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ARTICLE INFO ABSTRACT

JEL classification: The Sustainable Development Goals (SDGs) allow global economies to establish nationally determined plans to
Q20 track ecological and economic sustainability at regional and international levels. While renewables are proven

Q30 effective ecological sustainability tools, they might not comprehensively achieve climate change mitigation
825 without emissions control regulations available in the combined policy toolbox, largely ignored by mainstream
052 research. Therefore, we empirically assess the combined effect of renewable electricity output, stringent envi-
Keywords: ronmental regulations, and coal consumption in an attempt to acquire sustainable ecosystems via employing

second-generation methodological approaches to ten selected OECD members’ data during 1990-2015. We
revealed long-term equilibrium among our study variables, implying that our variables maintain inherent sta-
bility. Also, the environmental Kuznets Curve notion is verified in the long term. Notably, we found that
renewable energy output and stringent environmental regulations effectively mitigate ecological footprint and
carbon emissions, whereas coal consumption boosts them. However, as the degree of coal consumption-driven
carbon emissions promotion impact exceeded that of the emissions reduction impact of renewable energy
output, simply ramping up the deployment of renewable energy solutions would be insufficient for climate
change mitigation targets. Instead, a comprehensive climate policy inclusive of energy transformation and
environmental regulations would be indispensable. While all the under-analysis variables unveil significant
impacts merely in the long term, their respective short-term policies would be ineffective. We suggest imple-
menting marketable and non-marketable environmental laws and deploying renewable solutions for achieving
SDGs involving climate action and universal access to affordable alternative energy to guide a green and sustainable
future.
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1. Introduction climatic disturbances involving the increased occurrence of floods,

extreme weather events, escalating sea levels, melting ice caps, and

The scientific world and a substantial portion of the policy sphere
acknowledge that human actions are causing frightening ecological
disruptions — the so-called anthropogenic phenomena (AGR, 2022;
Gokul et al., 2023). Many climate scientists contend that anthropogenic
climatic adversities are presumably the cornerstone of changing envi-
ronmental conditions since human actions at one place on the planet
could even impact planet-wide frameworks capable of inducing societal,
biophysical, biochemical, and biological repercussions for decades and
centuries (Ahmad and Wu, 2022a; NOAA, 2022). There are numerous
anthropogenic actions leading to greenhouse gas (GHG) emissions and

warmer seas that may immediately endanger species, ruin their habitats
and inflict damage upon human populations and economies (Intergov-
ernmental Panel on Climate Change, 2022). Nevertheless, the activities
imparting the biggest impact during the last several decades are fossil
fuel burning and the consequently emitted GHGs, predominantly carbon
dioxide (Acuna-Alonso et al., 2022; CCDR, 2022). Therefore, fuel con-
sumption should be the prime concern to comprehend and combat
global warming, and this current study surrounds this subject.

The Paris Agreement, the United Nations Sustainable Development
Goals (SDGs) and the international community aim to set ambitious
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targets of Net-zero emissions by 2040 and 2055 (Jabeen et al., 2023a). In
this context, renewable energy transition is the central focus to mitigate
environmental emissions and climate change (Ahmad et al.,, 2022).
However, such energy transformation is not limited to changing the
energy structure by increasing the share of renewables but also dis-
carding traditional fossil fuel facilities (Davidson, 2019). Promoting
renewable energy resources may advance SDG-7 by focusing on
“ensuring access to affordable, reliable, sustainable and modern energy for
all” (Jabeen et al., 2023b) while restricting consumption of fossil fuels
like coal, which has been argued to be the principal culprit of carbon
emissions, will aid SDG-13 involving “taking urgent action to combat
climate change and its impacts.” Despite the fact that the proportion of
renewable energy resources roughly doubled between 2000 and 2017,
and the proportion of solar and wind power has quadrupled, the above
advances seem to substitute much. According to statistics, around 80%
of the global primary energy use was provided by fossil-based energy
resources in 2000. Whereas, as of 2017, this figure was 81% (BP, 2019),
which does not seem to decrease drastically in the coming twenty years,
given existing regulations remain in the status quo, while overall power
usage keeps climbing, especially for the economies facing rapid indus-
trialization process (Damrah et al., 2022a; Wang et al., 2022). Thus,
since the introduction and deployment of renewables alone would not
suffice, policies restricting the fossil-based energy demand would be
needed for comprehensive energy transformation to combat climate
change.

Given the foregoing argumentation, we cannot completely rely on
market mechanisms to provide an efficient and market-clearing
response to the adverse ecological effects since those mechanisms
have resulted in environmental inefficiencies. Hence, to preserve a
healthy and renewable ecological system, the function of stringent
environmental regulations is becoming increasingly crucial. Several

Table 1
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governments of developed countries have started widely embracing
regulatory instruments, such as the enforcement of environmental
taxation in transport and power sectors (Jabeen et al., 2021; Yirong,
2022), along with efforts to stimulate the development and utilization of
sustainable power (Li et al, 2022). Modern literature has been
attempting to determine if the strictness of environmental laws improves
ecological sustainability, where the stringent environmental regulations
can be characterized as the “implied or visible price of ecologically
detrimental conduct (OECD, 2017).” For instance, levying taxation on
energy- and carbon-intensive items shall drive individuals and busi-
nesses to transform to the usage and manufacturing of eco-friendly
goods and services (Mao et al., 2023; Tchorzewska et al., 2022). From
another viewpoint, ecological governance has been argued to signifi-
cantly contribute to ecological systems by influencing land use and land
cover conditions (Zhu et al., 2022). Therefore, the consideration of
stringent environmental regulations would encapsulate the effect of
environmental laws on ecological sustainability as well as contribute to
the profitability of firms by inducing them to innovate for competi-
tiveness in the global marketplace.

Against this backdrop, we attempt to answer the following critical
research queries: does combined consideration of renewable energy and
stringent environmental regulations successfully achieve ecological
sustainability goals? Whether the favorable influence of renewable en-
ergy exceed or lag behind the adverse ecological effects of coal con-
sumption? Do strict environmental regulations and renewable energy
consumption harness eco-friendly outcomes in the long- and short-term
perspective? Table 1 documents a summary of selected works on the
ecological impacts of renewable energy, stringent environmental regu-
lations, and coal use. The mainstream literature can be classified under
the following three headings:

Summary of selected works on the ecological nexus of renewable energy, environmental regulations, and coal consumption.

Author (s) Sample (period) Methods Dependent variable Findings (impacts of determinants)
(Niu et al., 2023) China (1970-2019) GLM, DLS Carbon emissions Energy transition (—), external trade balance (), urbanization (+), natural
resources (—), renewable energy use (+)
(Javed et al., 2023) Italy (1994-2018) DARDL Ecological footprint Green technology (-), renewable energy (), environmental taxation (), trade
openness (+)
(Caglar and Yavuz, 22 EU (1995-2018) CSC-ARDL Load capacity factor Environmental expenditures (/), renewable energy (—), natural resource rents
2023) (-), trade openness (+)
(Hassan et al., 2023)  OECD (1990-2019) CSC-ARDL, Ecological footprint Economic complexity (+), nuclear energy use (—), globalization (—), economic
AMGT growth (+)
(Chang et al., 2023) 15 RCEP (1990-2018) CSC-ARDL Ecological footprint Renewable energy use (—), militarization (+), economic growth (+)
(Liao et al., 2023) 10 OECD (1990-2019) MMQRA Ecological footprint Industrialization (+), foreign direct investment (+), renewable energy use (—)
(Meng and Yu, 2023) China SDM Thermal production Carbon taxation (—), quota ratio (—), emissions reduction intensity (—)
(Xie et al., 2023) China MMQRA Carbon emissions Imports (+), environmental regulations (—), green innovation (—)
(Dogan et al., 2023) 25 EU (1995-2019) DLS, FM-LS Renewable energy Environmental taxation (—), economic growth (+), oil price (+)
(Liu et al., 2023a) G7 (2000—2020) CSC-ARDL Renewable energy use  Stringent environmental regulations (+), financial development (+), green
investment (+)
(Zhou et al., 2023) Chinese firms (2004-2016) PSM, DID Environmental Environmental stringency (+), foreign direct investment (—)
innovation
(Liu et al., 2023b) BRICST (1990-2020) MMQRA Carbon emissions Environmental policy strictness (—), renewable energy (—), technology
innovation (—)
(Li and Haneklaus, India (1990-2020) ARDL Carbon emissions Coal use (+), clean power (—), urbanization (), trade openness (+)
2022b)
(Gyamfi et al., 2021) E7 (1990-2016) PQET Carbon emissions Coal consumption (+), economic growth (+), renewable energy (—)
(Jiang and Sun, 30 Chinese provinces CSECM Carbon emissions Industrial structure (/), coal consumption (+)
2023) (2000-2019)
(Li and Haneklaus, China (1992-2020) ARDL Carbon emissions Green energy utilization (—), coal consumption (+), trade (+)
2022c)
(Kartal et al., 2023) France (1970-2021) DARDL Carbon emissions Coal use (+), renewable energy use (/), nuclear energy use (—)
(Li and Haneklaus, China (1990-2020) ARDL Carbon emissions Fossil fuel utilization (+), economic growth (—), renewable energy use (—)

