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Abstract
The present study uses both carbon dioxide emission and ecological footprints as proxies for environmental degradation to 
examine the environmental Kuznets curve hypothesis for the top three emitters from Asia, i.e., China, India, and Japan. To 
this end, the autoregressive distributed lag model for time series and panel estimation is used for a period spanning over 
1980–2016. For carbon dioxide emission, China presents an inverted-U shape of the environmental Kuznets curve, while 
a U-shape relationship is found for India and Japan. Similarly, when the hypothesis is tested with the ecological footprint, 
Japan offers an inverted U-shape and U-shaped association is detected for China and India. The panel analysis indicates the 
existence of the environmental Kuznets curve with both proxies of environmental degradation. Besides, human capital and 
renewable energy promote environmental sustainability, while non-renewable energy use hinders environmental quality. The 
findings of this study suggest that in order to meet the combined goals of economic growth and environmental protection, 
the three economies, i.e., China, India, and Japan, should employ renewable energy–enabled technology.
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Introduction

Studies to date have aspired to ascertain the association between 
economic growth and environmental quality (Razzaq et al. 
2021a, 2021b; Murshed 2020; Mehmood and Tariq 2020; 
Ahmad et al. 2021; Adeel-Farooq et al. 2020; Mujtaba et al. 
(2022b); Verbič et al. 2021; Adeleye et al. 2021a; An et al. 2021; 
Usama et al. 2015; Zhuang et al. 2021; Eregha et al. 2021; Abul 
and Satrovic 2022; Li et al. 2022). The graphical illustration of 
such a relationship usually takes an inverted U-shape, popularly 
known as the environmental Kuznets curve (EKC). There have 
been considerable economic growth and improvement in the 
quality of life in the last few decades, which has boosted energy 
consumption (fossil fuels especially). Efforts of governments 
worldwide thrive on energy efficiency, energy conservation, and 
capacity building in renewable energy. Still, fossil fuels stand 
as the supreme energy source constituting 79.68% of the total 
energy use in 2015 (World Bank 2020).

The United Nations Framework Convention on Climate 
Change (UNFCCC) directed a protocol in Kyoto, Japan, in 
1992 where 160 countries advised the developed countries to 
reduce emissions by 5.2% below the 1990 levels by 2008–2012. 
The primary goal of the convention was to stabilize greenhouse 
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Highlights   
1. The study amalgamates both CO2 emission (negative indicator) 
and ecological footprint (positive indicator) of environmental 
degradation to investigate the validity of the environmental 
Kuznets curve hypothesis for the top three Asian emitting 
economies, namely Japan, China, and India.
2.The environmental Kuznets curve holds for China when CO2 
emission represents environmental degradation. Japan confirms the 
validity of the environmental Kuznets curve hypothesis when ecological 
footprint depicts environmental degradation. However, the inverted 
U-shaped environmental Kuznets curve does not operate in India.
3. The panel analysis detects an inverted U-shaped environmental 
Kuznets curve for both the proxies of the environment for the 
panel of selected economies.
4. Human capital and renewable energy use promote 
environmental sustainability, while non-renewable energy is 
detrimental to the environment.
5.This study suggests China, India, and Japan are undisputable the 
three largest Asian economies producing high pollutant emissions; 
it becomes imperative for the three economies to adopt renewable 
energy–enabled technologies to achieve the dual purpose of 
economic growth and a clean environment.
6.Finally, this study recommends that combating climate change and 
ensuring a sustainable environment (SDG13) require de-carbonization 
measures be pursued to enable a healthy environment that will reduce 
health impacts due to energy-related air pollution (SDG3) by 2030.
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gas concentrations in the atmosphere through technological 
advancements in the energy sector, regular energy audits, incen-
tives for solar energy, and the use of compressed natural gas 
(CNG) in vehicles. The developed countries launched the Clean 
Development Mechanism (CDM), in which they invest in tech-
nologies that reduce GHG emissions in developing countries. 
However, the Kyoto Protocol was a failure because the USA, the 
most industrialized country and a major contributor of releasing 
emissions, did not approve the Kyoto Protocol’s agreements. 
Furthermore, large developing nations such as China and India 
were not bound by the protocol, which did not reduce emissions 
by 1990 levels. Despite signing the Kyoto Protocol in August 
2002, India’s share of global energy–related CO2 emissions was 
only 2% from 1990 to 2005 (IEA 2007). India believes that the 
developed world bears a greater responsibility to reduce emis-
sions. However, Western nations exerted pressure on India and 
China to reduce greenhouse gas (GHG) emissions as industriali-
zation, urbanization, and economic growth increased.

Accordingly, the world has also experienced enormous 
environmental challenges. Regardless of the extensive empiri-
cal studies, prevailing literature has concentrated on adopting 
carbon dioxide emissions to substitute for environmental dete-
rioration. As opposed to carbon dioxide emissions that repre-
sent only air pollution, the ecological footprint that measures 
human pressure on the environment is recognized as a univer-
sal indicator of environmental depletion (Wang et al. 2013; 
Al-Mulali et al. 2015; Gormus and Aydin 2020; Ahmad et al. 
2020). In a recent study, Razzaq et al. (2021c) implemented 
consumption-based material footprint which accurately rep-
resents the domestic material footprint. This study found that 
economic growth, globalization, and population increase the 
material-footprint in the top eleven material-consuming coun-
tries. Thus, the ecological footprint presents a positive indi-
cator of environmental degradation. Subsequently, our study 
uses two proxies of environmental degradation, carbon dioxide 
emissions and ecological footprint, to give a more comprehen-
sive exploration of the legitimacy of the EKC theory.

The environmental Kuznets curve (1955) theory’s legiti-
macy exclusively for the top three emitters from Asia was not 
investigated intensively in recent decades. This study’s primary 
motivation is that China, India, and Japan represent the top 
three emitters and the three largest economies in Asia. Besides, 
China and India are two booming economies today, but both are 
undergoing severe environmental challenges. The dramatic rise 
of fossil fuel energy consumption currently has a profound influ-
ence on the energy market. On the other hand, Japan is a devel-
oped country with full access to electrical energy and notably 
mediocre provision of fossil fuels. Growing energy intake causes 
some discouraging challenges related to the security of the fos-
sil fuel supply. Fossil fuel supply and energy security are the 
most critical issues in all three countries (Sovacool and Vivoda, 
2015). With a rapid increase of industrialization in large cities 
and modernization, air pollution and environmental depletion 

have been intensified in the last few decades in the inspected 
countries. Given the critical pollution level in cities like Bei-
jing and New Delhi and the Japanese push to decarbonize its 
economy, the study examines EKC theory’s legitimacy by using 
carbon dioxide emissions and ecological footprint as indicators 
of environmental damage. The study also manifests the imprints 
of different types of energy on the environment more distinctly.

With the above background, this study investigates the 
dynamic impacts of economic growth, human capital, renew-
able and non-renewable energy use on environmental degrada-
tion based on the EKC hypothesis. The objectives of this study 
are twofold. First, contrary to the existing studies, our research 
introduces ecological footprint as a representative of the environ-
mental deterioration to examine the robustness of the inverted 
U-shaped relationship between economic growth and environ-
mental pollution. Second, to determine whether empirical find-
ings are homogeneous across all countries in the study. We also 
hypothesized the validity of the EKC theory for both ecological 
footprint and carbon dioxide emissions. The evidence on the 
inverted U-shaped relationship between economic output and 
environmental quality decline support our hypothesis, impli-
cating that environmental degradation declines after attaining 
a certain threshold level of income. The time series autoregres-
sive distributed lag (ARDL) cointegration approach is applied to 
probe the hypothesis empirically. Addressing that panel data are 
more informative, the empirical part also uses the panel ARDL 
model to scrutinize the EKC hypothesis’s legitimacy for both 
indicators of environmental degradation.

