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Abstract

This study examines the effects of economic growth and energy consumption on envi-
ronmental degradation in nine Southeast Asian countries from 1990 to 2022. By jointly
employing carbon dioxide (CO2) emissions and the ecological footprint (EFP) within both
symmetric and asymmetric panel ARDL frameworks, the study provides a more com-
prehensive assessment of environmental sustainability than previous studies that rely
on a single environmental indicator or a linear specification. The empirical results indi-
cate that economic growth and energy consumption remain key drivers of environmental
degradation, although their effects vary with the environmental indicator used. Both the
panel ARDL and NARDL estimates support the EKC hypothesis when environmental
degradation is measured by CO2 emissions, but reject it when the EFP is used, highlighting
the importance of adopting multidimensional measures of environmental sustainability.
Furthermore, the panel NARDL results reveal significant long-run asymmetric effects of
energy consumption, with increases in energy use exerting stronger adverse impacts on
both CO2 emissions and the EFP than equivalent decreases. These contrasting findings
suggest that improvements in carbon efficiency associated with economic growth do not
necessarily alleviate broader pressures on natural resources and ecological systems. The
robustness of the results is confirmed using FMOLS, DOLS, and CCR estimators, while the
causality analysis identifies long-run bidirectional relationships among economic growth,
energy consumption, and environmental degradation. These findings emphasize the need
for integrated policy measures that promote renewable energy adoption, cleaner industrial
development, improved energy efficiency, and stronger environmental governance to sup-
port sustainable economic growth and accelerate the transition toward net-zero emissions
in Southeast Asia.

Keywords: environmental sustainability; economic growth; energy consumption; panel
ARDL; nonlinear ARDL

1. Introduction
Over the past few decades, the environment has been increasingly exposed to nu-

merous environmental concerns, including climate change, global warming, resource
depletion, ecological distortion, and other environmental-related problems [1–6]. With the
increasing demand for energy driven by rapid population growth, urbanization, and the
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expansion of the manufacturing and transportation sectors, individuals are forced to live
in polluted, toxic environments [7,8]. According to the International Energy Agency (IEA)
report published in 2022, carbon dioxide (CO2) emissions account for more than 78% of
total greenhouse gas emissions, with anthropogenic activities representing the dominant
source. Previous studies consistently identify economic growth and energy consumption
as the principal drivers of CO2 emissions, while foreign direct investment, trade openness,
population density, urbanization, and industrialization further influence environmental
quality [4,5,9–12]. Moreover, sustained economic expansion in recent decades has been
accompanied by rapidly increasing energy consumption, a trend expected to continue in
the foreseeable future [13–21].

Achieving the United Nations Sustainable Development Goals (SDGs) by 2030 requires
substantial reductions in greenhouse gas emissions, particularly in developing regions
where economic growth remains highly dependent on fossil fuels. Southeast Asia is one of
the world’s fastest-growing economic regions and has become an important manufacturing
and industrial hub. However, this rapid development has also intensified environmental
and energy-related challenges. According to the 2023 IEA report, approximately 85%
of the region’s population is exposed to air pollution levels exceeding the World Health
Organization’s recommended safety thresholds. Since 2000, the region’s energy demand has
more than doubled, with most of the increase supplied by fossil fuels. Coal has experienced
the largest expansion, increasing its share of the regional energy mix from 9% in 2000 to
approximately 28% in recent years. Indonesia accounts for nearly 90% of Southeast Asia’s
coal production and is one of the world’s leading exporters, while Vietnam is the region’s
second-largest producer and consumer.

The recent global energy crisis has further exposed the vulnerabilities of Southeast
Asia’s energy system. The region continues to rely heavily on imported fossil fuels, particu-
larly oil, increasing exposure to volatile international energy prices and placing considerable
pressure on government budgets and low-income households. Unlike many regions where
economic growth has gradually become less carbon-intensive, Southeast Asia continues to
exhibit a strong positive association between economic growth and carbon emissions. This
pattern is primarily attributed to the increasing dependence on coal for electricity genera-
tion and industrial production, resulting in persistent growth in energy-related emissions.

