EPS DATA database and the Chinese
Research Data Services Platform (CNRDS) provide supplementary
information.

This paper excludes regions with serious missing variable data
and fills in some missing data by forward or backward interpolation.
Finally, we obtained a total of 3,523 observations from 2005 to 2017,
including 305 in the treatment group and 3,218 in the control
group. To avoid the influence of extreme values on the results, we
apply winsorization at the 1% and 99% levels on all continuous
variables. In addition, we adjust the standard errors of all regression
models for clustering at the city level.

3.2 Model setting and variable description

The impact of the implementation of the AANR on cities’ CO2

emission reduction rates may originate from policy- or time-generated
effects. Accordingly, we must correctly measure the AANR’s net policy
effect on cities’ CO2 emission reduction rates. Here, we divide China’s
271 prefecture-level cities into treatment and control groups according to
whether they have implemented the AANR. The multi-period DID
model is set as

Yit � α0 + β1Audit it + ϕΧ it + μi + λt + εit, (1)

where Yit is the dependent variable (i.e., the CO2 emission reduction
rate of each city), i represents the city and t represents time, α0 is the
intercept term, and Auditit is the key explanatory variable
representing the interaction between the pilot city and time
dummy variables. It indicates the net effect of AANR’s

implementation. Χit represents the control variables, μi is the
city-fixed effect, λt is the time-fixed effect, and εit is the
disturbance term. The coefficient β1 of Auditit measures the
AANR’s net effect on cities’ CO2 emission reduction rates. β1 is
negative if the AANR accelerates the growth of CO2 emissions.
Conversely, β1 is positive if the AANR reduces the growth of
CO2 emissions.

(1) Explanatory variable. The CO2 emission reduction rate (Y) is
the opposite of the CO2 emission growth rate, which is given by

Yit � −Eit − Ei t−1( )
Ei t−1( )

, (2)

where Eit and Ei(t−1) denote the city’s carbon emissions in years t
and t-1, respectively. Eq. 2 calculates the carbon emission change in
year t relative to year t-1. If carbon emissions in year t increase, Eq. 2
implies a negative carbon dioxide emission reduction rate;
otherwise, Eq. 2 is positive. Eq. 2 illuminates each year’s carbon
emission increase or decrease along the time axis. It facilitates the
following testing of the AANR’s policy effects.

(2) Explanatory variable. Audit is the key explanatory variable,
which represents the interaction between the pilot city and
time dummy variables. It takes the value of one when the pilot
city starts to implement the AANR and thereafter; otherwise,
it takes the value of zero.

(3) Mediating variables. The government’s work reports reflect the
importance of government in environmental management.
Hence, the total word count of “emission reduction,” “low
carbon,” “CO2,” “energy consumption,” “air,” and “ecology” in
the local government’s work reports indicates their concern for
the environment (Gov). The cities’ green technology innovation
capability (Inno) is the logarithm of the number of green
inventions obtained in year +1.

(4) Control variables. To ensure the accuracy of empirical results,
we introduce other control variables that may affect CO2

emissions into the multi-period DID model by referring to
the existing literature (Xue et al., 2022). These variables include
fiscal status (Finance), which is expressed as the ratio of
general revenues to general expenditures; population
density (Lnpopd), which is obtained by dividing the
household population by the land area of cities’
administrative region; economic development (Lnpgdp), as
expressed by the logarithm of GDP per capita; the level of
foreign investment (Lnfdi), which is the logarithm of the
amount of actual foreign direct investment utilized at the
end of the year; and industrial structure indicator (Indust),
which is the ratio of secondary industry GDP to total GDP.
The variable descriptions are summarized in Table 1.

4 Empirical results

4.1 Descriptive statistical analysis
of variables

Table 2 shows the descriptive statistics of the variables. The
minimum and maximum values of the CO2 emission reduction
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rate (Y) are −29.50% and 10.20%, respectively, with a mean
value of −6.10% and a standard deviation of 7.20%. This infers
that there is a large gap in the CO2 emission reduction rate
among cities. The mean of Audit is 0.087, which indicates that
8.70% of the cities are affected by the AANR. The descriptive
statistics of other variables also illustrate the large differences
among cities.