This study is one of the few existing papers investigat-
ing the validity of EKC theory for both ecological footprint 
and carbon dioxide emissions exclusively for the top three 
emitters from Asia. Secondly, as far as we know, no earlier 
paper has examined the validity of EKC theory control-
ling for different types of energy and human capital in the 
context of inspected countries. Just as importantly, quite a 
few of the existing papers utilize both panel and individ-
ual country-specific examinations to support the inverted 
U-shaped relationship between economic output and envi-
ronmental degradation. Exclusively, this study adopted the 
second-generational panel estimation techniques, which give 
more robust results compared to the first-generational panel 
estimation techniques. Traditional cointegration techniques 
produce misleading results when there is cross-sectional 
dependence in the series, which is common in first-gen-
erational panel studies. In the presence of cross-sectional 
dependence, however, the Westerlund panel cointegration 
technique is appropriate (Westerlund 2007). Furthermore, 
existing studies ignore the significance of structural breaks 
in time series data, which makes the results misleading; 
however, this study takes structural breaks into account by 
employing the structural breaks unit root tests. Therefore, 
these innovations differentiate this study from the prevail-
ing studies.
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The rest of the study is as follows: the “Review of literature” 
section presents a review of the existing literature; the “Research 
model, materials, and methods” section describes the data and 
methodology and the “Results and discussions” section presents 
the empirical findings and discussions. Finally, the “Conclusions 
and policy implications” section provides concluding remarks, 
policy implications, and scope for further inquiry.

Review of literature

Innumerable literature is available to validate the EKC 
hypothesis for developed as well as developing economies. 
As discussed in the introduction, the EKC hypothesis is 
tested using either CO2 emission or environmental footprint 
(EFP) as a proxy for environmental degradation. Similarly, 
existing studies do not differentiate between energy sources, 
whether renewable or non-renewable. Besides, human capi-
tal as one of the determinants of environmental degrada-
tion is less explored in the literature. Therefore, we broadly 
categorize the existing literature on two sub-heads; one is 
related to validating the EKC hypothesis; second, it relates 
to finding the determinants of environmental degradation.

Literature related to testing of the EKC hypothesis

Many studies tested for the existence of an inverted U-shaped 
environmental Kuznets curve and arrived at different results. 
Ang (2007) and Gozgor (2017) validated the hypothesized 
shape of the environmental Kuznets curve for France and 35 
OECD countries, respectively. However, several studies con-
cluded the U-shape of the environmental Kuznets curve. Dogan 
and Turkekul (2016) used the ARDL bound tests to analyze 
the association between CO2, real output, energy consumption, 
trade, and financial development in USA. In addition, the study 
tries to address the omitted-variable bias problem. Sapkota and 
Bastola (2017) have used the dynamic panel model to test the 
pollution haven hypothesis and the EKC hypothesis for 14 Latin 
American countries. They included many macroeconomic 
variables to avoid omitted variable bias as well as the paper 
examines the endogeneity problem. Studies also used methane 
emission as proxy for environmental pollution and tested the 
EKC hypothesis for the ASEAN countries using mean group 
and pooled mean group estimators (Adeel-Farooq et al. 2020).

Some existing literature found an ever-increasing slope of 
the environmental Kuznets curve. Tutulmaz (2015) tested the 
EKC hypothesis for Turkey and concluded only a first-phase of 
EKC curve. Importantly, the author tried to address the differ-
ence in results on EKC validity, and prescribes a non-restrictive 
estimation to avoid sensitivity bias in cointegration estimates. 
Another study emphasizes the fact that EKC growth requires 
large resource and it includes both environmental and human 
cost. For the poor nations, it becomes almost impossible to 

govern the environment; and thus EKC will be ever-increasing 
(Gill et al. 2018). Shahbaz et al. (2015) validate the inverted 
U-shaped EKC for the panel of 12 African countries in the long 
run. However, the energy intensity of growth demands opti-
mal use of alternative energy for the African nations. Similar 
inverted U-shaped EKC is reported for Indonesia using ARDL 
bound tests (Sugiawan and Managi 2016). The research reiter-
ates the importance of efficient energy policy and renewable 
energy sources. Dong et al. (2016) used the multi-regional 
input–output model and dynamic panel models to conclude a 
linearly increasing consumption-based EKC. One important 
implication of the study is to recognize the embedded emis-
sion in exports and internationally traded goods and services.

It is also understood that human activity in nature is not 
limited to air pollution instead, they are multi-dimensional 
(Wackernagel et al. 2002). Thus, adopting a diverse path, 
many studies used ecological footprint instead of CO2 
emission as a proxy for environmental degradation (Charf-
eddine 2017; Dogan et al. 2019; Ahmed and Wang 2019; 
Acar and Asici 2017; Adeleye et al. 2021b). Danish et al. 
(2019) used the Bayer-Hanck cointegration tests and VECM 
Granger causality to examine the association between eco-
logical footprints and GDP growth, human capital growth, 
and urbanization in Pakistan. The study reports an adverse 
effect of GDP growth on ecological footprints. However, 
other studies reported the existence of EKC in Pakistan as 
the ecological footprints first increased and later it decreased 
(Hassan et al. 2019a). Nathaniel et al. (2019) studied the 
energy-environment nexus for South Africa, one of the larg-
est economies in Africa, using the Bayer-Hanck cointegra-
tion technique. The authors reported the detrimental effect 
of economic growth, energy consumption, urbanization, and 
financial development on ecological footprints. In another 
study, energy consumption, GDP growth, and urbanization 
in Indonesia had a negative impact on the environment in 
both short run and long run, while trade became harmless 
in long run for Indonesia (Nathaniel 2020).

Al-Mulali et al. (2014) tested the EKC for a panel of 93 
economies classified into four groups based on income using 
fixed effect and GMM. The EKC relationship is reported 
only for the high- and upper-middle-income countries. Simi-
larly, the inverted U-shaped relationship was validated for 
the MENA countries and oil-exporting MENA countries 
from 1975 to 2007 (Charfeddine and Mrabet 2017). Moreo-
ver, they found a U-shaped relationship between ecological 
footprints and economic growth in the non-oil-exporting 
MENA countries. York et al. (2004) also arrived at simi-
lar results where they found the validity of EKC for devel-
oped countries only out of the 141 countries included in 
the study. Another study on the BRICS countries confirmed 
inverted U-shaped EKC and also a negative effect on natural 
resources, renewable energy consumption, and urbanization 
of ecological footprints (Danish et al. 2020).
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Many studies concluded the non-existence of EKC 
for their respective sample country. Mrabet et al. (2017) 
reported no EKC for the Qatar economy. Even in the studies 
including country panels, researchers nullified the validity of 
EKC (Wang et al. 2013; Dogan et al. 2020). Besides, many 
studies found a positive monotonically increasing EKC 
curve for different economies (Uddin et al. 2016; Ahmed and 
Wang 2019). Thus, from this brief review of existing litera-
ture, it can be inferred that the validity of EKC depends on 
the sample countries of the study. Significant evidence is that 
for the developed countries, the EKC hypothesis was valid 
irrespective of the choice of variables representing environ-
mental degradation and methods; however, the theory was 
falsified in poor and low-middle-income countries. 

Literature related to determinants of environmental 
degradation

The second part of the survey is related to the identifica-
tion of determinants of environmental degradation and the 
channel of their operations. From the study of existing lit-
erature, we found energy consumption as the primary cause 
of environmental degradation. A positive association was 
estimated between energy consumption and CO2 emission 
(Apergis and Payne 2009; Halicioglu 2009; Zhang and 
Cheng 2009; Huskic and Satrovic 2020). Can and Gozgor 
(2017) examined the effects of energy consumption and eco-
nomic complexity on CO2 emission in France, and validated 
the EKC hypothesis. Studies reported that economic growth 
has inverted U-shaped EKC association with environmen-
tal degradation in India. Furthermore, positive energy con-
sumption and asymmetric shocks on oil prices also influence 
CO2 emission (Mujtaba and Jena 2021).

For the panel of 25 upper-middle-income countries, Muj-
taba et al. (2020) reported the validity of EKC hypothesis and 
technique effect of trade openness on the environment. The 
study also reported energy consumption and population con-
tributed positively to environmental degradation. Similarly, 
results were reported for the seven Asian economies (Mujtaba 
et al. 2021). In contrast, an adverse but insignificant impact 
of energy consumption was detected for 36 OECD countries 
(Chen et al. 2020). Renewable energy consumption contrib-
uted less to CO2 emission than fossil energy consumption, and 
thus, shifting to alternative energy sources helps prevent GHG 
emissions in European countries (Boluk and Mert 2014). The 
authors found results supporting the use of renewable energy 
sources in Turkey (Boluk and Mert 2015). Several studies con-
cluded that non-renewable energy sources were detrimental to 
environmental quality when proxied by CO2 emissions (Ahmed 
et al. 2019; Bekun et al. 2019). Dogan et al. (2019) found that 
fossil fuel, trade, financial development, and urbanization are 
detrimental to ecological footprints in MINT nations.