According to the 2024 IEA report, Southeast Asia’s future energy demand will continue
to grow due to robust economic growth, rapid population growth, and the region’s strategic
role in global manufacturing. Without significant policy intervention, energy-related CO2

emissions are projected to increase by approximately 33% by 2050, raising serious concerns
regarding environmental sustainability, energy security, and dependence on imported fossil
fuels. In response, nearly all Southeast Asian countries have adopted ambitious energy
transition strategies, with eight of the ten ASEAN member states committing to achieve
net-zero emissions by 2050. These developments underscore the urgent need to understand
how economic growth and energy consumption affect environmental sustainability, and
whether recent energy market disruptions will accelerate the transition toward cleaner,
more sustainable energy systems.

Despite the growing body of literature on the energy–growth–environment nexus,
several important research gaps remain. First, most studies of Southeast Asian countries
rely exclusively on CO2 emissions as a proxy for environmental degradation, potentially
overlooking broader dimensions of environmental sustainability. Second, the literature
predominantly employs linear econometric models that implicitly assume symmetric re-
sponses of environmental quality to changes in energy consumption. This assumption may
be overly restrictive because macroeconomic variables frequently exhibit nonlinear behav-
ior, implying that increases and decreases in energy consumption may produce different
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environmental outcomes. Third, relatively few studies simultaneously account for the roles
of foreign direct investment, trade openness, population density, and industrialization
within a unified empirical framework, despite their relevance to the SDGs. Consequently,
whether linear models adequately capture the dynamics of the energy–environment rela-
tionship in Southeast Asia remains an open empirical question.

To address these research gaps, this study investigates the relationships among eco-
nomic growth, energy consumption, and environmental sustainability in Southeast Asian
countries, using annual data from 1990 to 2022. Specifically, the study pursues three main
objectives. First, it examines long-run and short-run relationships among economic growth,
energy consumption, and environmental sustainability using two complementary indi-
cators of environmental degradation: carbon dioxide (CO2) emissions and the ecological
footprint (EFP). Second, it evaluates the effects of foreign direct investment, trade openness,
population density, and industrialization on the growth–environment nexus. Third, it com-
pares results from symmetric and asymmetric panel autoregressive distributed lag (ARDL)
models to determine whether positive and negative changes in energy consumption have
asymmetric effects on environmental degradation.

Accordingly, this study seeks to answer the following research questions: (1) What
are the long-run and short-run effects of economic growth and energy consumption on
environmental sustainability in Southeast Asia? (2) Do foreign direct investment, trade
openness, population density, and industrialization significantly affect environmental
degradation? (3) Do increases and decreases in energy consumption have asymmetric
effects on CO2 emissions and the ecological footprint?

The main contribution of this study extends beyond the application of both sym-
metric and asymmetric panel ARDL models [22]. Unlike previous studies that typically
rely on either a single environmental indicator or a symmetric estimation framework,
this study simultaneously employs CO2 emissions and the ecological footprint as com-
plementary measures of environmental degradation and compares linear and nonlinear
dynamic specifications. This integrated framework enables assessment of whether con-
ventional symmetric models obscure important nonlinear adjustment mechanisms and
whether policy conclusions vary with the environmental indicator used. By capturing both
the direction and magnitude of asymmetric responses, the study provides more robust
evidence on the energy–environment nexus and offers richer policy implications for South-
east Asian economies pursuing low-carbon development, energy security, and net-zero
emission targets.

The remainder of this paper is organized as follows. Section 2 reviews the relevant
theoretical and empirical literature, with particular emphasis on studies focusing on Asian
countries. Section 3 describes the data, variables, and econometric methodology. Section 4
presents and discusses the empirical findings. Finally, Section 5 concludes the study and
provides policy implications.