2021)

Notes: + and - denote the positive and negative impacts of independent variables on dependent variables, while / indicates the insignificant relationships. Countries:
EU: European Union, OECD: Organisation for Economic Co-operation and Development, RCEP: Regional Comprehensive Economic Cooperation, G7: Group of seven,
BRICST: Brazil, Russia, India, China, South Africa, and Turkey, E7: emerging industrialized seven. Methods: GLM: generalized linear model, DLS: dynamic least
squares, DARDL: dynamic autoregressive distributed lags, CSC-ARDL: cross-section corrected ARDL, AMGT: augmented mean group technique, MMQRA: method of
moments quantile regression analysis, SDM: system dynamics model, FM-LS: fully modified least squares, PSM: propensity score matching, DID: difference-in-
difference, PQET: panel quantile estimation technique, CSECM: cross-section augmented error correction method.
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1.1. Renewable energy — Ecological sustainability nexus

According to the first heading, several scholars have explored the
nexus between renewable energy and ecological sustainability to find
mixed empirical outcomes. In this regard, Edziah et al. (2022) corrob-
orated the influence of renewable energy use and imported technologies
on the COy of Sub-Saharan African economies by utilizing the mean
group estimation approach (MGEA) on data from 1995 through 2017.
The authors confirmed emission reduction in response to both variables.
Using data from South Asia over the 1990-2017 period, Dogan et al.
(2022) analyzed the contributions of renewable energy and unemploy-
ment on carbon emissions and disclosed a positive influence of both
variables on environmental quality. Using the bounds testing approach
on data from Saudi Arabia from 1980 through 2017, Abid et al. (2022)
delved into and revealed the environmentally favorable effects of
renewable energy use and human capital indicators. Adekoya et al.
(2022) inspected the relationship between renewable power utilization
and ecological systems by employing an augmented mean group tech-
nique (AMGT) on data from 14 of the net-oil importing/exporting
countries. The authors concluded with the environmental quality effects
of renewable power for the selected sample. Usman and Makhdum
(2021) used a fully modified ordinary least squares (FM-LS) technique
on panel data of BRICS and Turkish economies over the 1990-2018
period to analyze and find negative contributions of renewable energy
and agricultural value-added to ecological footprint. In their study,
Depren et al. (2022) conducted a bibliometric analysis of published
academic sources from 1980 through 2021. The authors revealed a
significant number of studies investigating and expressing the contri-
butions of renewable energy to environmental deterioration worldwide.

On the contrary, Raghutla et al. (2022) applied a panel quantile
estimation technique (PQET) to data from N-11 economies from 1990
through 2018 to investigate the influence of renewable energy on
environmental sustainability. The authors claimed that renewable en-
ergy utilization degraded the environmental quality of sampled coun-
tries. Then, using MMQRA, Satrovic and Adedoyin (2023) analyzed the
data from Southeastern European countries over the 1997-2018 period
to investigate the influence of energy transition on CO, and revealed an
adverse effect of the same. Eventually, Li and Haneklaus (2022a)
investigated the influence of green energy use, international trade, and
urbanization on carbon emissions for G7 economies from 1979 through,
2019 by employing an ARDL modeling setup. The authors unfolded that
international trade promoted those emissions, while urbanization and
green energy use mitigated them. Nonetheless, their study did not cap-
ture the impacts of coal and stringent environmental regulations.
Moreover, they only considered carbon emissions, which is one of the
building blocks of ecological footprint consumption. Besides, they did
not plug in their variables in a benchmark theoretical framework, which
is inevitably critical to make the incorporation of estimated outcomes
logical.

1.2. Stringent environmental regulations — Ecological sustainability nexus

Under the second heading, a bunch of researchers studied the in-
fluence of strict environmental laws and regulations on different
ecological quality indicators. For example, Afshan et al. (2022) used a
method of moments quantile regression analysis (MMQRA) to data from
27 OECD countries to investigate the effects of stringent environmental
laws and energy shifts on ecological quality. The authors observed
ecological sustainability improvement effects in response to both vari-
ables. Yirong (2022) applied an asymmetric ARDL strategy to examine
and uncover that strictness in environmental policies promotes envi-
ronmental sustainability by curbing the carbon emissions in the USA,
China, Russia, Japan, and India over the 1990-2019 period. Employing
the cross-section corrected ARDL (CSC-ARDL) on OECD members’ data
from 2001 through 2018, Li et al. (2022) analyzed and discovered the
ecological improvement influence of environment-related technologies
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and environmental regulations. In the same vein, Luo and Mabrouk
(2022) utilized the CSC-ARDL technique to empirically investigate the
contributions of ecological rules’ strictness and ecological innovation on
ecological quality and found that both variables introduced the miti-
gation of ecological footprint consumption in the resource-abundant
nations. Studying the case of Asia, Chien et al. (2021) assessed and
disclosed an ecologically friendly influence of eco-innovation and
environmental regulations by applying the CSC-ARDL method to data
from 1990 through 2017. Contrastingly, Hassan et al. (2022) inspected
and found an adverse ecological impact of strict environmental regula-
tions in the OECD region over the 1990-2020 period.

1.3. Coal consumption — Ecological sustainability nexus

The third heading of mainstream literature analyzed the linkage
between coal consumption and diversified ecological indicators and
found ecological degradation effects. For example, Ali et al. (2022)
utilized a nonlinear ARDL approach to investigate the role of coal con-
sumption on Asia’s carbon emissions during, 1970-2017. The authors
unambiguously found carbon emissions acceleration effects of coal uti-
lization in the sample countries. Applying threshold regression analysis,
Adekoya et al. (2023) studied the influence of coal consumption on
global giant coal consumers’ environmental, economic, and health
sectors over the 2000-2018 period. They observed that coal intensity
reduction was expected to lead to low environmental emissions but
would slow down the economic performance of the sampled countries.
Jia et al. (2023) employed a logarithm-based mean divisia index
approach (LMDIA) on Chinese data from 2012 through 2017 to examine
and find the harmful environmental and health impacts of coal con-
sumption. Jonek-Kowalska (2022) explored and revealed the various
paths of achieving rapid carbon neutrality in the European Union (EU)
countries, with the most preferential one involving cutting coal con-
sumption. In their work, Ma et al. (2022) used stochastic impacts by
regression on population, affluence, and technology (STIRPAT) bench-
mark framework to analyze Chinese data from 2000 through 2019. The
authors observed that energy footprint was a critical contributor to
provincial-level ecological footprints. Qi et al. (2022) made use of the
multisource remote sensing data to test the correlation between coal
mining and land use and land cover in the Datong River region of China
over the 2000-2019 period. Their empirics showed a significant upsurge
in road and mining space, changing the region’s land use and land cover.
Applying an input-output analytical strategy, Guo et al. (2012) exam-
ined and found significant contributions of coal consumption to Beij-
ing’s CO3 in 2007. Finally, making use of China’s data from 1998 to
2017, Jia et al. (2022) inspected the role of coal reduction and emissions
trading regulations on the mitigation of coal consumption. The authors
declared that the policies on relocating coal over-reliant industries were
found to be favorable regulations in curtailing coal consumption and
environmental emissions across China.