Many other studies reported the deteriorating effect of non-
renewable energy use on ecological footprints (Destek and 
Sarkodie 2019; Ma et al. 2019; Ghazali and Ali 2019; Nath-
aniel and Bekun 2019). Nathaniel et al. (2020a) studied the 
differentiated effect of renewable and non-renewable energy 
consumption on the ecological footprints using an augmented 
mean group algorithm and Westerlund cointegration for 13 
MENA countries. A similar study was also published for the 
CIVETS countries (Nathaniel et al. 2020b). However, the con-
clusions from both studies are different. For the MENA coun-
tries, renewable energy consumption had not contributed to 
ecological footprints, while it reduced environmental degrada-
tion in CIVETS countries. Furthermore, urbanization and non-
renewable energy consumption deteriorate the environment in 
both MENA and CIVETS countries. Nathaniel and Adeleye 
(2021) applied the panel-corrected standard errors (PCSE), 
spatial correlation consistent standard errors (PSCC), and sys-
tem GMM to 44 African nations. The study reported growth in 
urban population, energy consumption, per capita income, and 
financial development were the main significant determinants 
of ecological footprints and CO2 emission. To summarize, a 
consensus on the detrimental effects of non-renewable energy 
consumption on the environment is reached.

Besides, several other factors like human capital, urbani-
zation, population, labor force, trade openness, and for-
eign direct investments cause environmental degradation. 
Increase in population has resulted in higher energy demand, 
loss of green land, and increased demand for transportation 
and infrastructure development (Shi 2003; Dietz and Rosa 
1997; Satrovic et al. 2020). The relationship between FDI 
and environmental pollution is popularly known as Porter’s 
hypothesis (Porter 1991; Porter and Van-Der Linde 1995; 
Esty and Porter 1998). Similarly, the transfer of pollution-
intensive industries to a weak environment regime from 
strict control is known as the pollution haven hypothesis 
(Aliyu 2005). Studies related to trade openness and envi-
ronmental pollution arrived at contrasting results by virtue 
of the explanation given by Antweiler et al. (2001). The 
authors pointed at three effects: scale, technique, and compo-
sition effect. Some studies found trade openness to improve 
environmental quality through the technique effect (Shahbaz 
et al. 2012, 2013; Fang et al. 2019). However, the combined 
effect had a detrimental impact on the environment (Lopez 
1994; Cole and Rayner 2000). Human capital may reduce 
environmental pollution. Many studies were directed to 
examine this relationship. Hassan et al. (2019b) found the 
influence of human capital on EFP to be insignificant in 
Pakistan. Danish et al. (2019), using an ARDL model, found 
human capital had a negligible impact on Pakistan’s ecologi-
cal footprints. However, human capital’s negative contribu-
tion to environmental pollution was detected for India with 
a uni-directional causality (Ahmed and Wang 2019).
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Similarly, using the AMG and CCEMG methods, Nathaniel 
et al. (2021) reported the favorable result of human capital on the 
environment in LAC countries. Human capital’s positive impact 
on reducing environmental degradation is transmitted through 
skilled labor, environmentally friendly practices, environmental 
awareness, and a sustainable lifestyle (Satrovic 2019; Rahman 
and Ahmad 2019; Ahmed et al. 2020a, b). However, studies also 
revealed a negative effect of human capital on environmental 
sustainability as educational attainment increases manufacturing 
activities and the use of energy-intensive techniques in the Latin 
American and Caribbean regions (Balaguer and Cantavella 
2018; Ahmed et al. 2020c). Several researchers have undertaken 
studies to find the association between urbanization and environ-
mental degradation. The majority of the studies arrived at the 
deteriorating effect of urbanization on the environment (Hassan 
et al. 2019a; Al Mulali et al. 2014; Al-Mulali and Ozturk 2015; 
Dogan et al. 2019; Satrovic et al. 2021).

From the above survey of the literature, we can observe 
that the use and comparison of CO2 emission and ecological 
footprints as a proxy for environmental degradation remain 
unexplored except for Nathaniel and Adeleye (2021). We 
acknowledge that past studies have justified the use of econo-
metric methodology and the selection of sample countries. 
However, the different conclusions reached by these stud-
ies on the effect of several determinants of environmental 
quality. Thus, more research is required to track the causal 
effects of renewable and non-renewable energy sources’ on 
environmental quality. From the above review, we firmly 
believe that policy implications for SDGs will be different 
for different nations/pool of nations. The panel of selected 
countries is not attempted by any researchers to the best of 
our knowledge and is thus the novelty of the study.

Research model, materials, and methods

Rising environmental degradation has gained the attention 
of policymakers across the world and the drive towards 
economic growth and development seems to be putting the 
planet at risk in severe ways. One of the key contributors 
to environmental degradation is human activities which are 
geared towards enhancing the standard of living comes an 
increase in consumption and demand for energy (Adedoyin 
et al. 2022; Adeleye et al. 2021a, b). Moreso, since environ-
mental challenges are rising as a result of increasing carbon 
emissions from the conventional energy source, more atten-
tion is being given to renewable energy. Adams and Nsiah 
(2019) and Nathaniel and Adeleye (2021) noted that renew-
able energy resource availability makes it a preferred source 
of energy consumption as proposed by the United Nations 
in SDG 7 mainly as it emits less carbon compared to the 
traditional source of energy. Therefore, to situate this current 

study within the extant literature, we hypothesize that eco-
nomic growth, human capital, renewable and nonrenewable 
directly influence carbon emissions and ecological footprint 
which are the proxies for environmental degradation. For 
instance, economic growth requires human capital which is 
an important factor of production. Moreso, growth thrives via 
the usage of both renewable and nonrenewable energy. Thus, 
it is expected that each of these variables will directly and 
indirectly affect the environment. The study’s hypothetical 
research model is shown in the following research model 
(Fig. 1).

We proceed to test these hypotheses using annual data 
from 1980 to 2016 for the three major Asian energy con-
sumers and emitters economies, i.e., China, India, and 
Japan. Data related to carbon dioxide (CO2) emissions, 
ecological footprint (EF), economic growth (EG), human 
capital (HC), renewable (RE) and non-renewable (NRE) 
energy consumption are collected from the sources as in 
Table 1.

All the series are transformed into natural logarithms to 
overcome the variances. The study model CO2 emissions 
as an output variable in a multiplicative production func-
tion of the given variables:

Furthermore, EF can be modeled similarly as below:

The logarithmic transformation of Eqs. (1) and (2) can 
be written as:

where �t is the intercept of the dependent variable,  �s are 
the coefficients of the variables, and ln denotes natural 
logarithm.

The Augmented Dickey Fuller (ADF) test (Dickey and 
Fuller 1979), and Philips and Perron (P-P) test (Phillips 
and Perron 1988) are performed to diagnose the station-
arity before the time series analysis. To detect structural 
breaks, unit root tests with structural breaks are used (Bai 
and Perron 1998). Similarly, before the panel estimation, 
the cross-correlation (LM) test formulated by Breusch 
and Pagan (1980) is applied as the number of cross-
sections is less than the time point (N < T). The CIPS 
and CADF second-generation unit root tests, put forth 
by Pesaran (2007), are applied to nullify the effect of 
cross-correlation among the series. Moreover, the West-
erlund panel cointegration technique is more appropriate 

(1)ModelI ∶ CO2 = f
(

EG,EG2
,HC,NRE,RE

)

(2)ModelII ∶ EF = f
(

EG,EG2
,HC,NRE,RE

)

(3)
lnCO2t

= �t + �1lnEGt + �2lnEG
2 + �3lnHCt + �4lnNREt + �5lnREt

(4)
lnEFt = �t + �1lnEGt + �2lnEG

2 + �3lnHCt + �4lnNREt + �5lnREt
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than other methods to tackle cross-sectional dependency. 
Finally, the panel autoregressive distributed lag (PARDL) 
is employed to examine the EKC hypothesis on the three 
largest Asian emitters.