2. Literature Review
While the Environmental Kuznets Curve (EKC) hypothesis posits that environmen-

tal degradation initially rises with economic growth before declining after a certain in-
come threshold, the shape of this relationship may vary by the environmental indicator
used [18,19,23–26]. Although CO2 emissions and the ecological footprint (EFP) are both
widely used proxies for environmental sustainability, they capture different dimensions of
environmental pressure [10,15,20,21,27,28]. CO2 emissions primarily measure greenhouse
gas emissions from fossil fuel combustion and industrial activities, whereas the EFP re-
flects the broader demand placed on natural ecosystems by quantifying the biologically
productive land and water required to support human consumption and absorb waste.
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Consequently, economic growth may influence these indicators through different
transmission mechanisms. For instance, improvements in energy efficiency, technological
innovation, and cleaner production processes can reduce carbon emissions without neces-
sarily lowering overall resource consumption. Conversely, rising income may stimulate
material consumption, land-use expansion, and natural resource exploitation, thereby
increasing the EFP even when carbon emissions stabilize or decline. These conceptual
differences provide a theoretical basis for expecting distinct EKC patterns for CO2 emissions
and the EFP, thereby justifying the inclusion of both indicators in empirical analyses of
environmental sustainability.

Building on this conceptual distinction, the following section reviews the empiri-
cal literature on the relationships among economic growth, energy consumption, and
environmental sustainability, with particular emphasis on evidence from Southeast
Asian economies.

2.1. Economic Growth, Energy Consumption, and Environmental Sustainability

The relationship between economic growth and environmental sustainability has
been widely examined through the EKC hypothesis. In Southeast Asia, Shahbaz et al. [24]
found an N-shaped relationship between economic growth and CO2 emissions in Vietnam
during 1974–2016, indicating that environmental quality may improve temporarily before
deteriorating again as income continues to rise. At the broader regional level, Munir and
Ameer [19] reported an inverted U-shaped relationship between economic growth and SO2

emissions across 11 Asian countries, supporting the EKC hypothesis. Similar evidence has
been documented by Kongbuamai et al. [15] and Lu [28], who showed that although eco-
nomic expansion initially intensifies environmental pressure, improvements in technology
and production efficiency may partially offset these adverse effects in Asian economies.

Despite this evidence, the validity of the EKC remains controversial. Several studies
have found that sustained economic growth continues to worsen environmental quality
rather than improve it. Ahmed and Wang [3], Gulistan et al. [14], Alam et al. [18], Hassan
et al. [20], and Murshed et al. [21] reported that economic expansion remains positively
associated with environmental degradation, particularly in emerging Asian economies.
These findings suggest that rising income alone is insufficient to improve environmental
quality without complementary policies promoting clean energy, technological innovation,
and sustainable resource management.

Energy consumption has consistently been identified as a major driver of environmen-
tal degradation in Asia. Munir and Riaz [4] demonstrated that fossil fuel consumption,
including oil, natural gas, coal, and electricity, significantly increases CO2 emissions in
Bangladesh, India, and Pakistan. Similarly, Rehman and Rehman [11] showed that eco-
nomic growth and energy consumption jointly contribute to environmental degradation
across major Asian economies. Raihan et al. [16] reached similar conclusions for Bangladesh.
Collectively, these studies indicate that the environmental consequences of rapid economic
development in Southeast Asia are largely driven by rising energy demand and continued
reliance on fossil fuels.

Although the existing literature has extensively examined the relationships among eco-
nomic growth, energy consumption, and environmental degradation, most studies focus on
either CO2 emissions or the ecological footprint independently [29–40]. Few studies com-
pare these two environmental indicators within a unified analytical framework, particularly
in the context of Southeast Asia. Given their distinct environmental dimensions, examining
whether economic growth generates different EKC patterns for CO2 emissions and the
ecological footprint can provide a more comprehensive understanding of environmental
sustainability. Accordingly, this study extends the existing literature by examining whether
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economic growth exhibits different EKC patterns when environmental sustainability is
measured using CO2 emissions and the ecological footprint. By considering both indicators
simultaneously, the study provides a more comprehensive assessment of environmental
sustainability in Southeast Asia.