1.4. Research gaps, objectives, and contributions

Though reflective progress has been observed in the mainstream
literature exploring the ecological impacts of renewable energy, envi-
ronmental regulations, and coal consumption, some critical aspects with
practical and theoretical cruciality have not been taken into account by
previous studies. Firstly, none of the past studies has been noted to
analyze the combined consideration of renewable electricity output,
stringent environmental regulations, and coal consumption integrated
into the same modeling framework. The previous scholars incorporated
the role of the variables mentioned above in ecological sustainability on
a piecemeal basis. The combined integration of the said variables is of
supreme importance in that the stringency of environmental regulations
alone cannot yield optimal results without promoting renewable energy
and vice versa. Furthermore, the coal reduction strategies could be
pragmatically essential for ecological sustainability goals, in addition to
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placing stringent environmental regulations and increasing the renew-
able resources’ proportion among the energy structure of an economy.
These arguments make this literature void critical enough to attract the
attention of scholars, practitioners, policymakers, and governmental
authorities. Secondly, the existing studies primarily failed to dig deeper
into the theoretical mechanisms linking renewable electricity output,
stringent environmental regulations, and coal consumption with
ecological sustainability. From theoretical frontiers, this research gap is
extremely vital and imperative to fill since, without a theoretical foun-
dation, merely ad-hoc conduction of empirical analyses would yield
spurious results, misguiding the policy design complemented with
incomplete theoretical foundations.

To fill the above-stated critical knowledge gaps, we intend to
empirically analyze the combined role of renewable electricity output,
stringent environmental regulations, and coal consumption in deter-
mining the ecological quality of ten selected OECD member countries
during 1990-2015. As covariates, linear and quadratic terms of per
capita real GDP are also included. We put forward cutting-edge contri-
butions: First, we consider the combined inclusion of renewable elec-
tricity output, stringent environmental regulations, and coal
consumption within the same framework. This is crucial since the
integration of renewable energy promotion and coal consumption
mitigation policies could be considered the forefront driving forces of
environmental sustainability objectives of sustainable development, as
they complement and strengthen the fulfillment of SDGs 7 and 13,
respectively. While coal consumption can be facilitated only under
stringent environmental regulations, including such regulatory factors
in a combined framework would provide insightful findings. Second,
unlike previous scholars, we establish theoretical foundations of relating
our choice variables with ecological sustainability by augmenting the
seminal theoretical setup by Grossman and Krueger (1991). Finally, we
employ modern econometric analysis strategies capable of handling the
potential presence of heterogeneous slopes and cross-sectional de-
pendency concerns. This empirical analysis will enhance our under-
standing regarding the efficacy of environmental regulations, renewable
energy policies, and curtailment of fossil fuels to achieve ecological
sustainability for climate change mitigation.

The remaining study is organized as follows: Section 2 establishes the
theoretical linkages of independent variables with ecological sustain-
ability and develops hypotheses. Section 3 explains data, variables, and
methodological frameworks. Section 4 interprets the econometric out-
comes. Section 5 discusses the key outcomes. Section 6 deals with
conclusion points, policy suggestions, and future research directions.

2. Modeling theoretical linkages and hypotheses formulation

We build on the seminal framework by Grossman and Krueger
(1991), who pioneered in identifying the linkages between environment
and economy via offering the following parsimonious framework in Eq.
1:

LED;, = a+ B, LRGPC;, + ,LRGPC*; + ¢ (€))

Where L is the natural logarithmic operator, LED is a natural log of
ecological degradation (ED), measured by two proxies: the ecological
footprint (ECFP) and carbon dioxide emissions (CDE). After that, LRGPC
and LRGPC? refer to the natural log of per capita real GDP (RGPC) and
per capita real GDP squared (RGPC?). Finally,i=1,2,...10;t=1,2, ...
26, and ¢;; refers to the residual term. The parameter a indicates the drift
of the model while f; are the coefficients of independent variables. In
light of Eq. 1, Grossman and Krueger (1991) hypothesized that anthro-
pogenic activities by economic agents (households and firms) deterio-

_ OLEDy,
= FIRGPC, 0),

after which ecological quality starts improving in response to an in-

. P . OLED,
crease in those activities (i.e., f, = SR GPS;
it

this environment-economy debate, economic scholars and energy-

rate the ecological systems up to a certain level (i.e.,

< 0). After the inception of
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environmental scientists have studied the modeling setup in Eq. 1 to
integrate diversified factors (Damrah et al., 2022b; Dinda, 2004).
Following this convention, we augment Eq. 1 for renewable electricity
output (REO), stringent environmental regulations (EPSI), and coal
consumption (COAL) to investigate the combined effects of those vari-
ables on ecological sustainability.

According to our first augmentation, the REO is embedded in the
ecological degradation model as a factor of ED to quantify and capture
the environmental sustainability effects of renewable electricity output.
Theoretically, the link between renewable electricity output and
ecological footprint consumption is intricate. On one side, a rise in the
amount of investment in renewable energies might result in an expan-
sion of economic activity, a boost in power usage, as well as an elevation
in carbon footprint (Ahmad and Wu, 2022b; Oluoch et al., 2021).
Furthermore, boosting such investment endeavors might cut GHG
emissions by encouraging the transition of the energy layout, leading to
less intensive power utilization (Liu et al., 2022; Zhang et al., 2022). It
demonstrates that the magnitude of resources invested in renewables
induces a direct as well as an indirect influencing mechanism on
ecological sustainability. From another perspective, a suitable invest-
ment layout may support the restructuring of industrial design, improve
the generation capacity of societal goods and services, and allow further
opportunities for the growth of investment ventures from the long-run
perspective (Broska, 2021; Hao et al., 2023). It suggests that the
pattern of investments in renewable energy development may influence
the magnitude of such investments, consequently influencing the
ecological systems via energy mix, industrial prosperity, and energy
efficiency (Shimbar and Ebrahimi, 2020; Wu et al., 2024). Such in-
vestments in renewable energy sources and the consumption of those
sources might have diversified ecological quality consequences. Based
on these viewpoints, we formulate the following association:

Hypothesis 1. Renewable electricity output is expected to either

improve or deteriorate ecological quality (i.e., aiﬁ%ft <0or>0).

As a second augmentation, we introduce EPSI as a determinant of ED.
From one standpoint, seizing the contributions of stringent environ-
mental regulations conveys the effectiveness of ecological standards in
reducing carbon emissions. From another aspect, it might enable econ-
omies to realize the EKC’s tipping point relatively faster, probably in the
early stages of industrial prosperity. These reasons sufficiently demon-
strate the significance of incorporating EPSI in the model. The stringent
environmental regulations may surge the cost of utilizing environmen-
tally inefficient energy sources and technologies, thereby inducing in-
dustries to transition to environmentally friendly solutions such as
renewable and energy-efficient technologies for energy conservation
and ecological protection (Afshan et al., 2022). Moreover, strict envi-
ronmental laws might compel high-polluting businesses to shift their
capital to low-environmental standard countries, the so-called capital
outflow, driving down domestic ecological pollution (Ahmad and
Satrovic, 2023). Given these arguments, we hypothesize the following
relationship between EPSI and ED:

Hypothesis 2. Stringent environmental regulations are likely to foster
OLED;,

ecological sustainability (i.e., st < 0).