The autoregressive distributed lag ( p, q1,q2…qn) model 
approach to cointegration test is as follows:

where p is the lag order chosen based on the AIC suggestion.
The autoregressive distributed lag (ARDL) models’ 

specification of Eq. (3) can be written as:

Similarly, for Eq.  (4), the specification of the ARDL 
model can be as follows:

where Yt denotes the dependent variable (i.e., CO2 in Eq. (3), 
and EF in Eq. (4)) and ( X1t,X2t,X3t,…Xnt ) are the explana-
tory variables; p is the number of optimum lag order. The 
short-run estimation with error correction model for the Eqs. 
(3) and (4) can be as:

where ECt is the error correction mechanism defined as:

(5)

ΔXt = �0i +

p
∑

i=1

�iΔXt−1 +

p
∑

i=1

�2ΔYt−1 + �1Xt−1 + �2Yt−1 + �1t

(6)

ΔYt = �0i +

p
∑

i=1

�iΔYt−1 +

p
∑

i=1

�2ΔXt−1 + �1Yt−1 + �2Xt−1 + �1t

(7)

Yt = �0 +

p
∑

i=1

�1X1t +

p
∑

i=1

�2X2t +

p
∑

i=1

�3X3t +⋯ +

p
∑

i=1

�nXnt + �1t

(8)

Yt = �0 +

p
∑

i=1

�1X1t +

p
∑

i=1

�2X2t +

p
∑

i=1

�3X3t +⋯ +

p
∑

i=1

�nXnt + �1t

(9)Δyt = −�(1,p )ECt−1 +

p
∑

i=1

�i0Δxit + �Δwt −

q−1
∑

j=1

�jΔt−j −

p
∑

i=1

k−1
∑

j=1

�ijΔxi,1−j + �t

The ECM is the feedback effect derived as the error term 
from the cointegration models (5) and (6). The ECM shows 
how much of the disequilibrium is being corrected.

For panel estimation, first of all, the study uses the cross-
section dependence (LM) test as N < T. Equations (10) and 
(11) represent the LM test statistic:

The LM test statistic can be estimated through the following 
specification:

where �̂ij presents the pair-wise correlation of the residuals.
CIPS and CADF tests are applied for unit root test for a 

panel data with cross-sectional dependency as below:

The ti(N, T) denotes the cross-section ADF statistic for the 
ith cross-section unit.

The other cointegration techniques (i.e., Pedroni and Kao) 
may be misleading as they do not consider the cross-sectional 
dependency. However, in the presence of C-D, the Westerlund 
panel cointegration technique is more appropriate (Wester-
lund 2007). There are four types of tests in the error correction 
panel cointegration test. Out of four, two are panel statistics 
and two are group statistics. Panel statistics allow an option to 
create a deduction for the panel itself, while group statistics 
make the deduction for individual forming panels possible. 

ECt = �t = yt −

k
∑

i=1

�ixit − �,wt

(10)yit = �i + �ixit

(11)LM = T

N−1
∑

i=1

N
∑

j=i+1

�̂ij→d�
2 N(N−1)∕2

(12)CIPS(N, T) = N−1

N
∑

i=1

ti(N, T)

Fig. 1   Research model on 
growth-human capital-energy-
enviromental degradation 
dynamics. Source: Author’s 
own presentation

Environmental 
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Economic 
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Human Capital Nonrenewable 
Energy
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The Westerlund technique for panel cointegration can be cal-
culated by utilizing the following equation:

where �i denotes error correction coefficient for the ith country.
For panel estimation, we can write Eqs. (1) and (2) respec-

tively as:

where �i is the intercept of the dependent variable and �is are 
the coefficients of the variables; �t is the error term with time 
t and ln is the natural logarithm.

The panel specification of the ARDL model can be writ-
ten as:

where Yit denotes the regressand and X is the vector of inde-
pendent variables.

From the results, conclusions about the functional form of 
EKC can be derived, as categorized by Dinda (2004); Sinha 
and Shahbaz (2018). The functional forms of specifications 
are presented below:

1)	 �1 = �2 = 0; No growth-CO2 emissions association.
2)	 𝛽1 > 0, 𝛽2 = 0; Linear increasing growth-CO2 emissions 

association.
3)	 𝛽1 < 0, 𝛽2 = 0; Linear decreasing growth-CO2 emissions 

association.
4)	 𝛽2 < 0; Inverted U-shaped growth-CO2 emissions asso-

ciation.

(13)

Δyit = �idt + �i
(

Yi,t−1 − �iXi,t−1

)

+

k
∑

j=1

�ijΔYi,t−j +

k
∑

j=1

�ijΔXi,t−j + �i,t

(14)
lnCO2it

= �
i
+ �

i1lnEGit
+ �

i2lnEG
2
+ �

i3lnHCit

+ �
i4lnNREit

+ �
i5lnREit

+ �
t

(15)
lnEF

it
= �

i
+ �

i1lnEGit
+ �

i2lnEG
2
+ �

i3lnHCit

+ �
i4lnNREit

+ �
i5lnREit

+ �
t

(16)

Yit =

p−1
∑

j=1

� i
y

(

yi
)

t−j
+

q−1
∑

j=1

�i
y

(

Xi

)

t−j
+ �i

(

yi
)

t−1
+ �i + �it

5)	 𝛽2 > 0; U-shape of association between economic 
growth and CO2 emissions.

This study uses both time series and a panel autoregressive 
distributed lag model for selected countries to examine the 
EKC hypothesis.

Results and discussions

This study’s empirical findings and discussion are categorized 
in two sub-sections, concerning time series and panel analysis.

Time‑series estimation

We begin with the time series traditional unit root test-
ing for the specific country. The results confirmed that 
variables are either stationary at the level or the first dif-
ference, as reported in Table 2. Thus, the ARDL model 
can be applied.

After the confirmation, none of the variables is I(2); 
the ARDL model is applied and the results are reported 
in Table 3. The results of the long- and short-run mod-
els show the estimated elasticity values of EG, HC, RE, 
and NRE on CO2 in Model I. However, Model II demon-
strates the long- and short-run elasticities of the mentioned 
variables on the ecological footprint. Furthermore, the 
ARDL bound testing approach has confirmed cointegra-
tion among the variables because the F-statistic values are 
greater than the values of upper bounds and it is significant 
at 1% level.

An inverted U-shaped EKC is detected in China as the 
elasticities of EG and EG2 are 2.41 and − 0.17, respectively, 
in Model I. These elasticities, significant at 1% level, suggest 
that a percentage change in EG will raise CO2 emissions by 
2.41% in China. Together, these values imply a rise in emis-
sion at the initial level of growth up to a threshold and then 
decline at a rate of 0.17%. This result supports the fourth 
specification of EKC (i.e., 𝛽2 < 0) . This result is in line with 
previous studies (Adeleye et al. 2021b; Apergis 2016; Aper-
gis and Ozturk 2015; Baek and Kim 2013; Shahbaz et al. 