Grounded in the EKC hypothesis and the broader energy–environment literature, this
study tests the following hypotheses:

H1. Economic growth significantly influences environmental degradation in Southeast Asian countries.

H2. Energy consumption significantly increases environmental degradation.

H3. Positive and negative changes in energy consumption exert asymmetric effects on environmen-
tal degradation.

2.2. FDI, Trade Openness, and Environmental Sustainability

Foreign direct investment (FDI) and trade openness are among the most widely
studied determinants of environmental sustainability because of their significant roles in
promoting economic integration and growth. However, the environmental consequences of
these factors remain a subject of considerable debate. According to the pollution haven hy-
pothesis (PHH), increased international investment and trade may lead pollution-intensive
industries to relocate to countries with relatively weak environmental regulations, thereby
exacerbating environmental degradation. Conversely, the PHH suggests that FDI and
trade can improve environmental quality by transferring cleaner technologies, advanced
managerial practices, and environmentally friendly production processes.

A substantial body of empirical literature supports the view that FDI contributes to
environmental degradation. Perkins and Neumayer [41], using panel data for 77 countries
from 1982 to 2005, found that FDI significantly increases CO2 emissions. Similarly, Behera
and Dash [42] reported that both FDI and energy consumption intensify CO2 emissions
in South and Southeast Asian economies. In India, Zameer et al. [43] found that FDI
adversely affects environmental quality in the long run. For Pakistan, Munir and Ameer [44]
demonstrated that positive FDI shocks significantly increase CO2 emissions, while Khan
et al. [39] found that both positive and negative FDI shocks contribute to environmental
deterioration. Comparable evidence was reported by Tancho et al. [45] for Thailand, where
both positive and negative FDI shocks were found to increase environmental degradation.
At a broader level, Wei et al. [46] concluded that FDI negatively affects environmental
sustainability in countries participating in the Belt and Road Initiative (BRI). Likewise,
Udeagha and Ngepah [35], Derindag et al. [47], and Pata et al. [48] found that FDI increases
CO2 emissions in India and ASEAN-6 countries, respectively. These findings suggest
that FDI often stimulates industrial activity and energy consumption, thereby increasing
environmental pressures.

Trade openness has also been identified as a significant determinant of environmental
quality, although empirical evidence remains mixed. Bernard and Mandal [49] examined
60 emerging and developing economies (including Southeast Asian countries) from 2002
to 2012 and found that trade openness improves the environmental performance index
(EPI) while increasing CO2 emissions. Similarly, Ertugrul et al. [50] showed that trade
openness plays a significant role in increasing carbon emissions among the world’s top
ten CO2 emitters, including Indonesia, Malaysia, and Thailand. In newly industrialized
countries, including Indonesia, Malaysia, the Philippines, and Thailand, Zhang et al. [13]
found that trade openness significantly influences environmental degradation through
higher CO2 emissions. Comparable results were reported by Munir and Ameer [19] for
11 Asian countries, where trade openness was found to increase long-run pollution levels.
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Furthermore, studies by Gulistan et al. [14], Kongbuamai et al. [15], Cetin et al. [29],
Pata [31], Udeagha and Ngepah [35], Khan et al. [39], and Ling et al. [51] consistently
reported that greater trade openness deteriorates environmental quality by increasing
various forms of pollution. However, Derindag et al. [47] identified heterogeneous effects
of trade openness, demonstrating that trade expansion increases emissions in low-carbon-
intensity sectors while partially mitigating emissions in highly polluting Indian industries.