The mean of the carbon reduction rate before the
implementation of the AANR (i.e., prior to 2014) was −0.065,
which is much smaller than the mean value (−0.015) after the
implementation of the AANR (i.e., 2014 and beyond). A variety
of factors affect carbon reduction rates, one of which may
increase the rate while another may decrease it. It is not
possible to directly quantify from Figure 1 that the
implementation of the AANR has enhanced the carbon
reduction rate. Nevertheless, this does not affect our rough
inference that hypothesis H1 is valid from the observations
before and after the implementation of the AANR.

4.2 Correlation andmulticollinearity analysis
among variables

The variable correlations are shown in Table 3. The correlation
coefficients of most variable pairs are below 0.50. The correlation
between Audit and Y is 0.194 and is statistically significant. This
preliminarily verifies Hypothesis H1. In addition, we perform a
variance inflation factor (VIF) test on the variables. The average VIF
is 2.15, and the maximum is 3.50, which is much less than 10. The
test result indicates that there is no multicollinearity
among variables.

4.3 Basic regression analysis of the AANR
effect on the CO2 emission reduction rate

Table 4 illustrates the AANR effect on the CO2 emission
reduction rate by fitting the DID model (1). Model (1) in Table 4

TABLE 1 Variable information. All variables are extracted and transformed according to their descriptions.

Variable type Variable
name

Variable meaning Description

Dependent
variable

Y CO2 emission reduction rate Opposite of the CO2 emission growth rate

Independent
variable

Audit AANR A dummy variable that is 0 before a city starts to implement the AANR and 1 otherwise
(i.e., the observing city has started to implement the AANR)

Mediating variable Gov Government carbon
environmental concern

Total word count of “emission reduction,” “low carbon,” “CO2,” “energy consumption,”
“air,” and “ecology” in local governmental work reports

Inno Cities’ green innovation capability This paper takes the logarithm of the number of green inventions obtained in the current year
+1 as a proxy for cities’ green technology innovation

Control variable Finance Fiscal status Ratio of local fiscal general revenues to local fiscal general expenditures

Lnpopd Population density Ratio of household registration population to the land area of an administrative region

Lnpgdp Economic development level Logarithm of GDP per capita

Lnfdi Foreign investment level Logarithm of the actual amount of foreign direct investment at the end of the year

Indust Industrial structure Ratio of secondary industry GDP to total GDP.

TABLE 2 Descriptive statistics of variables.

Variable Observed Mean Standard deviation Minimum Maximum

Y 3,523 −0.061 0.072 −0.295 0.102

Audit 3,523 0.087 0.281 0.000 1.000

Gov 3,523 15.372 11.191 0.000 79.000

Inno 3,523 2.116 1.713 0.000 8.845

Finance 3,523 0.491 0.224 0.125 1.047

Lnpopd 3,523 5.777 0.853 2.896 7.138

Lnpgdp 3,523 10.286 0.721 8.628 11.888

Lnfdi 3,523 11.670 1.834 6.542 15.657

Indust 3,523 0.487 0.101 0.208 0.730

Frontiers in Environmental Science frontiersin.org05

Xiong et al. 10.3389/fenvs.2024.1342321

331

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1342321


shows the regression results for the key explanatory variable
Audit only. The estimated coefficient of Audit is significantly
positive at the 5% significance level, thus indicating that the

AANR significantly improves the CO2 emission reduction rate
in the pilot cities. It verifies Hypothesis H1. Models (2) to (6) are
the regression results after gradually adding control

FIGURE 1
Trends in carbon reduction rates. The black scatters indicate the carbon reduction rate for cities where the AANR is not implemented. Red color
scatters are the carbon reduction rates of cities that have implemented the AANR.

TABLE 3 Correlation coefficients among variables.

