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Climate change, pollution, drought, and rising seas impede the achievement of
the seventh sustainable development goal SDG#7 “affordable and clean
energies”. To counter these threats, the use of Renewable Energy (RE) as an
alternative to conventional energy plays an important role in sustainable
development. In this context, the purpose of our paper is to investigate the
effect of Renewable Energy deployment on environmental protection in China,
The United States of America (USA), and Germany: the top three ranked countries
in terms of REs production, according to RENEWABLE 2021 GLOBAL
STATUSREPORT. To achieve this objective, the paper adopts a Panel fully
modified OLS (FMOLS) method. Results declare that renewable energy
significantly reduce pollution indicators; furthermore, we find that Research
and development fully moderate this relationship. The findings of this study
emphasize the importance of increasing spending on Research and
development activities in the RE sector. In addition, the countries studied and
countries around the world should pay greater attention to investment in
research and development to support the long-term plan for advancing
sustainable energy sources for feasible energy and economic development.
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1 Introduction

Climate change is an extreme threat to the survival of the planet and humanity in the
21st century. To deal with it, the use of renewable energies is an essential element. RE are
the fastest-growing energy source, approximately, 11.2% of the world’s energy consumed
for heating, electricity and transportation came from modern renewable (biomass,
geothermal, solar, hydro, wind and biofuels) in 2019, compared to 8.7% in 2009
(Center for Climate and Energy Solutions, 2020).

Certain past events, and even crises, provide a favorable environment for turning to
renewable energy. For example, high volatility of oil prices, dependence on these foreign
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resources, power generation mix1, environmental changes and
significant pressure to reduce polluting gas emissions are all major
concerns that have reinforced the need to convert non-renewable
resources to renewable ones (Ullah et al., 2021). Without going back
much in time, we take the case of the COVID-19 crisis, thus, in the
midst of the COVID-19 pandemic, renewable energy production
increased by about 3% (World Nuclear Industry Status Report,
20202). Renewable energies are resisting the crisis. Thus, even
though the crisis has stopped renewable energy projects under
construction or in development, it has little effect on existing
capacities. COVID-19 crisis has led to substantial reductions in
global electricity demand due to movement limits, lockdowns, and
the economic downturn. For example, compared to April 2019,
electricity consumption decreased by 5% in the United States in
April 2020 and by 12% in Germany (Mahian et al., 2021).
However, this pandemic indirectly contributed to the achievement
of the UN Sustainable Development Goals for 2030 (namely
“SUSTAINABLE CITIES AND COMMUNITIES”, “SUSTAINABLE
CONSUMPTION AND PRODUCTION”, “MEASURES TO
COMBAT CLIMATE CHANGE”, and “LAND LIFE”) by
enhancing the overall health and safety of cities through reducing
greenhouse gas (GHG) emissions, outdoor air pollution, land pressure,
and wildlife.

In 2019, China played a leading role in investment in renewable
sources (83.4 billion USD), the USA a second-tier role (55.4 billion
USD), (Frankfurt School-UNEP Centre, Bloomberg NEF, 2020)3. The
increase of the share of renewable in the electricity mix (due to
ambitious renewable energy policies) and the continued decline in
the costs of solar and wind technologies have contributed to a strong
increase in renewable energy production, especially since 2010 in
Europe (such countries as the United Kingdom (+33 pts. to 41%) and
Germany (+24 pts. to 41%)), China (+10 pts. to 29%), and the USA
(+10 pts. to 21%) (Enerdata, 2021). Despite their high share of
renewable energy in the energy mix, these countries are not really
so clean. It is for all these reasons that our paper focuses on these
countries.

Energy consumption and environmental quality are among the
most important determinants of human development (Hung,
2021). The existing literature on the impact of RE use in the
reduction of pollution indicators mostly focused on the direct
impact (Magazzino et al. (2021); Destek and Aslan, (2020); Ma
et al. (2021). . .). While the implementation of Research and
development will further promote the reduction of pollution
indicators. This paper applies a Panel Fully Modified Least
Squares (FMOLS) Method to explore the pollution indicators
reduction caused by the use of renewable energies, and further,
studies whether Renewable energies achieve the effect of reducing
pollution indicators through Research and development
expenditures. Similarly, as an extension of the research, this

paper exploits robustness analysis, thus, we further, tested the
direct and indirect effects through other measures of renewable
energies. Given the extant findings, our results show a negative
relationship between REs and pollution, thus, the use of renewable
energies have been reduced the effect of pollution indicators. In
addition, we find that Research and development fully moderate
this relationship.

Our paper makes contributions to the existing literature: 1) it
belongs to the literature of the generation mix, which has the merit of
being very useful both on a purely scientific level and on a practical and
institutional level. 2) This is the first attempt to extend the previous
literature by sampling the top three renewable energy leaders (China,
USA and Germany). This choice gives robustness and applicability to
real contexts to the results obtained. 3) Our paper treats each pollution
indicator individually, moving from the general to the specific
framework. 4). And importantly, since previous studies have
ignored the moderating effect of research and development in the
relationship between the use of renewable energies and the reduction
of pollution indicators, our paper aimed to bridge this gap in the
literature. Thus, integrating research and development work into the
process of the energy transition, will achieve the various long-term
energy and climate objectives.

Our paper can be useful for both academics and policymakers. For
academics, it can provide an empirical basis for further research into
the support of RE and its role in reducing or even eliminating pollution
through Research and development in order to achieve a low-carbon
world. For policymakers, an overview of the policies made by these
leading countries may help inform their policymaking.

With the aim of achieving the purpose of this research, the
remainder of this paper proceeds as follows: Section 2 presents a
discussion of practices implemented by the studied countries and gives
an overview of the previous literature. Then, the study design is
introduced in Section 3. The impact of RE use on air pollutants
emissions and the moderating role of R&D expenditure are outlined in
Section 4. Finally, the conclusion highlights the contribution of this
paper, policy implications and possible future research.