Overall, the existing literature suggests that both FDI and trade openness have signifi-
cant effects on environmental sustainability. However, the direction and magnitude of these
effects may vary across countries and sectors. Nevertheless, the preponderance of empirical
evidence supports the view that increased foreign investment and trade integration tend to
intensify environmental pressures through higher production, energy consumption, and
emissions. Therefore, this study tests the following hypothesis.

H4. FDI and trade openness significantly influence the relationship between economic growth and
environmental degradation.

2.3. Population, Industrialization, and Environmental Sustainability

Population growth and industrialization are widely recognized as key drivers of
environmental sustainability. However, the empirical evidence regarding the impact of
population growth on environmental quality remains inconclusive. A substantial body
of literature argues that population growth exacerbates environmental degradation by
increasing energy demand, resource consumption, and pollutant emissions. For example,
Wang et al. [1], Alam et al. [18], Cole and Neumayer [52], Poumanyvong and Kaneko [53],
Martínez-Zarzoso and Maruotti [54], Wang et al. [55], Zhang et al. [56], Sheng et al. [57],
and Li et al. [58] show that population growth intensifies environmental pressures through
higher energy consumption and greenhouse gas emissions. In contrast, Bekhet and Oth-
man [2], Chen et al. [59], Charfeddine and Mrabet [60], and Danish et al. [61] argue that
population growth can improve environmental sustainability by fostering technological in-
novation, generating economies of scale, and promoting more efficient resource utilization.

Evidence from Asia largely supports the environmental degradation hypothesis. Wang
et al. [62] examined ASEAN-8 countries over the period 1980–2009 and identified both
short- and long-run causal relationships between population growth and CO2 emissions,
concluding that demographic expansion is a major driver of environmental deterioration.
Similarly, Ali et al. [63] found that population density significantly increases CO2 emis-
sions in South Asian countries. Nathaniel and Khan [64] reported that population growth
enlarges the ecological footprint across six ASEAN countries—Indonesia, Malaysia, the
Philippines, Singapore, Thailand, and Vietnam. Comparable findings were reported for
Indonesia by Nathaniel [65] and Wafiq and Suryanto [66], while Ahmed et al. [67] demon-
strated that population growth increases China’s ecological footprint, thereby undermining
environmental sustainability. In contrast, Kongbuamai et al. [15] found that population
growth reduces Thailand’s ecological footprint, suggesting that demographic expansion
may, under certain conditions, contribute positively to environmental sustainability.

Alongside population growth, industrialization has also been identified as a criti-
cal determinant of environmental quality. The conventional view holds that industrial
expansion increases energy consumption and pollutant emissions, thereby exacerbating
environmental degradation. For example, Mahmood et al. [6] and Samargandi [68] found
that industrialization significantly increased CO2 emissions in Saudi Arabia. Similar conclu-
sions were reported by Pata [7] for Turkey, and Munir and Ameer [44] and Ullah et al. [69]
for Pakistan, all of whom concluded that industrialization contributes to higher carbon
emissions and environmental degradation. Likewise, Okere et al. [70] found that industrial-
ization adversely affects environmental sustainability in Argentina. Consistent with these
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findings, Udeagha and Ngepah [35] and Azam et al. [71] concluded that industrial devel-
opment accelerates environmental degradation through increased energy consumption
and emissions.

Overall, although the empirical literature presents some conflicting evidence, the
predominant view is that population growth and industrialization intensify environmental
pressures by increasing resource consumption, energy demand, and pollutant emissions.
Given the rapid demographic expansion and industrial development observed in Southeast
Asian economies, this study proposes the following hypothesis:

H5. Population density and industrialization significantly affect the relationship between economic
growth and environmental degradation.