Our third augmentation of the ecological degradation model involved
the inclusion of COAL to the baseline Eq. 1. While the power sector
generally influences ecological systems, coal usage is primarily
responsible for climatic adversities. The combined oxidation and
burning of coal and carbon produces CO,, a GHG that traps heat in the
atmosphere and acts as a layer in the atmospheric environment, causing
planet earth’s temperatures to rise beyond the desirable levels persis-
tently. Globally, coal contributes to the power sector as a dominant
energy source. Considering its functionality, steam is produced as a
result of the burning of coal, powering turbine generators to produce
electric power. Since coal products produce high-demand products,
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their use has become inevitable. For instance, the coking form of coal is
principally utilized in the steel industry. Further, approximately 70% of
steel production globally is derived from charcoal, a black carbon res-
idue from coal. Unlike other fossil-based energy sources, burning coal
involves far more CO;, per unit of latent heat. Eventually, the coal’s
ignition process creates black carbon, which contributes to the ampli-
fication of the global warming phenomenon. In light of the arguments
mentioned earlier, we formulate the following hypothesis:

Hypothesis 3. Coal consumption is expected to impart a detrimental

. . . o1 . OLED;
influence on ecological sustainability (i.e., ;;coa7— -> 0).
;

Given the above theoretical contributions, we augment Eq. 1 by
incorporating EPSI, COAL, and REO, yielding Eq. 2:

LED, =a+ p,LRGPC;+ ,LRGPC?, + B, LEPSI;; + f,LCOAL; + B LREO;,
+&i
@

To account for the ecological degradation effects of EPSI, COAL, and
REO, along with the EKC phenomenon, we adapt two model specifica-
tions based on two alternative proxies: ECFP and CDE. These models are
specified as Egs. 3 and 4 as follows:

Model1: LECFP; =a+ f,LRGPC; +ﬂ2LRGPC2i, +BsLEPSI; +p,LCOAL;,
+ﬂ5LRE0ir +&;
3

Model 2 : LCDE;, =a + 8, LRGPC;, + ,LRGPC®; + p,LEPSI,,

4
+ B,LCOAL; + BsLREO, + ¢, )

We estimate both models using FM-LS and PM-ARDL estimation
strategies, robust to cross-section dependency and slope heterogeneity
issues.

3. Data and methods

This section explains compilations, calculations, and definitions of
our under-analysis data and empirical methods employed to examine
those data for long-term policy insights.

3.1. Data

In order to analyze the relationship between stringent environmental
regulations and ecological degradation, this study makes use of the
annual frequency-based longitudinal data from 1990 through 2015 for
ten OECD member countries (i.e., Australia, Canada, France, Germany,
Italy, Japan, Korea, Rep., Turkey, the United Kingdom, and the United
States). The ten OECD member countries and the time period are
selected based on the availability of data for 25 years and beyond. In
fact, the analysis period is limited to 26 observations, as data on strin-
gent environmental regulations index are only available for the period
1990-2015 for the selected ten OECD member countries. The data of
interest are gathered from various sources. The ecological footprint was
obtained from the GFN (2019), whereas the stringent environmental
regulations index was collected from the OECD (2017). Furthermore,
data on GDP per capita, CO, emissions (metric tons per capita) and
renewable electricity output (% of total electricity output) were gath-
ered from the WB (2021). Data on coal consumption were collected from
the BP (2021). In Table 2, information about the inspected variables is
presented.

The descriptive statistics by OECD member country of all the
sampled variables are presented in Table 3. The rank of United States is
among the OECD members having the greatest average ecological
footprint per capita (9.58), followed by Canada (8.53), with Japan and
Turkey having the least average ecological footprint per capita for the
period 1990-2015. Turning to CO», the United States shows the greatest
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Table 2
Variables’ description.
Variable Description Source
code
ECFP Ecological footprint of consumption (GFN, 2019)
(global hectare — gha per capita)
CDE Carbon dioxide emissions (metric tons (WB, 2021)
per capita)
RGPC Per capita GDP (constant 2010 USS$) (WB, 2021)
RGPC? Per capita GDP squared (constant 2010 (WB, 2021); authors’
Us$) calculations
EPSI OECD’s stringent environmental (OECD, 2017)
regulations index
COAL Coal consumption (million tonnes of oil (BP, 2021)
equivalent)
REO Renewable electricity output (% of total ~ (WB, 2021)

electricity output)

average values, followed by Australia. Moreover, Turkey and France
have the lowest average per capita CO,. For per capita real GDP,
maximum average values are reported for Australia (45,608.18) fol-
lowed by the United States (44,582.00), whereas the minimum average
values are reported for Korea, Rep. (17,355.62) and Turkey (9306.71).

Concerning stringent environmental regulations, Germany has the
highest average stringent environmental regulations index of 2.43, fol-
lowed by France (2.08). Turkey (1.03) and Australia (1.60) have the
least average stringent environmental regulations index. Based on the
data for the whole panel, it can be concluded that the United States has
the highest average coal consumption, million tonnes of oil equivalent,
followed by Japan, whereas France and Italy have the least average coal
consumption. Turning to renewable energy, Canada has the highest
average renewable electricity output (% of total electricity output) fol-
lowed by Turkey, whereas Korea, Rep. and the United Kingdom have the
least average renewable electricity output (% of total electricity output)
in our sample. The time series trends of all variables for individual
countries can be seen in Fig. 1.

Notably, Germany has shown the highest average stringent envi-
ronmental regulations index, yet, we observed it to be among the highest
coal consumer countries too. Nevertheless, looking at Germany’s overall
data trends during 1990-2015 (see Fig. 1), while the stringent envi-
ronmental regulations index consistently crawled up, the carbon emis-
sions and coal consumption revealed slightly declining trends, which are
perhaps attributable to the strict environmental regulations and
renewable energy transition efforts. Despite this, Germany remains
among the top coal-based electric power producers globally, generating
around 35% of electricity from coal resources (i.e., hard and lignite coal)
(Oei et al., 2020). In this context, coal was reported to contribute about
70% of total carbon emissions from the electric power industry as of,
2019. In addition, the famous climate policy-motivated tool, the Euro-
pean Emissions Trading System (EUTS), was criticized for rather
impeding coal consumption mitigation pathways (DIW Berlin, 2019).
Against this backdrop, Germany has recorded stagnant GHG emissions
levels even after shutting down the country’s hard natural coal mining
operation in 2018 (Oei, 2018). This is perhaps because the nation’s coal
production cut was insufficient to mitigate those emissions and put the
country on the path to achieving the climate policy goals. Most recently,
in the wake of the Russia-Ukraine war, Germany has seen a notable
resurgence in coal consumption in the electric power generation sector
due to the high oil and natural gas prices induced by their supply dis-
tribution from Russia (Adolfsen et al., 2022). This scenario might bring
about significant delays in achieving Germany’s coal phasing-out
targets.