2 Approaches and strategies to
enhancing energy security

In this study, the research framework was developed based on
the “Energy security theory”. This theory shows that changes in the
energy sector could profoundly alter the future energy outlook, and
that the shift to renewable energy has positive climate and
environmental effects. Energy security is a component of
environmental security and community sustainability (Hossain
et al., 2016). It is primarily concerned with whether
governments have control over their energy production and
supply resources. Energy security is also equated with the access
of the poorest to energy services, or the mechanism that limits the
dominance of a single energy system (Kuik et al., 2011). Adopting
the concept of energy security is intended to emphasize the role of
government and local institutions in protecting the interests of
consumers, whether they are private or public entities. Energy
security could be described as the state of the economy that allows
for the current and future supply of both fuels and energy in a
technically and economically justified manner while meeting
environmental protection requirements.

1 The European Union’s energy mix was composed mainly of five different
sources: petroleum products (including crude oil) (35%), natural gas (24%)
and renewable energy (17%). %), nuclear power (13%) and solid fossil
fuels (12%).

2 Retrieved from World Nuclear Industry Status Report 2020
(worldnuclearreport.org).

3 (Frankfurt School-UNEP Centre, BloombergNEF, “GLOBAL TRENDS IN
RENEWABLE ENERGY INVESTMENT 2020”).
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2.1 Country strategies in renewable energy

China: The Chinese government has established a series of top-down
policy initiatives related to environmental protection. Therefore, in 2013, the
Chinese StateCouncil established theNationalActionPlan forAir Pollution
Control and Reduction (China State Council, 2013). In addition, in a
restructuring process of the central government, the Ministry of Ecology
and Environment was established and tasked with supporting better
pollution control. China contributed the most to the growth of the
renewable energy sector (1.0 EJ), followed by the United States (0.4 EJ)
(BP statistical reviews of world energy, 2021)4. During the 2015 United
Nations climate conference, China committed to reducing carbon intensity
in 2030 by 60–65% compared to 2005 levels. Figures 1, 2 illustrate the global
evolution of wind and solar capacity over the period 2010–2020. Global
wind capacity has increased by 110 GW in 2020, while solar capacity is
128 GW during the same year, despite the massive disruptions associated
with the global COVID-19 pandemic. Both figures prove that China
accounts for nearly half of this global increase. Hence, China is the
main driver of wind and solar capacity with 71 GW and 50 GW
respectively in 2020.

United States of America (USA): Renewable energy represents
the fastest-increasing source of energy globally and particularly in
the United States, with a 90% increase between 2000 and 2020. They
accounted for nearly 20% of U.S. electricity generation in 2020 on an
industrial scale (Center for Climate and Energy Solutions, 2020). The
United States signed the American Recovery and Reinvestment Act
(ARRA) in2009 after the financial market collapse that led to the
great recession. The ARRA was an unprecedented $900 billion
economic stimulus package that included a series of measures for
investment opportunities in renewable energy and energy efficiency
(Mullen and Dong, 2022). Similarly, the proposed $1.2 trillion
infrastructure bill for 2021 includes $500 million for renewable
energy projects.

Several states have adopted renewable portfolio standards (RPS),
with various goals and target dates. Figure 3 shows the details of state
RPS programs. Thus, as of September 2020, 38 states and the District
of Columbia had established an RPS or renewable energy goal, and in
12 of those states (and the District of Columbia), the requirements are
for 100% clean electricity by 2050 or earlier. In addition to renewable
energy standards, this map clearly shows that some states have
programs in place that provide additional credits for solar or
customer-installed renewable; various types of renewable space and
water heating; fuel cells; energy efficiency measures and advanced
fossil fuel technologies (Washington, Oregon, Michigan, Colorado,
Texas, Arizona, and Utah). Other states have clean energy targets or
goals, defining terms such as “carbon-free,” “carbon-neutral” or “clean
energy”. As an example, 5 states have a clean energy standard and
another 5 states have clean energy goals.

Germany: Together with France, Germany played a leading role in
the Paris Agreement within and outside the European Union. They
have set up various collaborative research programs, one of which is
“Make Our Planet Great Again”, which invites researchers from
around the world to fight global warming and climate change
through various projects, both large and small. Figure 4 shows the
production of renewable energies in Germany for the year 2020 in
terawatt hours by energy type. Wind energy has the largest share with
23.4% representing 134.5 TWh, followed by geothermal energy;
Biomass; Hydropower and finally Household waste with 1.0%
(5.9 TWh).

The share of renewable in gross electricity consumption in Germany
has increased significantly in recent years from 36.0% in 2017 to 45.7%
in 2020, far exceeding the target of 35% set for that year (BMWi, 2021).
Germany has also adopted a comprehensive package of measures for
funding climate-related research and innovation under this program.
One of the key elements of this 2030 climate action program is the
introduction of a new carbon pricing system for the transport and heat
sectors starting in 2021. On 14 August 2020, Germany also introduced a
coal phase-out law, aiming to reduce or even stop coal-fired power
generation by 2038. Figure 5 shows the stages of production reduction.
Thus, coal- and lignite-fired generation is to be reduced from about
41 gigawatts (GW) in 2019 to 15 GW each in 2022 and eight to 9 GW in
2030. The phase-out is to be achieved no later than 2038. Germany’s
Climate Action Plan 2050 serves as a framework for German climate
policy and the achievement of the long-term goal of greenhouse gas
neutrality by 2050.

Table 1 shows the renewable energy production by type of energy
in the surveyed countries (2019–2020). China is the most productive
country with 742.0 terawatt-hours in 2019 and 863.1 terawatt-hours in
2020, followed by the USA and Germany. The total growth rate for the

FIGURE 1
Wind capacity (Annual change, GW). Source: BP statistical reviews
of world energy (2021).

FIGURE 2
Solar capacity (Annual change, GW). Source: BP statistical reviews
of world energy (2021).

4 Retrieved from:https://www.bp.com/content/dam/bp/business-sites/en/
global/corporate/pdfs/energy-economics/statistical-review/bp-stats-
review-2021-full-report.pdf.
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year 2020, adjusted for leap years is 16.0%; 13.8% and 4.1% in China,
USA and Germany respectively. To these three world leaders in
renewable energy production are added India (151.2 terawatt-
hours); United Kingdom (127.8 terawatt-hours); Japan
(125.6 terawatt-hours) and then, Brazil (120.3 terawatt-hours) (BP
Statistical Review of World Energy 2021).