3. Materials and Methods
3.1. Model Specification

This study follows Aydin [12], Alam et al. [18], Shahbaz et al. [24], Mujtaba et al. [33],
Alshehry and Belloumi [36], and Pata et al. [48] in analyzing the effects of economic growth
and energy consumption on CO2 emissions under the EKC hypothesis. The dependent
variables are GDP per capita (GDPpc), GDPpc squared (GDPpc2), and energy consumption;
these are included as determinants of CO2 emissions. Control variables include population
density, foreign direct investment, trade openness, and industrialization. Therefore, the
model is specified as follows:

CO2 = f (GDPpc, GDPpc2, EC, POP, FDI, TO, IND) (1)

where CO2, GDPpc, GDPpc2, EC, POP, FDI, TO, and IND represent carbon dioxide emissions,
GDP per capita, GDP per capita squared, energy consumption, population density, foreign
direct investment inflows, trade openness, and industrialization, respectively.

As stated in the introduction, some scholars argue that CO2 emissions are not a com-
prehensive indicator of environmental deterioration. For example, Baz et al. [10], Lu [38],
Danish et al. [61], Nathaniel [65], Destek [72], Al-Mulali et al. [73], Ulucak and Bilgili [74],
and Dogan et al. [75] assert that the ecological footprint (EFP) is a more comprehensive
metric that better reflects environmental degradation than CO2 emissions. According to
these researchers, we represent EFP as a function of the relevant variables as follows:

EFP = f (GDPpc, GDPpc2, EC, POP, FDI, TO, IND) (2)

Equations (1) and (2) are analyzed within the EKC framework. Including GDPpc2 in
both the CO2 emissions and EPF functions aims to assess whether an inverted U-shaped
relationship exists between economic growth and environmental degradation. According
to the EKC hypothesis, rising economic growth increases energy consumption, which in
turn causes environmental degradation. The hypothesis further assumes that higher energy
consumption, population density, FDI, trade openness, and industrialization increase CO2

emissions and EFP.
Following Destek [72], Mujtaba et al. [76], and Mohamed et al. [77], Equations (1) and (2)

can be expressed in the following log-linear form:

lnCO2/EFPit = βi + βi1lnGDPpcit + βi2GDPpc2
it + βi3lnECit + βi4lnPOPit + βi5lnFDIit + βi6lnTOit + βi7lnINDit + εt (3)

where i = 1, 2, . . ., N is the country indicator, and t = 1, 2, . . ., T is the period; ln is the
natural logarithm, βi represents the intercept, βi1 − βi7 are the estimated coefficients of the
variables, and εt is the error term.
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Consistent with the empirical literature and in light of the EKC hypothesis, we theoret-
ically anticipated that the coefficients of CO2 emissions and EFP, with respect to real GDPpc,
EC, POP, FDI, TO, and IND would be positive (i.e., β1, β3, β4, β5, β6, β7 > 0). However, if
the EKC hypothesis is supported, the estimated coefficient on the square of real GDP per
capita would be negative (β2 < 0). Therefore, we propose that real GDPpc, EC, POP, FDI,
TO, and IND contribute to environmental degradation by increasing CO2 emissions and
EFP. In contrast, the GDPpc2 mitigates environmental degradation.

3.2. Data

This study focuses on nine Southeast Asian economies: Brunei Darussalam, Cambodia,
Indonesia, Malaysia, Myanmar, the Philippines, Singapore, Thailand, and Vietnam. These
countries were selected based on the availability of consistent annual data for all variables
included in the analysis over the study period (1990–2022). Specifically, ecological footprint
(EFP) data are available from the Global Footprint Network [78], while data on CO2

emissions, real GDP per capita (GDPpc), energy consumption (EC), and the remaining
control variables—population (POP), foreign direct investment (FDI), trade openness (TO),
and industrialization (IND)—are obtained from the World Bank’s World Development
Indicators [79]. Laos was excluded from the sample because complete and consistent data
for all variables, particularly EFP and other model specifications, were unavailable over
the entire study period (1990–2022). Therefore, only countries with complete observations
were retained to construct a balanced panel dataset. Definitions, measurements, and data
sources are detailed in Table A1 (Appendix A).