Y Audit Gov Inno Finance Lnpopd Lnpgdp Lnfdi Indust

Y 1

(NA)

Audit 0.194*** 1

(11.73) (NA)

Gov 0.186*** 0.210*** 1

(11.23) (12.75) (NA)

Inno 0.363*** 0.254*** 0.256*** 1

(23.12) (15.58) (15.71) (NA)

Finance 0.019 −0.015 0.062*** 0.574*** 1

(1.13) (−0.89) (3.69) (41.59) (NA)

Lnpopd 0.068*** −0.012 −0.045*** 0.428*** 0.436*** 1

(4.04) (−0.71) (−2.67) (28.10) (28.75) (NA)

Lnpgdp 0.424*** 0.253*** 0.298*** 0.714*** 0.611*** 0.179*** 1

(27.78) (15.52) (18.52) (60.51) (45.80) (10.80) (NA)

Lnfdi 0.189*** 0.059*** 0.091*** 0.663*** 0.661*** 0.490*** 0.595*** 1

(11.42) (3.51) (5.42) (52.55) (52.27) (33.35) (43.93) (NA)

Indust −0.011 −0.081*** −0.011 0.000 0.298*** 0.188*** 0.300*** 0.117*** 1

(−0.65) (−4.82) (−0.65) (0.00) (18.52) (11.36) (18.66) (6.99) (NA)

***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively. The result is the output of the Stata command “pwcorr_a.” The variables have correlation coefficients of 1s with

themselves, so the t-statistics for the correlation coefficients on the main diagonal do not exist. We identify this as “NA.”
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variables to Model (1). The estimated coefficients of Audit are
still significantly positive at the 5% significance level,
which further illustrates that the AANR dramatically
improves the CO2 emission reduction rate in the AANR
pilot cities.

4.4 Robustness tests

4.4.1 Parallel trend test
The previous results suggest that the AANR improves the

CO2 emission reduction rate, but an important prerequisite for
the DID model’s results to hold is that the cities in the treatment
and control groups must have the same trend in CO2 emission
reduction before AANR implementation. To verify this, this
paper adopts the event analysis method to conduct a parallel
trend test. The regression model of the parallel trend test is set
as follows:

ϒit � α0 +∑−2
n�−3βnpren × quota +∑3

n�0βnpostn × quota + ϕΧit + μi

+ λt + εit,

(3)
where pren and postn are year dummy variables that denote the nth
year before or after AANR implementation and take the value of
1 for pilot cities; otherwise, they are 0. Then, they are multiplied by
quota, whose value is 1 for AANR pilot cities and 0 for non-AANR
pilot cities.

In regression model (3), we choose the first period before the
AANR implementation as the base period in the DID model. We
also truncate the number of periods before AANR
implementation as necessary. None of the estimated
coefficients on βn are significant before the implementation of
the AANR (Table 5). This reflects that there is no significant
difference in the CO2 emission reduction rate between the
treatment and control groups. After the AANR pilot, the
estimated coefficients on βn are roughly significant (Table 5).
The CO2 emission reduction rate of the treatment group is
substantially higher than that of the control group. These
results confirm the parallel trend hypothesis. In the third year
after AANR implementation, the coefficients on βn are
significantly negative (Figure 2), which is likely due to related
policies that have led to the diminishing influence of the
government’s “visible hand” and the increasing role of market
mechanisms. However, this finding represents a research
direction worthy of further investigation (Hu and Wang, 2022).

4.4.2 Placebo test I: setting up random control and
treatment groups

The sample contingency or other factors may also lead to a
significant effect on the AANR. To verify whether the effect of the
AANR is real, this paper utilizes Stata 16.0 software to randomly
sample the treatment and experimental groups for a placebo test.We
repeat this process 5,000 times. Figure 3 implies that the distribution
of the treatment effect estimates based on random sampling is
approximately normally distributed with a mean value of 0. The

TABLE 4 Effects of the AANR on the CO2 emission reduction rate versus different control variables.