2.2 Prior literature and hypotheses
development

There is vast literature on innovations in the energy sector and the use
of renewable energies as alternatives to traditional energies. Through an
empirical study, Destek and Aslan, (2020) reported that increasing
biomass energy consumption reduced carbon emissions in Germany
and the United States. Likewise, Biomass energy consumption decreases
long-term Carbon dioxide (CO2) emissions in the U.S. for the monthly

period 1984–2015, claimed Bilgili et al. (2016) using wavelet coherence
analysis. Destek and Aslan, (2020) explored the multivariate relationship
between the consumption of disaggregated renewable energy, economic
growth and environmental pollution for the G-7 countries from 1991 to
2014. In this study, both a parametric and a causal approach are used,
taking into account cross-sectional dependence and country-specific
heterogeneity. The results showed that hydropower consumption
appears to be the most effective renewable energy source for reducing
carbon emissions in the G-7 countries. Ma et al. (2021) provided evidence
regarding the positive effect of renewable energy in reducing carbon
emissions in Germany and France, during the time when non-renewable
energy consumption adds to carbon emissions. The analysis relied on
several recently developed robust methods: cross-sectional correlation,
panel unit root tests, panel co-integration tests, panel FMOLS and DOLS
methods, panel vector error correctionmodel, and causality testing. Based
on the above description, the first hypothesis is specified as follows:

Hypothesis H1: The use of RE has a negative impact on pollution
indicators.

Throughout the world, research and development efforts must focus
on renewable energies. Thus, in order to make such large-scale
deployments possible, continued research and development efforts are
required, with the primary goal of ensuring economic feasibility. Larger
devices and power plants hold the promise of economies of scale,
especially lower energy costs (Blaabjerg and Ionel, 2015). Research and
development activities in the renewable energy sector include new devices
and system installations for power plants. Adedoyin et al. (2020) used data
from 1997 to 2015 for 16 EU countries to demonstrate how research and
development spending boosts growth in the presence of renewable and
non-renewable energy consumption. Blaabjerg and Ionel, (2015) present
research and development opportunities for each type of renewable

FIGURE 3
Figure 3: Summary map of Renewable and Clean Energy Standards in the USA. Source: Database of State Incentives for Renewable & Efficiency (www.
dsireusa.org/ September 2020)

FIGURE 4
German gross renewable production in the year 2020 in (TWh).
Source: Working Group on Energy Balances, (2020)5
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energy, for example for Wind -On-shore (Wind farm interconnection
technologies, Wind energy converters based on new solid state devices),
Wind-Offshore (Interconnection of onshore and offshore wind farms),
Hydrogen (new methods of hydrogen storage and transport, Thermal
Management) andWave Energy (going further offshore, to greater depths
and with higher waves, synergistic research with the offshore wind
industry with shared infrastructures). Zhu et al. (2020) explored, for
31 Chinese provinces during 2011/2017, the relationship between
renewable energy technology innovation (RETI) and air pollution
through Moran’s Index and spatial panel econometric models. Results
indicated that investments in renewable energy technologies contribute to
lower concentrations of nitrogen oxides (NOx) and respirable suspended
particulate matter (PM10), whereas they are not significantly associated
with sulfur dioxide (SO2). With an innovative complex ML model called
“Quantum”, Magazzino et al. (2021) confirmed the powerful role of
biomass energy in carbon dioxide emission reductions in Germany using
a linear Harrow-Hassidim-Lloyd (HHL) method, and those, considering
the data set as a set of non-linear equations. The authors showed that the
effect of renewable energy technology is far greater than biomass energy in
reducing emissions. Lin and Zhu, (2019) investigated the link between
Renewable Energy Technology Innovation (RETI) and CO2 emissions.
The results of linear regression analysis show a clear effect of RETI onCO2

reduction based on the energy structure, similarly, observations on
threshold test results confirm that the energy consumption structure
dominated by coal will hinder RETI’s CO2 reduction effect. Through a
case study of the United Arab Emirates, Kolsi and Al-Hiyari (2022)
highlighted the CSR disclosure practices of Masdar Co. (a leading
renewable energy and sustainability group in the United Arab
Emirates and the Middle East region) against the Global Reporting
Initiative GRI 2016 standards. The results of the study show that
Masdar’s Co. has boosted its brand by considering valuable CSR
practices. It uses key dimensions such as ethics, law and philanthropy
to manage and coordinate effective interactions with society. Masdar Co.
was also found to be more successful in complying with the GRI
2016 standards in GRI 100 general disclosures, GRI 200 economic

disclosures, GRI 300 environmental disclosures, and GRI 400 social
disclosures. Horbach and Rammer, (2018) discussed the specific role
of the regional environment of German firms in the ability to adopt
energy technologies using renewable sources, using two-stage mixed
effects models and the Probit model with clustered standard errors.
They found that geographic proximity to renewable energy-based
power generation and a region’s orientation toward “green issues” are
both correlated with these innovations.

However, the impact of the use of renewable energies on the protection
of the environment from polluting air cannot be done in isolation; it
requires heavy investment in research and development, digitization of the
energy transition, conscious and intentional government policies, as well as
increased opportunities for foreign investment. Research and development
activities occupy the most important place. Thus, the second hypothesis to
be tested in this study is as follows:

Hypothesis H2: The implementation of R&D moderates the
relationship between RE and Pollution indicators.

3 Research design

To evaluate the effect of Renewable energies on pollution
indicators, we gather data on the RE use, pollution indicators such
as Total greenhouse gas emissions,CO2 emissions, Other GHG
emissions, (HFC, PFC and SF6) and other variables of interest.
This section presents the data, the variables and the methodology.

3.1 Data and variables

The model was implemented by collecting panel data for the
period 1990–2020 depending on data availability for China, the USA
and Germany. The choice of these countries is explained by the fact
that they rank in the top three in terms of renewable energy
production, according to the RENEWABLE 2021 GLOBAL

TABLE 1 Renewable energy production by source in the study countries in terawatt-hours.

Wind Solar Other renewable 2019 total Wind Solar Other renewable 2020total

China 405.3 224.0 112.7 742.0 466.5 261.1 135.5 863.1

USA 298.9 108.0 76.8 483.7 340.9 134.0 76.8 551.7

Germany 125.9 46.4 50.4 222.7 131.0 50.6 50.8 232.4

Data sources: BP, statistical review of world energy, (2021).