In Table 4, as per the correlation matrix, ecological footprint estab-
lished positive correlations with (i) per capita real GDP; (ii) coal con-
sumption, and (iii) renewable electricity output, while the negative
correlation between ecological footprint and stringent environmental
regulations index is not statistically significant. Similar conclusions can
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Table 3
Summary statistics.
Variable = Measure  Australia Canada France Germany Italy Japan Korea, Turkey United United Total
Rep. Kingdom States
ECFP Mean 8.01 8.53 5.33 5.54 5.26 5.11 5.16 2.90 5.60 9.58 6.10
St dev 0.76 0.45 0.29 0.45 0.42 0.35 0.68 0.32 0.47 0.77 1.96
Max 9.19 9.50 5.77 6.90 5.83 5.63 5.95 3.39 6.19 10.48 10.48
Min 6.40 7.76 4.70 4.94 4.39 4.46 3.74 2.33 4.59 8.15 2.33
CDE Mean 16.98 16.00 5.77 10.14 7.17 9.28 9.57 3.48 8.55 18.65 10.56
St dev 1.10 0.75 0.51 0.79 0.76 0.31 1.77 0.63 1.04 1.55 4.88
Max 18.50 17.37 6.50 12.03 8.19 9.89 11.96 4.48 9.93 20.47 20.47
Min 15.32 14.73 4.59 8.97 5.39 8.60 5.81 2.58 6.15 15.54 2.58
RGPC Mean 45,608.18  42,280.57  37,973.72  38,653.28  34,866.60  42,749.18  17,355.62 9306.71 36,192.72 44,582.00 34,956.86
St dev 6827.17 5556.20 3409.20 3878.85 2291.79 2565.38 5532.81 2174.17 4833.05 5357.12 12,303.92
Max 55,079.90  50,427.90  41,793.50  45,208.10  38,272.20  47,102.60  26,063.70 13,924.10  42,121.70 52,236.10 55,079.90
Min 35,033.40  35,108.50  32,524.00  32,430.30  30,871.30  38,092.70  8495.58 6708.88 28,214.50 35,542.10 6708.88
EPSI Mean 1.60 1.76 2.08 2.43 1.99 1.81 1.85 1.03 1.86 1.65 1.81
St dev 1.12 1.31 1.15 0.56 0.74 0.72 1.16 0.64 1.13 0.81 1.01
Max 4.07 3.85 3.70 3.14 3.28 3.50 3.52 2.21 3.83 3.17 4.07
Min 0.46 0.38 0.71 1.21 0.96 1.13 0.50 0.21 0.81 0.58 0.21
COAL Mean 48.25 26.76 13.43 88.13 13.58 100.41 51.30 24.04 40.68 491.28 89.79
St dev 6.20 3.82 2.82 12.67 1.90 16.20 21.54 7.00 10.59 45.89 138.09
Max 58.23 31.92 20.21 131.53 16.67 121.65 85.40 36.50 65.06 545.74 545.74
Min 38.21 19.65 8.59 71.74 10.67 76.12 23.57 15.80 23.07 372.23 8.59
REO Mean 9.66 61.22 13.54 10.97 22.31 10.24 1.73 30.32 5.68 10.16 17.59
St dev 1.83 1.50 1.93 7.94 7.60 1.84 1.04 8.47 5.89 1.64 17.20
Max 14.91 63.30 17.06 29.23 43.39 15.98 6.04 46.18 24.84 13.23 63.30
Min 7.50 58.03 9.86 3.17 15.48 7.99 0.99 17.35 1.63 6.78 0.99
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Fig. 1. Trends of final estimation variables across selected 10 OECD members.

Note: 1 = Australia, 2 = Canada, 3 = France, 4 = Germany, 5 = Italy,

(Source: Authors’ estimations)

be drawn for carbon dioxide emissions. However, we report a positive
but insignificant association between renewable electricity output and
CO,. Moreover, the per capita real GDP is positively correlated to

stringent environmental regulations index and coal consumption, while

the correlation coefficient between per capita real GDP and renewable
energy is not statistically significant. The stringent environmental reg-
ulations index is negatively correlated to coal consumption and
renewable energy, but these coefficients are not significant. Moreover,

3.2. Methods
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6 = Japan, 7 = South Korea, 8 = Turkey, 9 = United Kingdom, 10 = United States.

coal consumption is negatively correlated with renewable energy. Be-
sides, in Fig. 2, the graphical correlations among the study variables
found correlations consistent with those of Table 4.

The OECD is committed to coordinating policies to help member

countries mitigate environmental challenges. Considering the higher



M. Ahmad and E. Satrovic

Table 4
Correlation matrix.
Variables ECFP CDE RGPC EPSI COAL REO
ECFP
CDE 1
RGPC 0.604*** 1
EPSI —0.006 0.429%** 1
COAL 0.591*** 0.308*** —0.024 1
REO 0.080 0.019 -0.017 —0.227%%* 1

Note: **p < 0.05 and ***p < 0.10 denote 5 and 10% levels of significance,
respectively.

degree of economic and environmental integration of OECD member
countries and their commitment towards better lives, one major issue
that is likely to arise in the observed sample is the interdependence
between individual countries of interest. Herein, our paper analyzed the

Ecological Informatics 75 (2023) 102121

cross-section dependency (CSDP) using Breusch and Pagan’s (1980)
Lagrange multiplier (LM) test, Pesaran’s (2004) scaled-LM test and
Pesaran’s (2015) CSDP test.

Two of the most popular unit root tests, namely Im et al. (2003)
cross-sectionally adjusted (CAGIPS) test and the cross-sectionally
adjusted Dickey and Fuller (CAGDF) testing approach of Pesaran
(2007) are used to unearth the stationary of the inspected variables. The
CAGDEF test can be formulated as below (Eq. 5):

Ay, = a; +ﬂiyn—l + }’if; + €ir (5)
where vit = yify + €, with common factor denoted by f; and country-
specific errors by &, a; = (1 — 6ppy, fi = — (1 — §) and Ay = yir —
¥it—1.- These tests are designed to test the null hypothesis of a unit root for
a series in a panel (Hy : f; = 0) against the alternative (H; : ; < 0 fori =
1,2,..,N,pi=0fori=N; +1,N; + 2, ..., N). The CAGIPS test statistics
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can be expressed as follows — Eq. 6:
1 N

CAGIPS = — CADF; 6
¥ ; ; 6

The critical values for comparison with calculated values by Eq. 6 are
acquired from Pesaran (2007).

The slopes across the individual cross-sectional units need to be
heterogeneous to use the second-generation cointegration approach.
Hence, we made use of Pesaran and Yamagata’s (2008) slope hetero-
geneity approach, which is an upgraded version of Swamy’s (1970)
technique. The statistics for large and small panels, respectively, are
given as:

D_tilde = VN (N"ﬁ/f e / ze) ~ 2 %)
D_tilde,; = /N (N’l./ﬁ/ —e / W(T, e) ) ~N(0,1) ®

where SY is indicative of Swamy’s ingredient, e is the depiction of the
explanatory variables, N shows the number of countries, and v(T,e) is
the standardized formulation of the residuals. The null hypothesis of
slope homogeneity is tested against the alternative of heterogeneous
slopes.

For testing the long-term relationship between sampled variables
and accounting easily for CSDP, our study employs the Westerlund
(2007) panel cointegration tests (i.e., four tests in total). The underlying
idea is to test the null hypothesis of no cointegration. Two tests evaluate
the H; that the panel is cointegrated as a whole (G, Go) while P; and P,
analyze the existence of at least one individual that is cointegrated under
the H;. For the sake of robustness, this study employs the Kao (1999)
panel cointegration test.

After determining the long-term relationship among ecological
footprint, carbon emissions, linear and squared terms of per capita real
GDP, renewable electricity output, stringent environmental regulations
index, and coal consumption, we need to estimate the cointegration
coefficients of Egs. 3 and 4 by employing FM-LS proposed by Pedroni
(2000) and PM-ARDL proposed by Pesaran et al. (1999) estimation
procedures. The FM-LS can be formalized as below (Eq. 9):

T -1 N T
Bor = Z Z(Xn — %) (xi x;),] {Z(Z(xn %) — TAeU) }
i=1 =1 i=1 =1
)

where X; refer to the country specific means; N stands for cross-sectional

dimension; T denotes the time period; y;; denotes the y series; Z:U is the
correction term. The econometric model for the PM-ARDL technique can
be constructed as below (Eq. 10):

P q
LED; = " O;LED;j+ > pyij + i + i (10)
= J=0
Here, ED stands for ecological degradation proxy variables; x;; in-
dicates explanatory variables, p; is the vector of respective regression
coefficients,f;; indicates the parametric estimates having lags associated
with the explained variable, y; is the individual cross-section-based error
term, and u; indicates the general residuals. Short-run coefficients
consider the following specification (Eq. 11):

P 9 q
ALED; =ay+ Y O,ALED, ;+ Y  §ALRGPC, ;+ Y f3,ALRGPC2,_,

i=1 j=1 m=1

q q q
+ " @ALEPSI,_,+ Y 6,ALCOAL_,+ »  6,ALREO,_,

r=1 s=1 v=1

+7ECT,| + ¢
an
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where p denotes the explained variable’s lags and q as regressors’ lag.
ECT stands for the error-correction term.

Finally, Dumitrescu and Hurlin’s (2012) causal linkage detection
approach is employed in this paper to analyze the causality connections
between inspected variables. This test computes the Wald statistics (W;)
given by (Eq. 12):

1 N
W =5 D W 12
i=1

where WﬁN% depicts statistics obtained with averaging each Wald sta-
tistics for cross-sections. The null hypothesis of “homogeneous non-
causality” is assessed against the alternative of heterogeneous causal
connections that can exist between variables for some OECD member
countries.