Variable Model (1) Model (2) Model (3) Model (4) Model (5) Model (6)

Audit 0.009** 0.008** 0.009** 0.001** 0.001** 0.001**

(2.29) (2.26) (2.34) (2.57) (2.57) (2.57)

Finance 0.027** 0.027** 0.034*** 0.034*** 0.035***

(2.53) (2.50) (3.06) (3.05) (3.07)

Lnpopd −0.078*** −0.074*** −0.074*** −0.074***

(−3.39) (−3.21) (−3.20) (−3.29)

Lnpgdp −0.014** −0.014** −0.009

(−2.28) (−2.12) (−1.09)

Lnfdi −0.000 −0.000

(−0.14) (−0.11)

Indust −0.031

(−1.11)

Constant −0.061*** −0.074*** 0.377*** 0.494*** 0.500*** 0.458***

(−191.62) (−14.08) (2.86) (3.52) (3.54) (3.05)

City YES YES YES YES YES YES

Time YES YES YES YES YES YES

Observed value 3,523 3,523 3,523 3,523 3,523 3,523

Adjusted R2 0.667 0.668 0.669 0.670 0.670 0.670

***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively. Robust t-statistics are in parentheses.
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estimated AANR coefficients are dramatically different from those
of the basic regression (approximately 0.009), as shown in Table 4.
Therefore, the placebo test holds that the effect of the AANR on the
CO2 emission reduction rate is not significantly influenced by
potential unobserved random factors. Thus, the reliability of the
fitting results in Table 4 is further verified.

4.4.3 Placebo test II: changing the AANR
implementation timing

We advance the AANR occurrence timing by 5, 4, and 3 years
and rerun the regressions. The results are Models (1), (2), and (3) in
Table 6. The estimated coefficients of F5.Audit, F4.Audit, and
F3.Audit are statistically nonsignificant, indicating no effects from
other unobservable variables. Thus, the benchmark results in Table 4
are robust. In China, the AANR is implemented on a yearly basis.
The AANR exerts the greatest deterrent pressure on local officials in
the observing year of censorship. The results in Table 6 are
consistent with this fact.

4.4.4 Excluding the influence of extreme values
We continue to re-estimate the multi-period DID model with

upper and lower 5% tailing for all continuous variables. The results
are shown in Model (4) of Table 6. The AANR coefficient estimates are
still markedly positive at the 5% significance level, and the magnitude is
comparable to the basic regression coefficient estimates in Table 4. This
somewhat verifies the reliability of the benchmark results.

4.4.5 Excluding interference from other factors
Since 2012, China has attached great importance to its

ecological development and introduced a number of
environmental governance policies in pursuit of this goal.
Rationally, it must be determined whether the CO2 emission
reduction rate will be affected by related policies during the
AANR pilot period. From 2016 to 2017, China continually
carried out environmental protection inspections in
31 provinces and cities, whose implementation targets
overlapped with those of the AANR to some extent (Huang
and Xie, 2022). To exclude the interference of the same type of
policy on the CO2 emission reduction rate, this paper includes
the environmental protection inspection variable (Inspect) in the
multi-period DID regression model. If environmental protection
inspection is conducted in the observing year, Inspect takes the
value of 1 thereafter; otherwise; it takes the value of 0. Model (5)
in Table 6 shows the fitting results. The estimated coefficient on
the AANR pilot (Audit) is still significantly positive. Therefore,
the fitting results of basic regression (1) in Table 4
remain robust.

5 Further analyses

5.1 Mechanism tests

The basic regressions (Table 4) and a series of robustness tests
(Tables 5, 6; Figures 2, 3) suggest that the implementation of the
AANR increases the cities’ CO2 emission reduction rate. However,
we are yet to determine through which mechanism the AANR
improves the cities’ CO2 emission reduction rate. We scrutinize theT
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impact of the AANR pilot on the CO2 emission reduction rate from
two perspectives: the government’s concern for the environment
and cities’ green technology innovation capability. Drawing upon

the existing literature (Wen and Ye, 2014), we test these potential
mechanisms by applying the mediating effect, as shown in Eq. 1 and
Eqs 4, 5:

FIGURE 2
Coefficient plot of the parallel trend test in regression model (3). The whiskers represent the 95% confidence intervals of estimated coefficients.