FIGURE 5
Schedule for coal phase-out in Germany. Source: BMWi (2021)
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TABLE 2 Variables: definition, measures and data sources.

Type Indicators Acronyms Periods Number of
observations

Measures Data sources

Dependent
variables

Total greenhouse gas
emissions (GHG)

LNTGHG 1990–2020 88 A Thousand metric tons of
CO2 equivalent excluding Land-Use
Change and Forestry

World development indicators

World Development Indicators
| DataBank (worldbank.org)

CO2 emissions CO2E 90 Metric tons per capita World development indicators

World Development Indicators
| DataBank (worldbank.org)

Other GHG emissions,
(HFC, PFC and SF6)

OGHG 66 A thousand metric tons of
CO2 equivalent

World development indicators

World Development Indicators
| DataBank (worldbank.org)

Independent
variables

Renewable energy
consumption

REC 90 % of total final energy consumption IEA Statistics

IEA—International Energy
Agency - IEA

Renewable electricity
output

REO 78 % of total electricity output IEA Statistics

IEA—International Energy
Agency - IEA

Alternative and nuclear
energy

ANE 77 % of total energy use IEA Statistics

IEA—International Energy
Agency - IEA

Combustible renewable
and waste

CRW 77 % of total energy use IEA Statistics

IEA—International Energy
Agency - IEA

Control variables GDP per capita growth GDP 93 Annual % World development indicators

World Development Indicators
| DataBank (worldbank.org)

Chemicals CH 85 % of value added in manufacturing World development indicators

World Development Indicators
| DataBank (worldbank.org)

Industry (including
construction)

INDS 85 Value added (% of GDP) World development indicators

World Development Indicators
| DataBank (worldbank.org)

Moderating
variable

Research and
development
expenditure

R&D 75 % of GDP UNESCO Institute for
Statistics.

UNESCO UIS

Source: Prepared by the authors.

TABLE 3 Definitions of study dependent variables.

Variables Definitions Source

Total greenhouse gas emissions
(TGHG)

Consist of CO2 totals, excluding short-term biomass burning (such as agricultural and savanna waste burning) but
including other types of biomass burning (such as forest fires, post-burn decomposition, peat fires, and drained
peatland decomposition), as well as all anthropogenic sources of CH4, N2O, and fluorinated gas (HFCs, PFCs, and
SF6) emissions.

World Bank
(2022)

CO2 emissions (CO2E) The emissions are the result of the combustion of fossil fuels and the manufacture of cement. They include carbon
dioxide generated by the consumption of solid, liquid and gaseous fuels as well as gas flaring.

Other greenhouse gas emissions
(OGHG)

Emissions resulting from the hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride (SF6)
products.

Source: Prepared by the authors.
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STATUSREPORT. China remains the top bioenergy producer,
followed by the United States and Germany. So, they are lead
markets in renewable energy.

Table 2 provides the variables’ definitions and measures, as well as
data sources.

In order to identify the effect of renewable energy use on pollution
indicators for China, the USA and Germany, we estimate econometric
models where the dependent variable is pollution expressed by three
indicators: Total greenhouse gas emissions; CO2 emissions and other
greenhouse gas emissions, (HFC, PFC and SF6). Each variable is
defined in Table 3:

The model equation is as follows:

lnTGHGit � α0 + α1REOit + α2ANEit + α3CRWit + ∑n
K�1

αiX
k
i + εit

Since our first dependent variable includes all greenhouse gas
emissions, we perform a second evaluation that treats CO2 and
fluorinated gas emissions separately to find out which pollution
indicator will be impacted by the use of renewable energy. This
leads to the following equations.

OGHGit � α0 + α1REOit + α2ANEit + α3CRWit + ∑n
K�1

αiX
k
i + εit

CO2Eit � α0 + α1REOit + α2ANEit + α3CRWit + ∑n
K�1

αiX
k
i + εit

To test the moderating role of Research and development in this
relationship, the panel regression models took the following form:

lnTGHGit � α0 + α1REOit + α2ANEit + α3CRWit + α4ANE*RDit

+ α5CRW*RDit + ∑n
K�1

αiX
k
i + εit

OGHGit � α0 + α1REOit + α2ANEit + α3CRWit + α4ANE*RDit

+ α5CRW*RDit + ∑n
K�1

αiX
k
i + εit

CO2Eit � α0 + α1REOit + α2ANEit + α3CRWit + α4ANE*RDit

+ α5CRW*RDit + ∑n
K�1

αiX
k
i + εit

i = 1, 2. . .. . ..N: the number of years.
t = 1, 2 . . .. . . T, T corresponds to the number of countries.

α0, α2. . . αi represents the slope coefficients of each variable.

εit is the residual term.∑n

k�1αi.X
k
i include other variables of interest which are not in line

with RE use but may influence our dependent variable, i.e., GDP per
capita growth; Chemicals and Industry.

3.2 Methodology

3.2.1 Panel unit root tests
Before building the panel regression models, we test the stability of

all variables. A variety of tests exist for unit roots or stationarity in
panel data sets. These include the tests of Harris-Tzavalis (1999);
Breitung (2001); Fisher (2001); Levin et al. (2002) and Im et al. (2003).
All of these tests have the null hypothesis that the panels have a unit
root, only the Lagrangian multiplier (LM) test of Hadri (2000) has the
null hypothesis that all panels are stationary (trend). Since our data set
is an unbalanced panel, we adopted the Im-Pesaran-Shin and Fisher
tests to check the stationarity of our variables.

3.2.2 Panel co-integration tests
We apply a co-integration test to check whether there is a long-

run relationship between dependent and independent variables.
We follow the residual Kao co-integration test proposed by Kao
(1999). Kao’s null hypothesis assumes that there is no co-
integration between the variables. The panel co-integration test
proposed by Kao (1999) is as:

yit � xit
′ β + zit

′ γ + eit i�1,2 ...,Net t�1,2 ....,T (1)
xit
′ and yit is I (1) process; zit′ it is an exogenous variable of fixed

effect or panel fixed time trend. The ADF test proposed by Kao (1999)
takes the following form:

ADF �
tADF +

����
6Nσ

∧
it

√
2σ
∧
θit��������

σ
∧2

θit

2 σ
∧2

it

+ 3σit
∧ 2

10σθit
∧2

√ (2)

In order to verify the robustness of our results, we use another
cointegration test, namely the test of Pedroni (2004) which model
form will be as:

TABLE 4 Statistical description of variables.