Table 1   Variables’ description

Authors’ compilation from (WDI database, 2020, GFN database 2019, PWT database, version 10.0, and OWID database, 2020)
a Human capital index, based on years of schooling and returns to education

S/N Variables Measuring unit Sources

1 Carbon dioxide emissions (CO2) Kiloton (Kt.) WDI-(2020)
2 Ecological footprint (EF) Global hectares per capita Global footprint Network (2019)
3 Economic growth (EG) Per capita GDP at current US$ WDI-(2020)
4 Human capital (HC) Human capital indexa Penn World Table (PWT, 10.0)
4 Renewable energy consumption (RE) Renewables (TWh) Our World in Data (OWID-2020)
5 Non-renewable energy consumption (NRE) Fossil Fuels (TWh) Our World in Data (OWID-2020)
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Table 2   Results of traditional 
unit root tests (ADF and PP)

Authors’ calculation. ***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively

Variables ADF PP

Intercept Intercept and trend Intercept Intercept and trend

China
Level
 lnCO2  − 1.79 (0.71)  − 2.90 (0.17)  − 0.43 (0.892)  − 1.91 (0.62)
 lnEF  − 0.28 (0.91)  − 2.44 (0.35) 1.13 (0.99)  − 1.59 (0.77)
 lnEG  − 2.75(0.07)  − 2.59 (0.283)  − 2.75 (0.07)  − 2.73 (0.22)
 lnEG2 0.40 (0.98)  − 1.89 (0.63) 1.80 (0.99)  − 1.71 (0.72)
 lnHC  − 0.69 (0.83)  − 2.52 (0.31)  − 0.56 (0.86)  − 1.43 (0.83)
 lnNRE 1.654 (0.999)  − 0.676 (0.968) 1.410 (0.998)  − 0.676 (0.968)
 lnRE  − 6.38*** (0.00)  − 4.72*** (0.00)  − 10.25*** (0.00)  − 1.09 (0.91)

First differences
 ∆lnCO2  − 3.48** (0.01)  − 3.41** (0.04)  − 3.60** (0.01)  − 3.52** (0.04)
 ∆lnEF  − 3.44** (0.01)  − 3.38** (0.04) 1.19 (0.99)  − 3.03** (0.04)
 ∆lnEG  − 4.38*** (0.00)  − 4.55*** (0.00)  − 4.25*** (0.00)  − 4.42***(0.00)
 ∆lnEG2  − 4.44*** (0.00)  − 4.71*** (0.00)  − 4.46*** (0.00)  − 4.54***(0.00)
 ∆lnHC  − 4.98*** (0.00)  − 5.12***(0.00)  − 4.78***(0.00)  − 4.98***(0.00)
 ∆lnNRE  − 2.66* (0.09)  − 2.78* (0.00)  − 2.77* (0.07)  − 2.92* (0.08)
 ∆lnRE … … …  − 8.52***(0.00)

India>
Level
 lnCO2  − 2.00 (0.28)  − 3.54** (0.04)  − 1.88 (0.33)  − 3.44* (0.05)
 lnEF 1.52 (0.99)  − 0.80 (0.95) 1.71 (0.99)  − 0.81 (0.95)
 lnEG  − 1.48 (0.53)  − 3.44* (0.05)  − 1.38 (0.57)  − 2.82 (0.19)
 lnEG2  − 1.46 (0.53)  − 2.63 (0.26)  − 1.81 (0.36)  − 2.71 (0.23)
 lnHC  − 2.57 (0.10)  − 0.91 (0.94)  − 25.36*** (0.00)  − 1.38 (0.85)
 lnNRE  − 1.71 (0.41)  − 1.96 (0.59)  − 1.68 (0.42)  − 2.07 (0.54)
 lnRE 0.11 (0.96)  − 2.71 (0.23) 0.58 (0.98)  − 2.71 (0.23)

First differences
 ∆lnCO2  − 5.632*** (0.000)  − 5.813*** (0.000)  − 5.653*** (0.000)  − 5.824*** (0.000)
 ∆lnEF
 ∆lnEG  − 4.518*** (0.000)  − 4.524*** (0.004)  − 4.532***(0.000)  − 4.483*** (0.004)
 ∆lnEG2  − 3.267*** (0.023)  − 3.309* (0.079)  − 5.545*** (0.000)  − 5.623*** (0.000)
 ∆lnHC  − 0.662 (0.844)  − 4.029** (0.015) …  − 0.952 (0.939)
 ∆lnNRE  − 6.62*** (0.00)  − 6.68*** (0.00)  − 6.51*** (0.00)  − 6.57*** (0.00)
 ∆lnRE  − 6.18***(0.00)  − 6.33***(0.00)  − 6.27***(0.00)  − 6.78***(0.00)

Japan
Level
 lnCO2  − 1.277 (0.631)  − 3.363* (0.070)  − 1.618 (0.464)  − 4.138** (0.011)
 lnEF  − 1.64 (0.44)  − 0.90 (0.94)  − 1.64 (0.44)  − 0.98 (0.93)
 lnEG  − 2.755* (0.073)  − 3.207* (0.096)  − 2.423 (0.141)  − 3.122 (0.114)
 lnEG2  − 2.938** (0.049)  − 2.215 (0.469)  − 3.028** (0.040)  − 2.227 (0.462)
 lnHC  − 2.678* (0.086)  − 1.205 (0.896)  − 4.353*** (0.001)  − 0.445 (0.982)
 lnNRE  − 1.49 (0.52)  − 1.14 (0.90)  − 1.46 (0.53)  − 0.95 (0.93)
 lnRE  − 1.01 (0.73)  − 4.15** (0.01)  − 2.48 (0.12)  − 4.15** (0.01)

First differences
 ∆lnCO2  − 4.432*** (0.001)  − 4.404*** (0.006)  − 7.034*** (0.000)  − 7.108*** (0.001)
 ∆lnEF  − 5.20*** (0.00)  − 5.73*** (0.00)  − 5.19*** (0.00)  − 6.08*** (0.00)
 ∆lnEG  − 4.626*** (0.000)  − 4.750*** (0.002)  − 4.581*** (0.000)  − 4.727*** (0.000)
 ∆lnEG2  − 5.746*** (0.000)  − 6.871*** (0.000)  − 6.068*** (0.000)  − 6.903*** (0.000)
 ∆lnHC …  − 2.941 (0.160) …  − 2.825 (0.196)
 ∆lnNRE  − 6.07*** (0.00)  − 6.27*** (0.00)  − 6.13*** (0.00)  − 9.29*** (0.00)
 ∆lnRE  − 10.03*** (0.00) …  − 10.81*** (0.00) …
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2012). However, India and Japan display simple U-shaped 
EKC. The elasticities of EG and EG2 for India and Japan are 
(− 1.11, 0.09) and (− 0.78, 0.03), respectively. These find-
ings support the fifth specification of the EKC hypothesis 
(i.e., 𝛽2 > 0) , implying a U-shaped EKC in India and Japan. 
Our results resemble earlier findings by Dogan and Turkekul 
(2016) and Sapkota and Bastola (2017).

The results of human capital for China and Japan show 
a negative association towards CO2 emissions. The elas-
ticities of HC for China and Japan are − 4.61 and − 0.79, 
respectively.

The results are significant at a 1% level, signifying a per-
centage change in HC is projected to cut down CO2 by 4.61% 
and 0.79%, respectively. These results find support from pre-
vious studies (Ahmed et al. 2020a, b, c), which detected a 
negative association between HC and CO2 emissions in G7 
countries in their research. Furthermore, Mahmood et al. 
(2019) also found the same results for Pakistan. However, 
for India, the results show an insignificant relation with CO2 
emissions.

Moreover, non-renewable energy consumption contrib-
utes to increasing CO2 emissions in India and Japan. The 
elasticities of NRE are 0.79 and 0.98 at 1% level of signifi-
cance on CO2 emissions in India and Japan, respectively. 
The result is similar to the findings supporting the positive 
nexus between energy and pollution (Okoye et al. 2022; 
Mujtaba et al. 2022a, 2020; Okoro et al. 2021; Okoye et al. 
2021; Can and Gozgor 2017; Lean and Smyth 2010). How-
ever, China shows an insignificant relation to CO2 emissions. 
Renewable energy consumption shows an insignificant asso-
ciation with CO2 emissions in India and Japan. For China, 
it offers a negative and significant connection with CO2 
emissions. The elasticity is − 1.49, which implies that a 1% 
change in RE consumption in China is expected to decline 
1.49% in CO2 emissions. This result is similar to the King-
dom of Saudi Arabia’s results by Toumi and Toumi (2019). 
The structural break dummy for 1999 positively affects CO2 
emissions in China. It may be due to the introduction of tax 
incentives and state financing during that period of rapid 
industrialization by China’s administration. The results show 

Table 3   ARDL estimates for 
Model I:lnCO2 = f (lnEG, 
lnEG.2, lnHC, lnNRE, lnRE)

Authors’ calculations. ***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively, from 
the Pesaran et al. (2001) bounds test. Note: D1 and D2 represent the dummies for two break-points esti-
mated using the Bai-Perron multiple structural breaks test. Breaks are reported in the years1999 and 2012 
for China, 1996 and 2007 for India, and in the years1988 and 1997 for Japan