FIGURE 3
Placebo test results. The density of the treatment effect estimates with randomly sampled control and treatment sample groups.
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Govit Innoit( ) � b1 + β2Auditit + ϕΧit + μi + λt + εit, (4)
ϒit � b2 + β3Auditit + β4Govit Innoit( ) + ϕΧit + μi + λt + εit. (5)

Table 7 shows the regression results of the mediating
effect model. Models (1) and (3) show that the coefficient
estimates of the AANR (Audit) are significantly positive at the
5% and 1% levels. This indicates that the AANR significantly
increases the government’s concern for the environment and
enhances cities’ green technology innovation capability. The
coefficient estimate of Gov in Model (2) of Table 7 is
statistically nonsignificant. Furthermore, the Sobel test results
show that the government’s concern for the environment as a
mediating variable is not significant. It implies no mediating
significance of the local government’s concern for the
environment on the CO2 emission reduction rate. The possible

reason for this finding lies in the AANR, as a newly introduced
policy, being more likely to convey a new value tendency. However,
due to limited cognition, a clear action roadmap has not yet been
developed (Yang, 2016). Model (4) in Table 7 shows that the
coefficient estimate on Inno is significantly positive at the 1%
significance level. This verifies the mediating effect of cities’ green
technology innovation capability on the CO2 emission reduction
rate. In other words, when facing various environmental
performance assessment pressures or promotion incentives
brought about by the AANR, local officials will strengthen the
CO2 emission reduction rate by engaging in green technology
innovations. We conclude that the affecting mechanism of the
government’s concern for the environment in H2 does not
hold, while that of cities’ green technology innovation
capability holds.

TABLE 6 Robustness test results. Models (1), (2), and (3) are the result of placebo test II. Models (4) and (5) describe the effects of the AANR when excluding
the influence of extreme values and interference from other factors, respectively.

Variable Model (1) Model (2) Model (3) Model (4) Model (5)

F5.Audit 0.000

(0.09)

F4.Audit 0.005

(0.96)

F3.Audit 0.004

(0.91)

Audit 0.008** 0.009**

(2.57) (2.52)

Inspect 0.024***

(6.44)

Finance 0.047*** 0.051*** 0.040*** 0.029*** 0.035***

(3.38) (3.58) (3.11) (2.94) (3.05)

Lnpopd −0.122** −0.098** −0.069* −0.058*** −0.077***

(−2.55) (−2.04) (−1.94) (−3.15) (−3.43)

Lnpgdp −0.007 −0.016 −0.008 −0.014** −0.010

(−0.58) (−1.42) (−0.80) (−2.17) (−1.24)

Lnfdi −0.003 −0.004* −0.003* 0.002 −0.000

(−1.65) (−1.73) (−1.73) (1.26) (−0.17)

Indust −0.139*** −0.118*** −0.075* 0.001 −0.028

(−3.29) (−2.65) (−1.97) (0.58) (−1.02)

Constant 0.760** 0.711** 0.456* −0.022 0.482***

(2.37) (2.24) (1.90) (−1.02) (3.22)

City YES YES YES YES YES

Time YES YES YES YES YES

Observed sample 2,168 2,439 2,710 3,523 3,252

Adjusted R2 0.606 0.573 0.583 0.723 0.671

***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively. Robust t-statistics are in parentheses.

Frontiers in Environmental Science frontiersin.org10

Xiong et al. 10.3389/fenvs.2024.1342321

336

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1342321


5.2 Heterogeneity analysis

5.2.1 Cities’ geographical heterogeneity when
conducting the AANR

The full sample is divided into east–central and western cities’
subsamples by geographical location. From models (1) and (2) in
Table 8, we find that in the western cities, the implementation of the
AANR significantly increases the CO2 emission reduction rate in the
pilot cities. In contrast, in the east–central cities, the positive effect of
the AANR on the CO2 emission reduction rate is not significant. In
particular, the western cities show a 1.70% increase in the CO2

emission reduction rate compared to the pre-AANR pilot. The
reason for this finding may be that the level of development in
the east–central cities is much higher than that in the western cities.
This also means that carbon abatement costs are higher in the
east–central cities (Jiang et al., 2023). Economic growth in the
east–central cities also brings about problems associated with
resource consumption and carbon emissions. The governments
in the east-central cities may have also realized the importance of
environmental protection before those in the western cities. Before

the implementation of the AANR, officials in the east-central cities
may have already started to deal with pollution problems arising
from carbon emissions; thus, the impact of the AANR on the CO2

emission reduction rate is not significant. In contrast to the east-
central cities, the western cities have been slower to develop, and
local officials may still be developing the economy at the expense of
the environment. However, the implementation of the AANR has
sounded an alarm for officials in the western cities. Local
governments are forced by strong administrative pressure to
increase environmental controls to reduce the CO2 emission
growth rate. In a word, the AANR has a significant effect on the
CO2 emission reduction rate in the western pilot cities.