4. Estimation results

This section reports the empirical results obtained by a series of
advanced panel data econometric techniques ranging from pre-analysis
to main data analysis outcomes.

4.1. Testing CSDP

When working on longitudinal data, CSDP is an important issue to
consider, as it might appear in longitudinal data models in the face of the
considerable financial and environmental interdependence of OECD
countries. Following this discussion, in the initial stage of our analytical
procedures, we conducted the CSDP tests. As per Table 5, beginning with
the findings of test results, CSDP is found to exist as the null hypothesis
of cross-section independence is subject to rejection in our models.

Since the considered CSDP tests reject the null hypothesis of cross-
sectional independence for both models, empirical outcomes validate
our preliminary insight that OECD member countries may reveal
extremely close economic and environmental interdependence mainly
attributable to efforts to reduce greenhouse gas emissions. The output
depicted in Table 5 gives enough evidence that there is CSDP in our
models.

4.2. Panel unit root and slope homogeneity test results

As pointed out by (Baltagi et al., 2016), unit root tests that assume
cross-sectional independence could not work in general on panel data
models with CSDP. Instead of using unit root tests that assume cross-
sectional independence, we adopt tests that could control the CSDP.
Table 6 presents the statistical outcomes of CAGIPS and CAGDF testing
approaches. In the case of ECFP, the null hypothesis of non-stationary
series without trend is accepted in the model in its levels. However,
the two testing approaches suggest all of the series become unit root-free
in the first-differenced form with and without trend.

The estimation outcomes for the CAGIPS and CAGDF testing ap-
proaches outline that ecological footprint per capita, per capita real
GDP, per capita real GDP squared, stringent environmental regulations
index, coal consumption, renewable electricity output and carbon di-
oxide emissions per capita contain no unit root at the first difference in

Table 5
CSDP test results.

Items Model 1 (with LECFP) Model 2 (with LCDE)

Test/Variable Statistic Prob. Statistic Prob.
Breusch-Pagan LM 200.71 %= 0.000 217.06%** 0.000
Pesaran scaled LM 15.36%** 0.000 17.08*** 0.000
Pesaran CD 5.45%%* 0.000 2.24%* 0.025

Note: **p < 0.05 an *p < 0.10 denote 5 and 10% levels of significance,
respectively. L denotes the natural logarithmic form.



M. Ahmad and E. Satrovic

Ecological Informatics 75 (2023) 102121

Table 6
Results of slope homogeneity and CAGIPS and CAGDF approaches for stationarity testing.
Level form LECFP LCDE LRGPC LRGPC? LEPSI LCOAL LREO
CAGIPS (constant) —2.12 —1.47 —1.58 —1.54 —3.35%** —-1.16 —-2.00
CAGIPS (constant & trend) —3.37%%* —2.85* -1.91 —-1.85 —3.30%** —-1.95 —3.65%*
CAGDF (constant) t-bar —-1.74 —1.40 -1.61 -1.60 —2.70%%* -0.97 -1.49
CAGDF (constant & trend) t-bar —2.85%* —2.94+** —-1.81 -1.80 —2.72% —1.87 —2.78*
First difference form ALECFP ALRGPC ALRGPC? ALEPSI ALCOAL ALREO
CAGIPS (constant) —5.34%**
CAGIPS (constant & trend) —5.69%** —5.40%** g
CAGDF (constant) t-bar —4.22%%* —3.66%** —3.01%** —3.86%** —3.47%** —4.11%**
CAGDF (constant & trend) t-bar —4.35%%* —3.80%** —3.45%** —3.82%%* —3.96%** —3.99%%*
Model 1 (with LECFP) Test type Stat score Probability Model 2 (with LCDE) Type of test Stat score Probability
D_tilde 9.60 0.000%** D_tilde 12.60 0.000%**
D _tilde,g; 11.23 0.000%** D _tilde,g; 14.74 0.000%**

Note: *p < 0.01, **p < 0.05, and ***p < 0.10 denote 1, 5, and 10% levels of significance, respectively. A denotes the first-differenced form.

the model without and with the trend, inferring that the sampled vari-
ables exhibit I(1) process. Furthermore, the slope heterogeneity testing
found slope heterogeneity outcomes as the null hypothesis is rejected for
both models (see Table 6).

4.3. Cointegration results

As the sampled panel series depicts the first-order integration,
Westerlund (2007) panel cointegration technique is utilized, and for
robustness checks, Kao (1999) panel cointegration approach is also used
to check whether there are stable long-run relationships among vari-
ables. Table 7 displays the results of the cointegration tests with no
constant and trend. The long-term cointegrating link is found to be
existent in the case of Model 1, which is suggested by Group; and Panel;
at a 1% significance level.

Similarly, the cointegration vector is certified for Model 2 by Group;
and Panel; at a 5% significance level. Results of Westerlund and Kao
panel cointegration tests inferred that the null hypothesis of “no coin-
tegration” is rejected, indicating the presence of stable long-run re-
lationships among the inspected variables in OECD countries for
1990-2015. Another important finding is that the cointegration rela-
tionship is not sensitive to the proxy of ecological degradation.

4.4. Long-run and short-run elasticities

After validating the existence of a cointegrating relationship among
our variables of interest in both models, we used FM-LS and PM-ARDL
regression methods to estimate the long-run elasticities, while the
short-run estimates were obtained by PM-ARDL only (see Table 8). The
baseline model results (FM-LS) are also depicted in Fig. 3. The empirical
results are explained as follows:

Our first finding enumerates a negative and statistically significant
impact of renewable electricity output on both ecological footprint and
carbon dioxide emissions for both estimation strategies (i.e., FM-LS and

Table 7
Panel cointegration test results.
Model Test Statistic ~ Value P-
value
Model 1 Westerlund (Westerlund, Gt —3.273%%* 0.000
(with 2007) Ga —9.406 0.83
LECFP) Pt —90.982%** 0.001
Pa —9.137 0.33
Kao (Kao, 1999) t-stat —1.331* 0.092
Model 2 Westerlund (Westerlund, Gt —2.765%* 0.039
(with LCDE) 2007) Ga —7.266 0.967
Pt —8.187** 0.034
Pa —6.403 0.741
Kao (Kao, 1999) t-stat —1.934** 0.027

Note: *p < 0.01, **p < 0.05, and ***p < 0.10 denote 1, 5, and 10% levels of
significance, respectively.

Table 8

FM-LS and PM-ARDL estimation results.

Variable Long-run Equation Model 1 Long-run Equation Model 2
(Dependent variable: LECFP) (Dependent variable: LCDE)
Coefficient Coefficient Coefficient Coefficient
(FM-LS) (PM-ARDL (FM-LS) (PM-ARDL
(1,1,1,1,1,1) 1,1,1,1,1,
1)
LRGPC 1.661*** 19.886*** 2.051%** 2.379%**
(0.000) (0.000) (0.000) (0.000)
LRGPC? —0.084%%* —0.923%** —0.076%** —0.106***
(0.000) (0.000) (0.000) (0.000)
LEPSI —0.085%** —0.060%** —0.154%** —0.053***
(0.001) (0.001) (0.000) (0.000)
LCOAL 0.098*** 0.102%** 0.179%** 0.361***
(0.000) (0.005) (0.000) (0.000)
LREO —0.092%%* —0.147%* —0.138*** —0.060***
(0.000) (0.000) (0.000) (0.000)
Short-run Eq. Short-run
L(ECFP) Eq. L(ECFP)
COINTEQO1 —0.372%** —0.287**
(0.000) (0.002)
D(LRGPC) 9.343 3.837
(0.631) (0.589)
D(LRGPC?) —0.435 -0.173
(0.635) (0.608)
D(LEPSI) 0.030 0.028*
(0.181) (0.069)
D(LCOAL) 0.055 0.155%%*
(0.401) (0.000)
D(LREO) 0.052 —-0.018
(0.135) (0.662)
C —39.125%%* —3.535%%*
(0.000) (0.003)
Panel method Weighted Weighted
Observations 250 250 250 250
R-squared 0.932 0.986
Sum squared 1.889 0.198 0.903 0.063
residuals
Log likelihood 571.669 705.939

Note: *p < 0.01 and ***p < 0.10 denote 1 and 10% level of significance,
respectively. Scores in braces () are probability values.