Variable Obs Mean Std. Dev Min Max

LnTGGE 88 15.68039 .2838566 14.99117 16.35751

OGHG 66 51.6408 108.7323 −65.206 306.1404

CO2E 90 10.88079 5.880985 1.914543 20.46981

REO 78 13.08373 5.97475 3.168753 29.23177

ANE 77 8.82644 4.635684 .9187117 14.2771

CRW 77 5.801036 6.692493 .7714192 23.8631

INDS 85 31.67797 10.31246 18.04222 47.5574

CH 85 12.03748 2.117405 8.962467 16.76122

GDP 93 3.620716 4.03171 −5.454577 13.63582

TABLE 5 correlation matrix.

REO ANE CRW GDP CH INDS

REO 1.0000

ANE −0.4716 1.0000

CRW 0.4549 -0.8003 1.0000

GDP 0.4136 -0.8434 0.6257 1.0000

CH −0.2759 0.1317 -0.1220 -0.3601 1.0000

INDS 0.5576 -0.8871 0.6976 0.8654 -0.5068 1.0000

Bold values represent that a variable has a correlation of 1.00 with itself.
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yit � αi + xit
′ βi + δit + eit i�1,2 ...,Net t�1,2 ....,T. (3)

3.2.3 Panel fully modified least squares (FMOLS)
Since the results of the Kao and Pedroni tests confirmed the

cointegration between the variables, and because our model contains a
small sample, we use the FMOLS method to test our research
hypotheses. Kao and Chiang, (2001) have proved that FMOLS
outperform for a small sample.

4 Results

This paper studies the negative relationship between RE use and
pollution indicators emissions. In order to better analyze the
relationship between the two, descriptive analysis, correlation
analysis, unit root tests, co-integration tests, fully modified least
squares (FMOLS)method, moderating effect analysis, and
robustness test were carried out.

TABLE 6 Panel unit root tests.

IPS test Fisher type

(T-bar) (p-value) Inverse chi-squared (6)
P) (p-value)

Inverse
normal Z)

Inverse logit t
(19) (L*)

Modified inv. Chi-
squared (Pm)

Levels CO2E −0.4616 0.9861 2.0759 (0.9126) 2.0399 (0.9793) 2.1804 (0.9790) −1.1328 (0.8714)

LnTGHG −1.0767 0.7884 2.0119 (0.9186) 1.0260 (0.8475) 0.9497 (0.8229) −1.1513 (0.8752)

OGHG −2.9244 0.0098*** 21.9187 (0.0013)*** −2.9210 (0.0017)*** −3.4471 (0.0014)*** 4.5953 (0.0000)***

REC 0.1852 0.9998 0.7813 (0.9926) 3.0768 (0.9990) 3.4487 (0.9987) −1.5065 (0.9340)

REO 0.9695 1.0000 1.0104 (0.9852) 1.0768 (0.8592) 1.0121 (0.8357) −1.4404 (0.9251)

ANE −0.2639 0.9949 3.4743 (0.7474) 1.8423 (0.9673) 2.2991 (0.9835) −0.7291 (0.7670)

CRW 0.1129 0.9997 0.2117 (0.9998) 3.1768 (0.9993) 3.3165 (0.9982) −1.6709 (0.9526)

GDP −3.2063 0.0026*** 26.5711 (0.0002)*** −3.5083 (0.0002)*** −4.2589 (0.0002)*** 5.9384 (0.0000)***

CH −2.3538 0.0617* 13.0632 (0.0420)** −1.7206 (0.0427)** −1.8368 (0.0410)** 2.0390 (0.0207)**

INDS −1.5937 0.5766 13.0246 (0.0426)** −0.1839 (0.4271) −0.5654 (0.2892) 2.0278 (0.0213)**

RD −0.8349 0.9052 1.7962 (0.9375) 1.4491 (0.9263) 1.4358 (0.9163) −1.2135 (0.8875)

First
difference

D.CO2E −4.8754 0.0000*** 70.590 (0.0000)*** −6.5679 (0.0000)*** −11.4996 (0.0000)*** 18.6457 (0.0000)***

D.LnTGHG −5.0176 0.0000*** 75.0039 (0.0000)*** −6.7922 (0.0000)*** −12.2337 (0.0000)*** 19.9197 (0.0000)***

D.REC −3.8482 0.0002*** 39.4950 (0.0000)*** −4.7960 (0.0000)*** −6.4236 (0.0000)*** 9.6692 (0.0000)***

D.REO −4.4716 0.0000*** 54.2862 (0.0000)*** −5.9920 (0.0000)*** −8.8719 (0.0000)*** 13.9390 (0.0000)***

D.ANE −5.0016 0.0000*** 69.7368 (0.0000)*** −6.9282 (0.0000)*** −11.4054 (0.0000)*** 18.3992 (0.0000)***

D.CRW −4.1058 0.0001*** 42.8482 (0.0000)*** −5.3552 (0.0000)*** −7.0112 (0.0000)*** 10.6372 (0.0000)***

D.INDS −4.1622 0.0000*** 45.1533 (0.0000)*** −5.4389 (0.0000)*** −7.3867 (0.0000)*** 11.3026 (0.0000)***

D.RD −4.0344 0.0001*** 40.6321 (0.0000)*** −5.2292 (0.0000)*** −6.6511 (0.0000)*** 9.9974 (0.0000)***

Note: p-values in parentheses. *p < 0.1/**p < 0.05/***p < 0.01.

Source: Developed by the authors under STATA-15.

TABLE 7 Panel cointegration test.