5.2.2 Cities’ fiscal pressure heterogeneity when
conducting the AANR

The difference between local fiscal expenditures and local
fiscal revenues is divided by local fiscal revenues, which
represents fiscal pressure. We define the sample below the
median of the fiscal pressure as low fiscal pressure; otherwise,
it is high fiscal pressure. Then, the full sample is divided into

TABLE 7Mechanism test results. Models (1) and (2) scrutinize themediating effect of the government’s concern for the environment (Gov), while models (3)
and (4) show the mediating effect of the cities’ green technology innovations (Inno).

Variable Model (1) Model (2) Model (3) Model (4)

Gov Y Inno Y

Audit 2.239*** 0.010** 0.160*** 0.009**

(2.61) (2.50) (2.69) (2.31)

Gov 0.000

(0.85)

Inno 0.006***

(4.65)

Finance −2.382 0.035*** 0.043 0.034***

(−0.85) (3.09) (0.21) (3.10)

Lnpopd 8.330* −0.075*** 1.250* −0.083***

(1.72) (−3.32) (1.95) (−3.63)

Lnpgdp 7.735*** −0.009 −0.032 −0.008

(4.19) (−1.16) (−0.21) (−1.08)

Lnfdi −0.290 −0.000 −0.016 −0.000

(-1.13) (-0.10) (-0.76) (-0.04)

Indust −4.179 −0.031 −1.024** −0.025

(−0.81) (−1.10) (−2.09) (−0.89)

Constant −105.929*** 0.466*** −4.131 0.484***

(−3.30) (3.10) (−1.04) (3.24)

City YES YES YES YES

Time YES YES YES YES

Observed value 3,523 3,523 3,523 3,523

Adjusted R2 0.373 0.697 0.901 0.672

***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively. Robust t-statistics are in parentheses.
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high- and low-fiscal pressure subsamples. In the pilot cities with
high fiscal pressure, the AANR significantly increases the CO2

emission reduction rate by 2.90% compared to the pre-AANR
pilot (Model (3) in Table 8). In contrast, the effect of the AANR
on the CO2 emission reduction rate is not significant in the pilot
cities with low fiscal pressure (Model (4) in Table 8). One
possible reason for this may be that officials in cities with
high fiscal pressure focus on developing the regional
economy, while cities with low fiscal pressure had sufficient
financial resources to support carbon emission management
activities before the AANR pilot. When implementing the
AANR pilot, officials in the regions with high fiscal pressure
started focusing on ecological management due to the incentive
mechanisms and inspection pressures induced by the AANR,
thus reducing CO2 emissions.

6 Conclusion and discussion

6.1 Conclusion

This paper analyzed the panel data of China’s 271 cities from
2005 to 2017 to explore the effect of the AANR on the CO2

emission reduction rate. The AANR is used as a quasi-natural
experiment to apply the multi-period DID model to empirically

scrutinize the AANR’s CO2 emission reduction effect.
Furthermore, a mediation model is adopted to verify the
mechanism by which AANR affects CO2 emissions. The main
findings are as follows: first, the AANR significantly increases
the CO2 emission reduction rate. This result still holds after a
series of robustness tests. The AANR is a top-down national
ecological and environmental governance policy in China.
Although it does not point to decarbonization alone, the
empirical results confirm the AANR’s positive externality on
CO2 reduction. Second, the mechanism analysis shows that
improving cities’ green technology innovation capability is
the main mediating mechanism through which the AANR
improves the CO2 emission reduction rate in pilot cities. The
AANR has limited positive externality that directly contributes
to CO2 emission reduction in cities, and the wind vane effect of
the AANR policy guides cities to innovate green technologies.
High-carbon emitting segments will gradually complete the
“trade-in,” thus giving rise to the cities’ CO2 emission
reduction. There is no sufficient source of evidence to suggest
that the AANR increases the CO2 emission reduction rate
through the government’s concern for the environment.
Third, the heterogeneity analysis suggests that the AANR
plays a more vital role in China’s western cities and cities
with high fiscal pressure. The economies of cities in east-
central China are more scalable and more costly in terms of

TABLE 8 Results of the heterogeneity analyses. Models (1) and (2) depict cities’ geographical heterogeneity. Models (3) and (4) represent the heterogeneity
effects of cities’ fiscal pressure.