3.3. Estimation Techniques

The choice of estimation technique depends on the time-series properties of the vari-
ables and the study’s objectives. Consistent with the EKC framework, this study aims to
estimate both the long-run equilibrium relationship and the short-run dynamics among
economic growth, energy consumption, and environmental degradation. Accordingly,
panel unit root and cointegration tests are first conducted to determine the variables’ orders
of integration and to verify the existence of a long-run equilibrium relationship. The results
indicate that the variables are integrated of mixed orders, I(0) and I(1), with none integrated
of order two, I(2). Under these conditions, the panel ARDL framework is appropriate
because it accommodates variables with mixed integration orders while simultaneously
estimating both long-run and short-run relationships.

The symmetric relationship among economic growth, energy consumption, and envi-
ronmental degradation is initially examined using the linear panel ARDL model proposed
by Pesaran et al. [80]. Compared with conventional cointegration techniques, the ARDL
approach offers several advantages. First, it can be applied when the regressors are a
mixture of I(0) and I(1) variables. Second, it estimates the long-run equilibrium relationship
and the associated short-run adjustment dynamics within a unified error-correction frame-
work. Third, by incorporating lagged dependent and explanatory variables, the model
reduces potential endogeneity arising from omitted variables and reverse causality through
dynamic adjustment.

However, the linear ARDL model imposes the restrictive assumption that positive
and negative changes in the explanatory variables exert identical effects on environmental
degradation. This assumption may be inappropriate because increases and decreases in
energy consumption can affect environmental quality differently, particularly in economies
that remain highly dependent on fossil fuels. To account for such nonlinearities, this study
further employs the nonlinear panel (NARDL) model developed by Shin et al. [22]. The
panel NARDL framework decomposes energy consumption into positive and negative
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partial-sum processes, thereby allowing separate estimation of the effects of increases and
decreases in energy consumption on environmental degradation in both the short run and
the long run. Long-run and short-run asymmetries are subsequently evaluated using the
Wald test.

Model estimation is conducted using both the Pooled Mean Group (PMG) estimator
proposed by Pesaran et al. [81] and the Mean Group (MG) estimator proposed by Pesaran
and Smith [82]. The PMG estimator imposes homogeneity on the long-run coefficients
while permitting heterogeneity in the short-run dynamics, intercepts, and error variances,
whereas the MG estimator allows both long-run and short-run coefficients to vary across
countries. The choice between these estimators is determined using the Hausman specifica-
tion test [83]. Given that Southeast Asian countries may exhibit heterogeneous short-run
adjustment processes while sharing similar long-run economic and environmental objec-
tives, the PMG estimator is expected to provide more efficient estimates when the null
hypothesis of long-run homogeneity cannot be rejected.

To assess the robustness of the estimated long-run coefficients, three alternative panel
cointegration estimators are employed: Fully Modified Ordinary Least Squares (FMOLS),
Dynamic Ordinary Least Squares (DOLS), and Canonical Cointegrating Regression (CCR).
FMOLS corrects for endogeneity and serial correlation through nonparametric adjustments
to the error term. DOLS addresses endogeneity by augmenting the cointegrating regres-
sion with leads and lags of the first-differenced explanatory variables, thereby producing
unbiased and efficient long-run estimates, particularly in finite samples. CCR eliminates en-
dogeneity and serial correlation by transforming the variables before estimation. Consistent
results across FMOLS, DOLS, and CCR would provide strong evidence of the robustness
and reliability of the estimated long-run relationships.

The optimal lag structure for both the linear and nonlinear panel ARDL models is
selected using the Akaike Information Criterion (AIC), which balances model fit and parsi-
mony and has been shown to perform well in finite samples. Finally, a series of diagnostic
and specification tests—including panel unit root and cointegration tests, the Hausman
specification test, Wald symmetry tests, and robustness analyses using FMOLS, DOLS, and
CCR—is conducted to assess the validity, stability, and reliability of the estimated models.
All econometric analyses were performed using Stata version 17.0.