Model 1: LnTGHG Model 2: CO2E Model 3: OGHG

Statistic p-value Statistic p-value Statistic p-value

Unadjusted modified Dickey-Fuller t −3.6464 0.0001*** −3.2113 0.0007 *** −9.1568 0.0000***

Unadjusted Dickey-Fuller t -2.8081 0.0025 *** −2.4925 0.0063*** -6.9049 0.0000***

Modified Phillips-Perron t 2.6333 0.0042*** 2.0705 0.0192** 2.9881 0.0014***

Phillips-Perron t −2.9495 0.0016*** −10.1516 0.0000*** −6.2206 0.0000***

Augmented Dickey-Fuller t −3.3442 0.0004*** −7.6711 0.0000*** −4.0449 0.0000***

Note: p-values in parentheses. *p < 0.1/**p < 0.05/***p < 0.01.

Source: Developed by the authors under STATA-15.
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4.1 Results of tests

The statistical descriptions of all variables used in our study are
presented in Table 4. These statistics (mean, median, minimum value,
maximum value, standard deviation) give us an idea of the evolution of
the data over time.

Similarly, we checked the independence of the variables to ensure
that there were no problems of multicollinearity that might affect our
results. The correlations between the variables identified in the model
are presented in Table 5. Overall, the results show no problems with

collinearity between the independent variables, as multicollinearity
can be a problem when the correlation is >0.80 (Kennedy, 2008). In
this regard, the estimation is valid and robust.

The results of the panel unit root tests mentioned in Table 6
reveal that the p-value of all variables in 1st difference is lower than
the significance level alpha = 0.01, we have to reject the null
hypothesis H0, and retain the alternative hypothesis H1 of
stationarity of the series. Thus, the first difference of all the
variables is stationary. Only the variables “OGHG”, “GDP” and
“CH” are stationary in level.

TABLE 8 Results of FMOLS.

Model1: LNTGHG

Variable Coefficient Std. Error t-Statistic Prob

ANE 0.026143 0.011831 2.209746 0.0317**

CRW −0.055810 0.002167 −25.75987 0.0000***

REO 0.004268 0.001250 3.413375 0.0013***

CH −0.007966 0.006196 −1.285659 0.2045

GDP 0.004740 0.002573 1.842063 0.0714*

INDS −0.004325 0.005627 −0.768578 0.4458

R-squared 0.978822 Mean dependent var 15.66235

Adjusted R-squared 0.975433 S.D. dependent var 0.274890

S.E. of regression 0.043086 Sum squared resid 0.092819

Long-run variance 0.001074 — — —

Model2: OGHG

CRW −21.13891 1.303234 −16.22035 0.0000***

ANE −26.83412 1.785058 −15.03263 0.0000***

REO 1.585970 1.781726 0.890131 0.3781

CH 22.62704 1.914960 11.81594 0.0000***

INDS 3.575893 1.002620 3.566550 0.0009***

GDP 4.532951 2.712427 1.671179 0.1016

R-squared 0.913044 Mean dependent var 69.55666

Adjusted R-squared 0.903383 S.D. dependent var 117.6241

S.E. of regression 36.56147 Sum squared resid 60153.35

Long-run variance 1300.415 — — —

Model 3: CO2E

CRW −0.367093 0.046753 −7.851690 0.0000***

ANE −0.889760 0.255300 −3.485147 0.0010***

REO −0.031727 0.026981 −1.175913 0.2452

CH −0.612979 0.133708 −4.584470 0.0000***

INDS −0.237950 0.121421 −1.959713 0.0556*

GDP −0.102186 0.055527 −1.840300 0.0717*

R-squared 0.989750 Mean dependent var 10.03589

Adjusted R-squared 0.988110 S.D. dependent var 6.189624

S.E. of regression 0.674938 Sum squared resid 22.77710

Long-run variance 0.500058 — — —

Note: 1) ***, **, and * denote a significance of 1%, 5%, and 10%, respectively; 2) The co-integration regression contains no constant or trend; 3) Lags and leads are set according to AIC and BIC selection

criterion; 4) Results are estimated by Eviews 9.
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Table 7 reports the results of co-integration tests. The null
hypothesis of no cointegration is rejected for all models. All five
tests used support the co-integration hypothesis, rejecting the null

hypothesis at the 1% level. Table 7 is providing evidence that all panels
of the data are cointegrated, which confirms a robust long-term
association between the variables.

TABLE 9 the moderating effect of R&D.

Model 4: LNTGHG

Variable Coefficient Std. Error t-Statistic Prob

ANE 0.028498 0.016464 1.731005 0.0899

CRW −0.055813 0.001914 −29.15582 0.0000

REO 0.006192 0.002034 3.043398 0.0038

R_D_ANE 0.001588 0.006011 0.264205 0.7928

R_D_CRW −0.007510 0.001307 −5.745278 0.0000

GDP 0.001174 0.002264 0.518526 0.6065

INDS 0.009201 0.005233 1.758170 0.0851

CH 0.004284 0.006178 0.693341 0.4914

R-squared 0.986500 Mean dependent var 15.66235

Adjusted R-squared 0.983687 S.D. dependent var 0.274890

S.E. of regression 0.035109 Sum squared resid 0.059168

Long-run variance 0.000753 — — —

Model 5: OGHG

ANE −16.08958 11.21420 −1.434750 0.1591

CRW −16.52144 1.256973 −13.14383 0.0000

REO −2.739939 1.536315 −1.783449 0.0821

R_D_ANE 12.24579 3.633226 3.370502 0.0017

R_D_CRW −1.375991 0.787610 −1.747046 0.0883

GDP 7.846753 1.401908 5.597196 0.0000

INDS 1.102140 3.282214 0.335792 0.7388

CH 27.01230 3.931258 6.871159 0.0000

R-squared 0.952760 Mean dependent var 69.55666

Adjusted R-squared 0.940950 S.D. dependent var 117.6241

S.E. of regression 28.58286 Sum squared resid 32679.19

Long-run variance 247.9206 — — —

Model 6: CO2E

ANE −0.519136 0.262683 −1.976285 0.0539

CRW −0.368494 0.030543 −12.06462 0.0000

REO 0.026647 0.032461 0.820892 0.4158

R_D_ANE −0.098185 0.095911 −1.023712 0.3111

R_D_CRW −0.086837 0.020858 −4.163361 0.0001

GDP −0.118245 0.036128 −3.272919 0.0020

INDS −0.021323 0.083496 −0.255373 0.7995

CH −0.391244 0.098579 −3.968851 0.0002

R-squared 0.992741 Mean dependent var 10.03589

Adjusted R-squared 0.991229 S.D. dependent var 6.189624

S.E. of regression 0.579687 Sum squared resid 16.12976

Long-run variance 0.191739 — — —

Note: 1) ***, **, and * denote a significance of 1%, 5%, and 10%, respectively; 2) The co-integration regression contains no constant or trend; 3) Lags and leads are set according to AIC and BIC selection

criterion; 4) Results are estimated by Eviews 9.
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4.2 Results of FMOLS