China India Japan

Long-run estimation

Variables Coef t-stat. (p) Coef t-stat. (p) Coef t-stat. (p)

lnEG 2.41*** 4.07 (0.00)  − 1.11***  − 3.48 (0.00)  − 0.78***  − 3.69 (0.00)
lnEG2  − 0.17***  − 4.24 (0.00) 0.09*** 3.96 (0.00) 0.03*** 3.60 (0.00)
lnHC  − 4.92***  − 4.61 (0.00) 1.09 1.57 (0.15)  − 0.79***  − 5.01 (0.00)
lnNRE 0.08 0.52 (0.61) 0.79*** 4.63 (0.00) 0.98*** 16.56 (0.00)
lnRE  − 1.41*** 5.33 (0.00)  − 0.00  − 0.55 (0.59) 0.01 0.53 (0.59)
D1 0.12* 1.97 (0.08) 0.12** 2.72 (0.02)  − 0.07***  − 4.12 (0.00)
D2 0.07 1.25 (0.24) 0.05** 3.13 (0.01)  − 0.02***  − 3.11 (0.00)
C 0.61 0.34 (0.74) 10.1*** 9.38 (0.00) 10.36*** 11.50 (0.00)
Bonds Testing Approach
 F-stat 11.81*** K = 7 11.74*** 7 6.46*** 7

Short-run Estimation
 lnCO2 (− 1)  − 0.87***  − 6.04 (0.00)  − 0.92***  − 9.71 (0.00)  − 0.92***  − 6.51 (0.00)
 lnEG  − 0.82***  − 2.02 (0.07) 0.94*** 5.45 (0.00)  − 1.07***  − 3.19 (0.00)
 lnEG2 0.05 1.80 (0.10)  − 0.08***  − 6.12 (0.00) 0.05*** 3.16 (0.00)
 lnHC 1.77 0.87 (0.40) 2.53*** 5.57 (0.00)  − 1.09***  − 4.48 (0.00)
 lnNRE 0.68*** 4.23 (0.00) 0.18** 3.16 (0.01) 0.92*** 14.49 (0.00)
 lnRE  − 0.21**  − 2.86 (0.01)  − 0.04**  − 2.44 (0.02) 0.05*** 3.53 (0.00)
 D1  − 0.04  − 1.34 (0.21)  − 0.12***  − 9.18 (0.00) 0.02** 2.10 (0.04)
 D2  − 0.04**  − 2.66 (0.02)  − 0.13***  − 12.01 (0.00) 0.02*** 3.19 (0.00)
 ECM (− 1)  − 0.87***  − 14.1 (0.00)  − 0.79***  − 14.54 (0.00)  − 0.92  − 9.16 (0.00)
 R-squared 0.98 DW = 2.08 0.98 DW = 1.96 0.96 DW = 2.07
 Adj. R-Sq 0.97 AIC =  − 6.34 0.96 AIC =  − 7.26 0.95 AIC =  − 6.59
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that this break increases CO2 emission by 0.12%. However, 
the effect of the dummy for the other break year, i.e., 2012, 
is found to be insignificant. For India, the structural breaks 
are located in 1996 and 2007. Both breaks generate positive 
effects on CO2 emissions in India. The year 1996 represents 
the early stage of reforms and its recovery from the bal-
ance of payment (BoP) crises in the late 1980s and early 
1990s. Similarly, India adhered to the Kyoto protocol in 
2005–2006 and committed herself to reduce emissions by 
shifting energy resources by 2030, subsequently causing a 
break in 2007. The structural break dummies for 1988 and 
1997 are reported to cut CO2 in Japan. In 1997, Japan hosted 
the third conference of the parties for the United Nations 
Framework Convention on Climate Change in Kyoto.

In the short run, the results show that there is a U-shaped 
link between EG and CO2 emissions in China and Japan. 
However, in India, there is an inverted U-shaped link 
between EG and environmental degradation. The other vari-
ables also significantly affect CO2 emissions. The HC affects 
CO2 emissions insignificantly in China, positively in India, 
and adversely in Japan. NRE consumption positively affects 
CO2 emissions in the three sampled countries. However, the 
RE negatively affects CO2 emissions in China and India and 
positively in Japan, as reported in the results. The dummies 
show adverse effects on CO2 emissions in China and India 
and a positive impact in Japan. The error correction coef-
ficients are negative and significant in China, India, and 
Japan; the respective correction speed estimates are 87%, 
79%, and 92% of the time interval. The overall fitting of the 
model is found to be significant.

The long-run findings from Model II report a simple 
U-shaped association between EG and ecological foot-
print in China and India. The elasticities of EG and EG2 
in China and India are (− 0.79, 0.06) and (− 0.62, 0.05), 
respectively. These elasticities are significant at a 1% level, 
signifying that the ecological footprint starts to decline 
with the rising EG in the initial stage. However, after a 
threshold level, the ecological footprint starts to increase 
and outline a U-shaped relationship. This association sup-
ports the fifth specification of EKC (i.e., 𝛽2 > 0) . These 
findings are supported by the previous study conducted 
by Destek and Sinha (2020) for OECD countries. On the 
contrary, an inverted U-shaped link between EF and EG 
is detected in Japan. The elasticities of EG and EG2 are 
2.53 and − 0.10, respectively, supporting the fourth speci-
fication of EKC (i.e., 𝛽2 < 0) . This result is in line with 
previous studies (Ahmed and Wang 2019) for India and 
(Mrabet et al. 2017) for the MENA region.

The results of human capital for China and India show 
an insignificant relation towards ecological footprint. 
However, for Japan, the results show a negative and sta-
tistically significant association with EF. The coefficient 
value implies 1% increase in HC is expected to decline 

EF by 3.26% in Japan. This result aligns with earlier stud-
ies (Ahmed and Wang 2019; Rahman and Ahmad 2019). 
Consumption of non-renewable energy contributes to 
increasing EF both in India and Japan. The statistically 
significant coefficients of NRE signify 1% change in NRE 
will result in a rise of 0.12% and 1.38% in EF in India 
and Japan, respectively. These results are supported by 
previous studies (Sharif et al. 2020; Ahmed and Wang 
2019; Ahmed et al. 2020b). However, for China, it shows 
an insignificant relation. Renewable energy consumption 
shows an insignificant association with EF in Japan. China 
and India show a positive and significant connection with 
EF. The elasticities of RE for China and India are 0.64 and 
0.02, respectively, which implies that 1% change in RE 
consumption will improve EF by 0.64% in China and by 
0.02% in India. Baz et al. (2020) arrived at similar results 
in their study.

The dummies D1 and D2 show the structural breaks in 
2002 and 2012, and they positively affect EF in China. 
However, the D2, representing a structural break in 2010, 
has adverse and significant effects on EF in India. The 
results show that this break had decreased EF by 10% in 
India.

Short-run estimation iterates a U-shaped link between EG 
and EF in India and China. The HC positively and signifi-
cantly affects EF in China and India and adversely in Japan. 
The NRE consumption positively affects EF in India and 
Japan and insignificantly affects China. However, the RE 
insignificantly affects EF in China and Japan. In India, RE 
shows positive effects on EF; even the result is significant 
at 10% level. The impact of the structural breaks is negative 
on EF in China in the short run. In India, only the break in 
2010 shows adverse and significant effects on EF. At the 
same time, the structural breaks in Japan show insignificant 
effects on EF. The coefficients of the error correction mecha-
nism (ECM) are negative and significant in China, India, and 
Japan; EG, EG2, HC, NRE, and RE are corrected to their 
equilibrium at 82%, 80%, and 84% of a year in the respective 
economies. The values of R and adjusted R squared signifies 
that the model is quite good (Table 4).

Diagnostic tests

The results of the diagnostic tests, as presented in Table 5, 
confirm no serial correlation, no heteroscedasticity, and all 
the variables are found to be normally distributed.