Model (1) Model (2) Model (3) Model (4)

Y (east-central) Y (west) Y (high) Y(low)

Audit 0.001 0.017** 0.029*** −0.000

(0.22) (2.22) (4.29) (−0.05)

Finance 0.027** 0.046 0.089*** 0.002

(2.49) (1.29) (3.23) (0.12)

Lnpopd −0.075*** −0.064 −0.136* −0.043

(−3.20) (−1.26) (−1.91) (−1.60)

Lnpgdp −0.001 −0.028 −0.028 −0.009

(−0.06) (−1.40) (−1.58) (−0.72)

Lnfdi 0.000 0.000 −0.002 −0.001

(0.10) (0.15) (−0.92) (−0.23)

Indust −0.064** 0.007 −0.034 −0.067

(−2.00) (0.13) (−0.78) (-\−1.34)

Constant 0.413*** 0.516 0.998* 0.341*

(2.67) (1.53) (1.98) (1.75)

City YES YES YES YES

Time YES YES YES YES

Observed value 2,587 936 982 1,751

Adjusted R2 0.657 0.753 0.787 0.687

***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively. Robust t-statistics are in parentheses.
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carbon emission reduction. Therefore, the AANR’s policy effect
has stronger inertia. In addition, cities with high financial
pressure tend to do well in AANR policy performance to
relieve such pressure. This will send a positive signal to
society and help obtain financial support.

6.2 Discussion

The following policy implications emerge from this research:
first, the AANR improves the CO2 emission reduction rate and
implies that in the context of carbon peaking and carbon
neutrality, all Chinese government departments should pursue
both central and local carbon emission reduction strategies;
establish a scientific carbon governance, analysis, and
evaluation system; widen the scope of the AANR; and enhance
local officials’ awareness of their carbon emission-related
responsibilities. Second, AANR’s CO2 emission reduction
effect mainly comes from the mediating effect of cities’ green
technology innovations and indicates that local governments
should increase financial subsidies, technology subsidies, and
tax preferences to mobilize enterprises to engage in green
technology innovations while accelerating the innovation
platform construction, actively cultivating innovative talent,
and promoting the transfer and transformation of innovative
technologies to enhance cities’ low-carbon soft power. With the
goals of reducing trust and financing costs at both ends of the
green technology innovation capital and advancing the efficiency
of meso-cities’ green technology innovation mediation, China
will gradually build more low-carbon cities through AANR
implementation. Third, for cities in east-central and western
China and cities with different fiscal pressures in applying the
AANR for carbon emission reduction, local governments should
implement dynamic and differentiated AANR policies, taking
into account the cities’ developmental characteristics and local
conditions in a coordinated manner. It is due to the fact that most
enterprises in a city have not adopted sustainable business
models and do not prioritize endogenous green technological
changes driven by research and development (R&D), thus leading
to inefficient carbon emission management. Chinese cities should
also develop appropriate audit content and standards so that the
effect of the AANR is enhanced.

Currently, there are many studies on policy evaluation.
However, few studies have evaluated the effect of the AANR
on CO2 emissions reduction. The most important contribution
of this study is its quantitative evaluation of the effect of the
AANR on CO2 emission reduction in China using a multi-period
difference-in-differences model. One limitation is that only
271 cities were selected for the research sample due to data
limitations. Although limited by the availability of data, the
results of this paper provide a quantitative complement for the
AANR to assist China in reaching its carbon peaking and carbon
neutrality targets. Future research should use a broader sample
to deepen our understanding of the effectiveness of the AANR.
In addition, this study can be regarded as the first step in
analyzing the AANR policy impact on carbon emission
reduction. Future research can also investigate the
mechanisms in the implementation of the AANR on

corporate social responsibility, green innovation, and even
business model innovations.
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