Results from Models 1, 2 and 3 from Table 8 reveal that
FMOLS yield nearly similar results in terms of sign, magnitude,
and statistical significance. Combustible renewable and waste
“CRW” have a significant negative effect on TGHG, OGGE
and CO2E, this result clearly shows that the use of solid
biomass, liquid biomass, biogas, industrial waste and
municipal waste reduces emissions of air pollutants. This
result is consistent with the most recent literature on the
catalytic role of biomass energy in reducing air pollution.
Indeed, Magazzino et al. (2021) confirmed that biomass energy
consumption significantly reduces CO2 emissions in Germany.
Similarly, Bilgili et al. (2016); Bilgili et al. (2017) argued that
biomass energy mitigates the level of emissions in the USA.

Alternative and nuclear energy “ANE” has a negative impact on
“OGHG” and “CO2E”, but an unexpected significant positive effect on
“LNTGHG”, this surprising result can be explained to our knowledge
by the fact that some renewable energy emits greenhouse gases during
the production of energy devices. These emissions are much lower
than those of fossil fuels.

For the variable “GDP”, it has a significant positive effect on the
emission of industrial gases (OGHG), an increase in gross domestic
product in turn increases the emissions of fluorinated gases: (HFCs;
PFCs and SF6). To the best of our knowledge, these results are
clearly explained by the economic structure of the mentioned
countries, especially China, which is generally based on
secondary industry, contributing significantly to air pollutant
emissions, China consumed nearly 70% (69.77%) of the
secondary industry of its total energy consumption (Lin and

TABLE 10 Results of FMOLS.

Model 1: LNTGHG

Variable Coefficient Std. Error t-Statistic Prob

REC −0.050379 0.001125 −44.76149 0.0000

REO 0.020310 0.001479 13.73508 0.0000

CH 0.014497 0.007202 2.012993 0.0493

GDP −0.000949 0.003269 −0.290353 0.7727

INDS 0.006849 0.005496 1.246363 0.2182

R-squared 0.974249 Mean dependent var 15.67273

Adjusted R-squared 0.970782 S.D. dependent var 0.284163

S.E. of regression 0.048572 Sum squared resid 0.122683

Long-run variance 0.001800 — — —

Model 2: OGHG

REC −15.94364 0.664172 −24.00528 0.0000

REO 6.404563 1.196661 5.352029 0.0000

CH 34.24359 4.113123 8.325449 0.0000

GDP 5.955964 1.696273 3.511207 0.0011

INDS 0.688861 3.778139 0.182328 0.8562

R-squared 0.938826 Mean dependent var 69.55666

Adjusted R-squared 0.928867 S.D. dependent var 117.6241

S.E. of regression 31.37128 Sum squared resid 42318.76

Long-run variance 436.5204 — — —

Model3: CO2E

REC −0.201792 0.015246 −13.23538 0.0000

REO 0.077908 0.020031 3.889301 0.0003

CH −0.659851 0.097558 −6.763715 0.0000

GDP −0.100143 0.044285 −2.261350 0.0279

INDS 0.042038 0.074445 0.564686 0.5747

R-squared 0.989037 Mean dependent var 9.987736

Adjusted R-squared 0.987561 S.D. dependent var 6.148272

S.E. of regression 0.685706 Sum squared resid 24.45003

Long-run variance 0.330340 — — —
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Zhu, 2019), with the main energy consumption in China is still
fossil fuels (Zhu et al., 2020). Similarly, Germany still relies heavily
on fossil fuels (especially coal). This finding is reinforced by the
variable Industry (including construction) which has a significant
positive effect on the “OGHG”. Our result is consistent with the
work of Dong et al. (2019), Lin and Zhu (2019) and Zhu et al.
(2020).

Our empirical findings support the “Energy security theory”. This
theory states that rapid technological changes in the energy sector could
radically alter future energy prospects, while the shift to renewable energy
has positive effects on the climate and the environment.

4.3 Moderating effect

In addition to the direct effect, this study discusses the
moderating effect. In accordance with the mentioned
assumptions, this paper tests the Research and development
activities as a moderating variable; the results are presented in
Table 9.

It can be seen from Table 9 that the Research and development
activities have played a significant positive moderating effect between
RE and Pollution indicators reduction. This shows that after the use of
RE, pollution indicators can be decreased; this effect accelerates even

TABLE 11 Moderating effect.