PM-ARDL) at a 1% significance level. In this regard, a 1% addition to
renewable electricity output brings about a 0.092% (FM-LS) and 0.147%
(PM-ARDL) decrease in ecological footprint, respectively, in the long
run. Similarly, a 1% increase in renewable electricity output leads to a
0.138% (FM-LS) and 0.060% (PM-ARDL) decrease in carbon dioxide
emissions, respectively, in the long term. However, concerning the
short-run estimations, both estimators produced statistically insignifi-
cant estimates, implying a neutral role of renewable electricity output in
curbing ecological degradation from the short-run perspective.

Our second finding demonstrates stringent environmental regula-
tions’ negative and statistically significant impact on ecological
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Fig. 3. Outlining long-run empirical findings of baseline models estimated by FM-LS.

(Source: Authors’ drawing based on parametric estimations.)

footprint and carbon dioxide emissions at a significance level of 1%.
Considering model 1, a 1% increment in the stringency of environmental
regulations was associated with 0.085% (FM-LS) and 0.060% (PM-
ARDL) reduction in ecological footprint in the OECD region. In com-
parison, in model 2, a 1% upsurge in the strictness of environmental
regulations led to around 0.154% (FM-LS) and 0.053% (PM-ARDL)
mitigation in carbon emissions. In the short run, stringent environ-
mental regulations present a statistically insignificant influence on both
ecological footprint and carbon emissions, suggesting the neutral role of
environmental regulations in the short term.

Our third finding discloses a positive and statistically significant effect
of coal consumption on both proxies of ecological degradation, namely
ecological footprint and carbon dioxide emissions, at a significance level
of 1%. Regarding the magnitude of effects, a 1% upscaling in coal
consumption results in a 0.098% (FM-LS) and 0.102% (PM-ARDL) in-
crease in ecological footprint in the long run, respectively. Concerning
carbon dioxide emissions, a 1% increase in coal consumption leads to a
0.179% (FM-LS) and 0.361% (PM-ARDL) addition in carbon dioxide
emissions. Regarding the short-term contribution, coal is insignificant in
determining ecological degradation via both environmental proxies.

Our final finding uncovers a positive and statistically significant
impact of per capita real GDP on both ecological footprint and carbon
dioxide emissions. In contrast, a negative and statistically significant
influence is noted for the per capita real GDP squared term. It means that
increasing per capita real GDP upsurges the ecological footprint and
carbon emissions in the long run, whereas the expanding per capita real
GDP squared reduces them, ceteris paribus. These findings validate an
inverse U-shape linkage of per capita real GDP with both ecological
degradation proxies, demonstrating the existence of the EKC hypothesis
in the long run. Contrastingly, short-run estimates of linear and squared
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terms of per capita real GDP remained insignificant, invalidating the
presence of EKC in the short term, implying that EKC behavior is a long-
term phenomenon. Besides, the convergence speed for FM-LS and PM-
ARDL findings is outlined as 37.2% and 28.7%, respectively.

4.5. Panel granger causality test results

Considering the Dumitrescu-Hurlin causal direction findings, a sig-
nificant bilateral causal linkage existed between per capita real GDP and
ecological footprint, while a unilateral causal linkage runs from per
capita real GDP to carbon dioxide emissions. In addition, a unilateral
causal link stems from the stringent environmental regulations index to
ecological footprint, whereas a bilateral causality exists between the
stringent environmental regulations index and carbon emissions. Simi-
larly, a unidirectional causality flows from coal consumption to
ecological footprint. In contrast, a bilateral causal connection is
observed between coal consumption and carbon emissions. As for
renewable energy, empirical findings illustrate bilateral causality be-
tween renewable electricity output and ecological footprint/ carbon
emissions. These results are reported in Table 9.

5. Discussion

Our first finding revealed that the renewable electricity output
induced a negative and statistically significant impact on ecological
footprint and carbon emissions. It highlighted that increasing renewable
energy share in the energy mix could be a successful policy tool in
reducing ecological degradation and achieving sustainable develop-
ment. It is worth mentioning that a bilateral causal linkage of renewable
electricity output with both proxies of ecological degradation is an
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Table 9

Dumitrescu and Hurlin’s Panel Granger causality test results.
Panel LRGPC—LECFP LECFP-LRGPC LEPSI-LECFP LECFP—LEPSI
Z-bar 7.005%** 2.098* 4.193%** 1.329
p-value 0.000 0.060 0.000 0.667
Panel LRGPC—LCDE LCDE—-LRGPC LEPSI-LCDE LCDE—-LEPSI
Z-bar 3.963%** 1.242 5.08%** 2.568%**
p-value 0.000 0.790 0.000 0.006
Panel LCOAL—LECFP LECFP-LCOAL LREO—LECFP LECFP—-LREO
Z-bar 5.078*** 1.791 4.13%** 2.494%**
p-value 0.000 0.193 0.000 0.009
Panel LCOAL—LCDE LCDE—LCOAL LREO—LCDE LCDE—-LREO
Z-bar 2.153** 2.799%** 2.12% 2.007**
p-value 0.047 0.001 0.055 0.088

Note: Z-bar indicates Statistic. *p < 0.01, **p < 0.05, and ***p < 0.10 denote 1,
5, and 10% level of significance, respectively.

indication of strengthening the bilateral responses of environmental and
renewable energy policies. It is evident that renewable electricity
output, as a source of clean energy, presents a significant potential for
OECD member nations to address ecological consequences, promoting a
sustainable environment. Our long-run finding lends credence to that of
Edziah et al. (2022), as they found carbon emissions curtailment injec-
ted by renewable energy utilization in the SSA economies. Similarly,
Dogan et al. (2022) obtained the carbon emissions-lowering impact of
renewable energy use in the case of South Asia. Furthermore, Adekoya
et al. (2022) verified the affirmative influence of renewable power
consumption on ecological improvement across net-oil importing/
exporting economies. Likewise, Usman and Makhdum (2021) concluded
with the ecologically advantageous influence of renewable energy use
across the sample of BRICS and Turkey. Also, Ahmad and Jabeen (2023)
came up with positive impacts of the renewable energy transition on
ecological efficiency in EU countries. Nevertheless, Raghutla et al.
(2022) provided outcomes inconsistent with our results in that they
observed ecological degradation impacts of renewable energy use in the
N-11 economies. Additionally, a study by Satrovic and Adedoyin (2023)
observed that the energy transition increased the CO; in Southeastern
Europe.

According to our second finding, stringent environmental regulations
decrease ecological footprint and carbon dioxide emissions in selected
OECD economies. Considering the fact that OECD member countries are
aware of climate risks and have increasingly stringent environmental
regulations as they strive to contribute to sustainable development, in
the long run, it is not a surprise that environmental pollution falls when
the environmental policies become more stringent. A unidirectional
causality running from stringent environmental regulations index to
ecological footprint has been found, implying that environmental pol-
icies should remain stringent in OECD economies to reduce their
ecological footprint. By making pollution more costly, environmental
policies tend to change market behavior. However, in the actual situa-
tion, the escalated use of coal and higher carbon emissions, even for the
stringent environmental regulations in place, narrate a different story. A
possible explanation is the over-reliance of the German electric power
sector on coal-fired plants (Oei et al., 2020). Additionally, the climate
change mitigation policies like EUTS failed to induce their intended
outcomes of reduced coal consumption in Germany (DIW Berlin, 2019).
Eventually, escalated natural gas prices due to gasoline supply in-
terruptions from Russia during the Russia-Ukraine war shifted the
economy to increase the use of coal in electric power production
(Adolfsen et al., 2022). Apart from this exception, the stringency of
environmental policies is approved to improve ecological sustainability
by positively impacting research and development (Martinez-Zarzoso
et al., 2019), competitiveness and innovation (Johnstone et al., 2012).
Analogous to our long-run finding, Afshan et al. (2022) revealed that the
ecological systems of OECD countries were subject to improvement by
strict environmental laws. Likewise, Yirong (2022) found the carbon
emissions mitigation effect of stringent environmental regulations in the
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context of the top five global polluters. It also supported the outcomes of
Li et al. (2022) as they empirically verified the favorable ecological
consequences of strict environmental policies from the OECD perspec-
tive. This finding is also consistent with that of Luo and Mabrouk (2022),
who unveiled ecologically supportive effects of environmental policy
stringency in resource-abundant economies. Besides this, the finding of
Zhu et al. (2022) strengthen our evidence because they unfolded that
ecological governance was a crucial element affecting ecological sus-
tainability by changing local carbon storage, which is among ecosys-
tems’ essential services. Apart from this debate, environmental
regulations might improve ecological systems through the pro-
environmental behaviors of individuals (Yang and Arhonditsis, 2022),
which is a critical role player in ecological sustainability.