Structural stability tests

The structural stability test, developed by Brown et al. 
(1975), is presented in Fig.  2. The cumulative sum 
(CUSUM) test and cumulative sum of the squares 
(CUSUMSQ) test confirm the model is structurally stable.
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Panel estimation

Cross‑sectional dependence test

The panel estimation begins with the cross-sectional 
dependency LM test. From the results reported in Table 6, 

cross-sectional dependency is confirmed at a 1% level of sig-
nificance. Thus, we use the second-generation unit root tests.

The results of S-G unit root tests of Pesaran’s CIPS and 
CADF are shown in Table 7. The CIPS exhibit that variables 
like EF, EG, and EG2 have a unit root at the level I(0) and 
become stationary after the first difference I(1). However, 

Table 4   ARDL model estimates 
for Model II: lnEF = g (lnEG, 
lnEG.2, lnHC, lnNRE, lnRE)

Authors’ calculation. ***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively, 
from the Pesaran et al. (2001) bounds test. Note: D1 and D2 represent the dummies for two break-points 
estimated using the Bai  and Perron  (1998) multiple structural breaks test. Breaks are reported in the 
years 2002 and 2012 for China, 2002 and 2010 for India, and in the years 1988 and 1998 for Japan

China India Japan

Long-run estimation

Variables Coef t-stat. (p) Coef t-stat. (p) Coef t-stat. (p)

lnEG  − 0.79**  − 2.41 (0.03)  − 0.62***  − 5.40 (0.00) 2.53*** 3.87 (0.00)
lnEG2 0.06** 3.06 (0.01) 0.05*** 6.24 (0.00)  − 0.10***  − 3.08 (0.00)
lnHC  − 0.66  − 1.14 (0.27) 0.03 0.48 (0.63)  − 3.26***  − 4.54 (0.00)
lnNRE  − 0.15  − 1.61 (0.13) 0.12*** 5.71 (0.00) 1.38*** 9.52 (0.00)
lnRE 0.64*** 5.98 (0.00) 0.02* 1.94 (0.06)  − 0.00  − 0.09 (0.92)
D1 0.12*** 3.76 (0.00) 0.00 0.07 (0.94)  − 0.04  − 1.16 (0.25)
D2 0.42*** 6.98 (0.00)  − 0.01**  − 2.35 (0.02)  − 0.03  − 1.29 (0.21)
C 0.99 0.82 (0.42) 1.08** 2.60 (0.01)  − 20.1***  − 5.93 (0.00)
Bonds testing approach
 F-stat 13.82*** K = 7 16.53*** K = 7 25.9*** K = 7

Short-run estimation
 EF (− 1)  − 0.82***  − 6.03 (0.00)  − 0.80***  − 7.95 (0.00)  − 0.84***  − 18.52 (0.00)
 lnEG  − 1.02*  − 2.00 (0.07)  − 0.68***  − 4.44 (0.00) 0.57 0.80 (0.43)
 lnEG2 0.07* 1.87 (0.08) 0.05*** 4.92 (0.00)  − 0.01  − 0.43 (0.66)
 lnHC 5.06** 2.94 (0.01) 0.80** 2.13 (0.04)  − 44.3***  − 3.09 (0.00)
 lnNRE  − 0.19  − 1.67 (0.12) 0.13*** 5.00 (0.00) 1.67*** 7.87 (0.00)
 lnRE 0.04 0.49 (0.62) 0.02* 1.89 (0.06)  − 0.00  − 0.09 (0.92)
 D1  − 0.07**  − 2.42 (0.03) 0.00 0.07 (0.94) 0.04 0.93 (0.36)
 D2  − 0.16*** 7.01 (0.00)  − 0.01**  − 2.10 (0.04) 0.05 1.56 (0.13)
 ECM (− 1)  − 0.82***  − 14.6 (0.00)  − 0.80***  − 14.01 (0.00)  − 0.84***  − 12.28 (0.00)
 R-squared 0.97 DW = 2.05 0.83 DW = 2.09 0.95 DW = 2.05
 Adj. R-Sq 0.96 AIC =  − 6.32 0.82 AIC =  − 7.67 0.93 AIC =  − 4.60

Table 5   Results of diagnostic 
tests

Authors’ calculation. In (.) are the P-values of the F-statistics

Diagnostic tests China India Japan
F-statistic (P-value) F-statistic (P-value) F-statistic (P-value)

Diagnostics for Model I
 Serial correlation 0.651 (0.783) 5.28 (0.551) 0.344 (0.713)
 Breusch-Pagan-Godfrey test 1.638 (0.223) 1.05 (0.52) 2.287 (0.998)
 Normality (Jarque–Bera) test 0.554 (0.757) 1.958 (0.375) 0.616 (0.734)

Diagnostics for Model II
 Serial correlation 1.435 (0.287) 0.710 (0.502) 0.304 (0.588)
 Breusch-Pagan-Godfrey test 0.726 (0.749) 8.874 (0.544) 0.911 (0.571)
 Normality (Jarque–Bera) test 0.229 (0.891) 0.029 (0.985) 0.011 (0.994)
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the CADF exhibits that only RE is stationary at I(0) and all 
others become stationary at I(1). Therefore, the variables are 
I(0) and I(1), and thus, the Johansen cointegration tests and 
the VAR/VEC models cannot be used.

Panel cointegration estimation

As cross-sectional dependency is confirmed, the Wester-
lund panel cointegration is applied to verify the relationship 
between the long-run variables. Table 8 reports a statistically 
significant cointegration between CO2 in Model I and EF in 
Model II with the independent variables.

The panel ARDL results for both Model I and Model II for 
both the long run and the short run are reported in Table 9.

The long-run findings from Model I present an inverted 
U-shaped link between EG and CO2 emissions. The elastici-
ties of EG and EG2 are 0.11 and − 0.00, which are signifi-
cant at a 1% level, signifying that the carbon emissions rise 
to a threshold level initially with the increasing economic 
growth, then the emissions start to decline. A statistically 
significant but negative relation is reported for human capi-
tal with CO2. A percentage change in HC is expected to 
decrease CO2 emissions by 0.63%. Non-renewable energy 
consumption shows a positive and significant association 
with CO2 emissions. The elasticity of NRE is 1.14, and the 
results are significant at a 1% level, signifying a percentage 
change in NRE consumption is projected to increase CO2 
by 1.14%. The result is supported by Mujtaba et al. (2022a) 
who also found a positive association between NRE con-
sumption and CO2 emissions in OECD countries in their 
research.

As expected, a unit percentage change in RE causes a 
decrease in CO2 by 0.03% in these sampled countries. The 
adverse effects of RE on CO2 emissions indicate adopting 
sustainable technology (Bilgili et al. 2016; Charfeddine and 
Kahia 2019). In essence, non-renewable energy consump-
tion contributes to increasing CO2 emissions. The positive 
association of NRE with CO2 is consistent with past research 
(Chen et al. 2020 and Mujtaba et al. 2020). The NRE con-
sists of fossil fuels; when the fossil fuels burn, it emits car-
bon. Therefore, the rising consumption of non-renewable 
is only a major reason behind the CO2 emissions as per the 
reported results. The policymakers should frame such poli-
cies that help attain sustainable economic growth.

Model II shows an inverted U-shaped relationship 
between EG and EF in the long run. The coefficients, signi-
fying elasticities of EG and EG2 are 2.21 and − 0.11, respec-
tively. These findings demonstrated an inverted U-shaped 
relationship between economic growth and ecological foot-
print. Human capital, as with CO2, presents a negative rela-
tion with EF at 1% level of significance and the coefficient 
implies an even greater elasticity value of − 5.23 on EF. The 
elasticities of NRE and RE on EF are 0.67 and 0.19, which 

are significant at 1% and 10% levels, respectively. Similar 
conclusions are reached by Ansari et al. (2020), Sharma 
et al. (2020), Destek and Sinha (2020). As we already dis-
cussed in the introduction section, EF presents positive side 
environmental quality, as the results show that the rise in 
NRE increases the EF. It indicates that these countries are 
opting for those sources of growth and development which 
are environmentally unfriendly. The results also revealed 
that RE affects EF positively. The elasticity is 0.19, suggest-
ing that 1% change in RE increases EF by 0.19%. The error 
correction coefficients (ECM) are negative and statistically 
significant in both models. The speed of adjustment of the 
independent variables to the equilibrium is 86% and 82% of 
1-year time intervals in Model I and Model II, respectively.