Model 1: LNTGHG

Variable Coefficient Std. Error t-Statistic Prob

REC −0.048993 0.001345 −36.41318 0.0000

REO 0.014178 0.002395 5.919338 0.0000

R_D_REC 0.003982 0.001139 3.496248 0.0010

CH −0.000814 0.008541 −0.095249 0.9245

GDP 0.001903 0.003611 0.527028 0.6005

INDS −0.010398 0.006426 −1.618051 0.1118

R-squared 0.978030 Mean dependent var 15.67273

Adjusted R-squared 0.974584 S.D. dependent var 0.284163

S.E. of regression 0.045303 Sum squared resid 0.104668

Long-run variance 0.002048 — — —

Model 2: OGHG

REC −15.09168 0.820806 −18.38641 0.0000

REO 2.732185 1.701975 1.605302 0.1159

CH 26.09813 4.998152 5.221556 0.0000

GDP 7.450199 1.999752 3.725562 0.0006

INDS −7.193586 4.551534 −1.580475 0.1215

R_D_REC 2.126534 0.612721 3.470640 0.0012

R-squared 0.944036 Mean dependent var 69.55666

Adjusted R-squared 0.933376 S.D. dependent var 117.6241

S.E. of regression 30.36064 Sum squared resid 38714.27

Long-run variance 552.3678 — — —

Model 3: CO2E

REC −0.224817 0.004745 −47.37975 0.0000

REO 0.091201 0.026313 3.465932 0.0032

CH −0.149478 0.062096 −2.407234 0.0285

GDP −0.033730 0.024421 −1.381153 0.1862

INDS 0.050983 0.023463 2.172885 0.0452

R_D_REC −0.017088 0.004697 −3.638215 0.0022

R-squared 0.964366 Mean dependent var 4.205910

Adjusted R-squared 0.946548 S.D. dependent var 1.944409

S.E. of regression 0.449540 Sum squared resid 3.233373

Long-run variance 0.010377 — — —
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further after the integration of research and development. In order to
enable such large-scale deployments, continued research and
development efforts are required, with an emphasis on economic
sustainability (Blaabjerg and Ionel, 2015). Thus, supporting research,
development and innovation is one of the key elements of the energy
transition to accompany the corresponding sectors towards maturity,
competitiveness and the long-term targets of environmental
protection.

4.4 Robustness test

To check the robustness of our results, we exploited a robustness
analysis. We re-estimate all models using the variable “REC”
(Renewable Energy Consumption) as a new measure of RE.

To check the robustness of our results, we exploited a robustness
analysis. We re-estimate all models using the variable “REC”
(Renewable Energy Consumption) as a new measure of RE.
Table 10 presents the results found following the integration of
new variables, Renewable energy consumption “REC” has a
significant negative effect on air pollutants, which indicates that the
increase in “REC” is beneficial for reducing pollution indicators. Our
results are similar to those obtained by Ma et al. (2021) who
demonstrated a significant reduction in carbon emissions from
renewable energy in Germany and France.

Table 11 presents the results found after introducing the
moderating effect of the R&D variable. The results using a new
measure appear very similar to the original results of the basic
model. Thus, the use of renewable energies is perceived as a
slowing down of the pollution indicators.

The results of the robustness test prove that there is a
significantly negative relationship between the use of renewable
energy and the reduction of air pollution, with investment in
research and development activities strengthening this negative
relationship.

Results from the alternative measure “REC” confirm the
robustness of our results.

5 Discussion

Our findings are consistent with previous literature that links
renewable energy use with decreases in pollution indicators. Thus,
several research studies have shown that the use of renewable
energies is very effective in the mitigation of environmental
pollution. Renewable energy is one of the solutions to climate
change mitigation. The growth of renewable energy yields
significant reductions of carbon emissions (Kelly et al., 2019)
and overall ecological footprint reduction (Alola et al., 2019).
Therefore, the achievement of climate change mitigation
requires the promotion of renewable energy consumption.
Thus, the continuous increase in energy demand is among the
factors that have significantly influenced policy makers to
encourage local communities and private sectors to play their
role in sustainable energy production. This covers the saturation of
human welfare, and the consequent impairment of human health
due to environmental pollution (Hung, 2021). For the countries
studied, the real problem does not lie in the production of these
renewable energies, but really in their uses, taking for example the

case of China, although it presents the first producer of these
energies, it is currently the largest carbon emitter. This is explained
by the low use of these energies. In this context, a better integration
of renewable energies in the industrial sector of the countries
studied is highly recommended.

While existing works on this topic only deal with the CO2 variable,
we fill the gap in the literature and treat each pollution indicator
individually, moving from the general framework (“Total Greenhouse
Gas Emissions”) to the specific framework (“CO2 Emissions” and after
“Other Greenhouse Gas Emissions” which includes only fluorinated
gas emissions (HFCs, PFCs and SF6)). The consumption of renewable
energy has very little negative impact on the environment because it
does not produce waste or polluting gas emissions. This means that
renewable energies offer a global solution because they do not inject
polluting gas emissions into the environment. The results suggest the
introduction of renewable energies and the support of research and
development projects. The development of research and innovation in
renewable energies is highly recommended in order to find profitable
solutions and benefit from the use of inexhaustible sources such as the
sun or the seabed for energy supply. For this reason, Governments
around the world must support research and development activities.
In addition, dedicated calls for research and innovation projects can
also accelerate the development of renewable energies by providing
specific support to project developers.

6 Conclusion

Given the growing importance of long-term sustainable goals
over short-term goals, as well as the importance of this issue, and
since we all know the firm belief that “there is no other Planet B to
live on”, this paper aims to present the renewable energy practices
for the panel of China; USA and Germany, and to determine
whether these efforts have contributed to reducing environmental
problems and enjoying a clean world. Panel fully modified OLS
method showed that the deployment of renewable energies has
significantly contributed to the decrease of polluting gas
emissions; also, Research and development fully moderate this
relationship. The results of the empirical analysis support the
research hypotheses, and confirm on the one hand that the use of
RE can reduce emissions, and on the other hand that R&D
spending reinforces this relationship. For the studied
countries, the real problem does not lie in the production of
these renewable energies, but really in the right use, taking, for
example, the case of China, although it presents the first producer
of these energies, it is currently the largest carbon emitter. In this
context, better investment in R&D activities is highly
recommended.

To enhance energy security and reduce sensitivity to fluctuations
in conventional energy prices, we recommend i) digitization of the
energy transition so as to equip as many metering points as possible
with smart meters and to maximize the use of secured gateways for the
implementation of energy transition-related applications; ii) Investing
in the most efficient sustainable energy source to reduce
environmental pollution in each country, could be a rational
policy; iii) Integrate research and development work into the
process of energy transition and climate action, to achieve the
various long-term energy and climate objectives. And finally, Place
energy and climate policy efforts in an international context to achieve
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long-term goals and ensure the competitiveness of the global
economy.

Due to the rise in the involvement of environmental organizations
and climate activists, as well as the increasing interest in sustainability
goals, corporate social responsibility (CSR), and ESG criteria by
various stakeholders, more studies on the importance of innovation
and sustainability in the energy sector should be conducted.

Future research could also be expanded for firms in other sensitive
sectors for example tourism and transport. An analysis of the differences
between socially responsible and non-responsible companies can also be
conducted in order to draw further conclusions about the need to be
committed to humanity, environment and society.
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