Turning to the connection between coal consumption and ecological
degradation, our third finding showed a statistically significant positive
impact of coal consumption on ecological footprint and carbon dioxide
emissions in the long run. The causality analysis provided evidence of a
bilateral relationship between coal consumption and carbon dioxide
emissions/ ecological footprint. The long-run influence implies that coal
consumption stimulates economic activity and adds to ecological dete-
rioration by propelling carbon emissions and ecological footprints. This
finding is parallel to that of Ali et al. (2022), as they predicted a carbon
emissions promotion impact of coal consumption in six selected Asian
economies. Adekoya et al. (2023) also revealed that reducing coal in-
tensity was likely to improve the environmental quality of the world’s
top coal-consumer economies. Our empirical observation is also
consistent with that of Ma et al. (2022), as they revealed a significant
role of local energy footprint in determining the overall ecological
footprint of China’s provincial divisions. By the same token, Qi et al.
(2022) uncovered that increasing coal mining was positively correlated
with the land use and land cover of China’s Datong River region, pre-
dominantly changing the local ecological conditions involving alpine
deserts and wetlands. It also aligned with the outcomes of Guo et al.
(2012) since they figured out that >50% of CO, was contributed by coal
consumption in the Chinese capital city of Beijing. In addition, our
finding is symmetrical with that of Kartal et al. (2023), as they found
coal consumption to be a critical driver of carbon emissions in France.
Besides, Li and Haneklaus (2022b) put forward similar findings by
observing that long-term reliance on coal promoted Indian carbon
emissions.

Our final finding unveiled strong evidence of the EKC phenomenon to
be valid for ecological footprint and carbon emissions in the long run, as
the coefficients with per capita real GDP and per capita real GDP squared
are positively and negatively related to the ecological degradation in-
dicators. However, the short-run estimates did not support the EKC
hypothesis for the sampled OECD countries. Considering the Granger
causality results, bi-directional causality existed between ecological
footprint and per capita real GDP, whereas a unidirectional causal link
stemmed from per capita real GDP to carbon dioxide emissions. The
long-run finding is in line with Satrovic et al. (2022), as they found the
EKC existent in the case of Southeastern European economies. This
finding also supported the empirical outcomes of Liddle (2015), who
observed EKC behavior among the OECD member economies. It was also
found supportive of the U-type linkage between income and environ-
mental emissions by Verbic et al. (2022) and Satrovic et al. (2023) in the
sample of Southeastern Europe and the seven most innovative global
economies, respectively. However, Yao et al. (2015) empirically proved
that economic growth was a strong driving force of CO; in the context of
G-20 member states.

6. Concluding remarks

Unlike mainstream studies, we delved into the combined role of
renewable electricity output, stringent environmental regulations, and
coal consumption in ecological sustainability in the presence of linear
and squared terms of per capita real GDP by employing modern panel
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data approaches robust to cross-sectional dependency and slope het-
erogeneity to data from ten selected OECD member nations. We derived
the following conclusive points:

First, we observed a long-term stability connection between renew-
able electricity output, stringent environmental regulations, and coal
consumption during the sampled period, suggesting that after experi-
encing a short-term shock, these variables are expected to converge to an
equilibrium in the long term. Second, an increasing level of renewable
electricity output is linked with a reduction in ecological footprint and
carbon emissions in the long term, indicating an ecological improve-
ment effect of renewables. Third, a rise in stringent environmental
regulations is associated with ecological sustainability improvement in
terms of mitigation of both ecological footprint and carbon emissions
from the long-term perspective, which is indicative of the conclusion
that high pollution cost successfully transforms the behavior of eco-
nomic agents (households and firms) to produce less of environmental
pollution and ecological degradation. Fourth, increased coal consump-
tion is found to deter ecological sustainability by boosting ecological
footprint and carbon emissions from the long-term perspective. None-
theless, from the short-term aspect, all three variables were neutral in
determining ecological sustainability. Fifthly, for the carbon emissions
model, the strength of the favorable effects of renewable energy (0.138)
lagged that of the deterring effects of coal consumption (0.179) in FM-LS
estimations. For PM-ARDL, the coal consumption coefficient exceeded
that of renewable energy too. While for the ecological footprint model,
this outcome was mixed in the case of two estimation procedures.
Sixthly, an EKC phenomenon was verified in the long term, while short-
term results failed to confirm its validity. Finally, concerning causality
directions, renewable electricity output established a bilateral causal
association with both ecological footprint and carbon emissions.
Nevertheless, stringent environmental regulations, coal consumption,
and per capita real GDP produced mixed causal connections in relation
to ecological footprint and carbon emissions.

We offer the following policy suggestions stemming from our
empirical outcomes of this study: Renewable energy alternatives and
environmental regulations turned out to be effective policy tools in
mitigating ecological degradation, along with active reduction of coal
consumption in the OECD region. Thus, on the one hand, we suggest the
deployment of renewables by introducing innovative and cost-effective
technology solutions. On the other hand, the policy toolbox should
contain market- and non-market environmental regulations to compre-
hensively curb environmental emissions and promote clean energy
systems. Among market-based regulations, trading/certification
schemes, pollution taxation, and feed-in-tariffs can be suggested to
transform the behavior of economic agents to prefer the production and
consumption of clean energy. Moreover, the non-market regulations
involving R&D subsidization for renewable energy generation and
emissions trading schemes to limit the values of emissions may accel-
erate the mitigation process of ecological degradation. Besides, our
empirical findings unfolded that the carbon emissions promotion effect
of coal consumption exceeded the emissions mitigation effect of
renewable solutions. Therefore, a combined coal reductive and renew-
ables promotion energy policy would prove an effective role player in
achieving the climate action plan of SDGs. Eventually, since coal con-
sumption reduction is an effective policy instrument for climate change
mitigation, upgrading industrial structure by prohibiting the old and
dirty technology setup. Herein, a comprehensive policy toolbox
impregnated with these above-stated ingredients of renewables, strin-
gent environmental rules, and mitigation of coal consumption would
induce multifaceted climate change mitigation for long-term sustainable
development via Net-zero emissions and the low carbon agenda of the
United Nations and COP27.

Despite advancing vital contributions, we faced limitations worth-
while mentioning for the follow-up studies. Firstly, this work incorpo-
rated the influence of overall renewable electricity output on ecological
sustainability. However, in order to comprehend its micro-level impacts,
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future works may consider renewable energy use at the firm level, as it
would allow estimating industry-specific effects, assisting the mitigation
strategies on an industrial scale. Secondly, we incorporated the national-
level comprehensive index of environmental regulations stringency,
which cannot account for stringency effects at sectoral levels. Upcoming
studies should include or introduce some stringency measurement to
capture environmental regulations’ sectoral ecological sustainability
impacts. Thirdly, this work made use of ecological footprint and carbon
emissions proxies of ecological sustainability. Future studies may
consider a more comprehensive measure of eco-efficiency by adjusting
ecological footprint and carbon emissions for economies’ GDP. In clos-
ing, this work used marginal effects estimation strategies incapable of
accounting for distributional characteristics. Therefore, follow-up
studies might apply the panel quantile technique to determine the
ecological contributions of diversified factors across heterogenous
quantile levels to gain even better empirical implications for global
economies.
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