Implications for sustainability

The United Nations Sustainable Development Goals 
(SDGs) constitute a befitting framework to answer the 
developmental challenges to achieve a sustainable future, 
free from social, economic, and environmental inequali-
ties and thereby ensuring a greener and healthy planet for 
future generations. The positive stride towards achieving 
the target is largely driven by commendable country-wide 
performance in the five goals—Clean Water and Sanitation, 
Affordable and Clean Energy, Industry, Innovation and 
Infrastructure, Life on Land and Peace, Justice and Social 
Institutions. The findings of this study are highly linked 
with the seventh goal of the United Nations (Affordable 
and Clean Energy); to achieve this goal, the findings urge 
the policymakers and stakeholders of the sampled countries 
mainly focus on clean energy production through poten-
tial financial instruments like Green Bonds. The “Green” 
investment banks or GIBs are government-funded entities 
that “crowd in” private investment in low-carbon assets 
and provide debt for projects with existing capital reserves 
and raise funds through the issuance of bonds and crea-
tion of asset-backed securities.The government can issue 
bonds through private or public banks, the World Bank, or 
Regional Development Bank. This bond taps both domes-
tic and international investors, which expands the investor 
base.

Moreover, the U-shaped relationship between economic 
growth and ecological footprint in China reveals that 
anthropogenic activities negatively affect the environment. 
According to a report,1 China’s Belt and Road Initiative 
(BRI) will touch the lives of 60% of the world’s popula-
tion. With a focus on “win–win partnerships” and “con-
nectivity,” the project has received mixed reviews from 

1  https://​www.​cn.​undp.​org/​conte​nt/​dam/​china/​docs/​Publi​catio​ns/​
2017%​20Rep​ort%​20on%​20the%​20Sus​taina​ble%​20Dev​elopm​ent%​
20of%​20Chi​nese%​20Ent​erpri​ses%​20Ove​rseas.​pdf
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those who have looked at its potential broader impacts. 
It has been found by Ng et al. (2020) that the BRI could 
have a significant impact on ecosystems and terrestrial 
and marine biodiversity in Southeast Asia, affecting plant 
and animal habitats resulting in a violation of the United 
Nations rules in achieving the Sustainable Development 

Goals (SDGs 8, 11, 13, and 15). For this reason, the Chi-
nese government should establish biodiversity monitoring 
stations and invest in the construction of ecological cor-
ridors for the movement of species when building roads 
and railways. The findings and policy implications of this 
study are not limited to these sampled countries. However, 

Fig. 2   Results from the structural stability test
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Fig. 2   (continued)

Table 6   Results of the residuals 
cross-section dependence (LM) 
test

Authors’ calculation. “***” denotes the rejection of the null hypothesis is significant at the 1% level

Test Variables

lnCO2 EF lnEG lnEG2 lnHC lnNRE lnRE

Breusch-Pagan LM 80.97*** 65.24*** 70.24*** 68.68*** 110.29*** 87.83*** 65.98***
P-values 0.00 0.00 0.00 0.00 0.00 0.00
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the stockholders and policymakers of the other countries 
having similar backgrounds and income group levels are 
suggested to follow the rules framed by the United Nations 
to achieve sustainability.

Although the SDGs are referred to as the peoples’ goals, 
a survey report2 found that the majority of the population 
is not yet familiar with the sustainable development goals; 
only between 28 to 45% of the people have heard about the 
goals. Furthermore, a 2016 study3 found that only about 
one among hundred people across 24 countries is well 
aware of the goals while 25% only know the name of the 

goals. Thus, awareness centers must be established in the 
sampled countries as well as in other similar income group 
countries and geographical regions of similar backgrounds 
in order to educate the general public.

Conclusions and policy implications

This paper aligns with the 2030 United Nations Sustain-
able Development Goals (SDGs) 7, 8, and 13 to exclu-
sively investigate the environmental Kuznets curve (EKC) 
in China, India, and Japan as the three largest economies 
and top emitters in Asia. This novel study uses annual data 
from 1980 to 2016 and two main proxies of environmen-
tal degradation—carbon dioxide emissions and ecological 
footprint. We summarize findings from both time series and 
panel ARDL techniques.

Using each proxy of environmental degradation and 
considering only the long-run impacts, country-level 
results are mixed. Outcomes show that with carbon diox-
ide emissions, (1) the EKC holds in China but not in India 
and Japan; (2) human capital reduces degradation in China 
and Japan; (3) non-renewable energy exacerbates degrada-
tion in India and Japan; and (4) renewable energy promotes 
environmental sustainability in China. For ecological foot-
print, (1) an inverted U-shaped EKC exists in Japan but not 
in China and India; (2) human capital significantly reduces 
degradation in Japan; (3) non-renewable energy exacer-
bates degradation in India and Japan; and (4) renewable 
energy aggravates the environment in China and India. 
The panel data results reveal that (1) the EKC hypothesis 
holds; (2) human capital and renewable energy promote 
environmental sustainability; while (3) non-renewable 
energy exerts devastating environmental impact. A cur-
sory examination of the country-level results shows that the 
inverted U-shaped EKC in India does not operate.

Policy recommendations are not far-fetched. Since 
China, India, and Japan are undisputable the three larg-
est Asian economies producing high pollutant emissions, 
it becomes imperative for the three economies to adopt 
renewable energy–enabled technologies to achieve the 
dual purpose of economic growth and clean environment. 
For instance, investments in hydro-power, wind, and solar 
energy may drive the needed innovations in the manufac-
turing, construction, tourism, and transportation sectors, 
to mention a few. Also, since human capital is found to 
enable a sustainable and friendly environment, the stake-
holders and policymakers in these countries should chan-
nel resources to make education open and accessible to 
everyone. Lastly, combating climate change and ensuring 
a sustainable environment (SDG13) require that de-carbon-
ization measures be pursued to enable a healthy environ-
ment that will reduce health impacts due to energy-related 

Table 7   Results of S-G unit root tests

Note: This is Pesaran’s CIPS and CADF panel unit root test in the 
presence of cross-section dependence. The null hypothesis is the 
series are nonstationary. The number of lags is chosen based on 
Akaike Information Criteria. ***,**, and * denote significance at 
the1%, 5%, and 10% levels, respectively

CIPS CADF

Variables Level First difference Level First difference

lnCO2  − 2.30**  − 5.02***  − 1.96  − 2.83***
lnEF  − 0.57  − 3.53***  − 0.80  − 3.53***
lnEG  − 1.66  − 4.39***  − 1.61  − 3.19***
lnEG2  − 1.49  − 3.96***  − 1.61  − 2.76**
lnHC  − 2.62***  − 2.62***  − 2.62*  − 3.08***
lnNRE  − 2.21**  − 4.42***  − 1.81  − 4.42***
lnRE  − 3.45***  − 6.07***  − 2.81**  − 4.78***

Table 8   Results of Westerlund panel cointegration tests

Authors’ calculation

Westerlund test

Model I ∆lnCO2 = ∆lnEG + ∆lnEG2 + ∆lnHC + ∆lnNRE + ∆lnRE
Test Value Z-value p-value
 G-t  − 3.58  − 3.38 0.01
 G-a  − 18.56  − 8.17 0.00
 P–t  − 12.46  − 3.55 0.00
 P-a  − 20.10  − 6.99 0.00

Model II ∆lnEF = ∆lnEG + ∆lnEG2 + ∆lnHC + ∆lnNRE + ∆lnRE
Test Value Z-value p-value
 G-t  − 6.99  − 4.01 0.02
 G-a  − 14.98  − 5.88 0.00
 P–t  − 13.10  − 4.02 0.00
 P-a  − 16.98  − 8.99 0.00

2  https://​www.​oecd.​org/​devel​opment/​pgd/​Inter​natio​nal_​Survey_​
Data_​DevCom_​June%​202017.​pdf
3  Glocalities: Towards 2030 Without Poverty (2016); 56,000 
respondents in 24 countries. (Fieldwork: 12/2015–2/2016.
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air pollution (SDG3) by 2030. Given the available data, 
researchers may take up further investigation in the future.
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