3.3.1. Linear Panel ARDL Model

Following Pesaran et al. [81], Equation (3) can be expressed in the linear panel ARDL
model within the EKC framework as follows:

∆lnCO2/EFPit = βi + β1ilnCO2i,t−1 + β2ilnGDPpci,t−1 + β3ilnGDPpc2
i,t−1 + β4ilnECi,t−1 + β5ilnPOPi,t−1+

β6ilnFDIi,t−1 + β7ilnTOi,t−1 + β8ilnINDi,t−1 + ∑
p
j=1 δ1ij∆lnCO2/EFPi,t−j + ∑

q
j=0 δ2ijln∆GDPpci,t−j+

∑
q
j=0 δ3ij∆lnGDPpc2

i,t−J + ∑
q
j=0 δ4ij∆lnECi,t−j + ∑

q
j=0 δ5ij∆lnPOPi,t−j + ∑

q
j=0 δ6ij∆lnFDIi,t−j+

∑
q
j=0 δ7ij∆lnTOi,t−j + ∑

q
j=0 δ8ij∆lnINDi,t−j + µi + εit

(4)

where βi denotes the constant term, while ∆ represents the first difference operator, the
parameters βki (k = 1, 2, 3, 4, 5, 6, 7, 8) denote the long-run coefficients. δsij (s = 1, 2, 3, 4, 5, 6,
7, 8) represent the short-run coefficients. p and q indicate the optimal lag lengths, which
are determined using the Akaike Information Criterion (AIC), µi denotes the country-fixed
effects, and εit is the error term.

Equation (4) can be reformulated into its error-correction representation by incorporat-
ing an error-correction term, as shown in Equation (5):
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∆lnCO2/EFPit = φi + ∑
p−1
j=1 δ1ij∆lnCO2/EFPi,t−j + ∑

q
j=0 δ2ijln∆GDPi,t−j + ∑

q
j=0 δ3ij∆lnGDP2

i,t−j+

∑
q
j=0 δ4ij∆lnECi,t−j + ∑

q
j=0 δ5ij∆lnPOPi,t−j + ∑

q
j=0 δ6ij∆lnFDIi,t−j+

∑
q
j=0 δ7ij∆lnTOi,t−j + ∑

q
j=0 δ8ij∆lnINDi,t−j + λiECTi,t−1 + µi + εit

(5)

where λi represents the speed-of-adjustment coefficient, indicating how quickly devia-
tions from the long-term equilibrium are corrected after a short-term shock. The term
ECTi,t−1 refer to the lagged error-correction term, which is expected to be negative and
statistically significant.

3.3.2. Nonlinear Panel ARDL Model

Equation (5) captures only symmetric relationships among GDPpc, GDPpc2, EC, POP,
FDI, TO, IND, and environmental degradation (i.e., CO2 emissions and EFP), assuming
a linear and symmetric long-run cointegrating relationship. Under this specification,
positive and negative changes in EC are implicitly assumed to exert identical effects on
environmental degradation. However, such an assumption may produce biased estimates
and lead to misleading policy implications if the underlying relationships are asymmetric.

To overcome this limitation, this study employs the panel NARDL approach proposed
by Shin et al. [22], which explicitly accounts for the asymmetric effects of EC. Specifically, the
panel NARDL model decomposes EC into its positive and negative partial sums, as shown in
Equation (6), enabling an assessment of whether increases and decreases in EC have different
impacts on CO2 emissions and EFP. Moreover, the model distinguishes between the short-run
and long-run effects of the explanatory variables on environmental degradation, thereby
providing a more comprehensive understanding of their dynamic relationships.

lnEC+
it = ∑t

j=1 ∆lnEC+
i,j = ∑t

j=1 max(∆lnECi,j, 0)

lnEC−
it = ∑t

j=1 ∆lnEC−
i,j = ∑t

j=1 min(∆lnECi,j, 0)
(6)

where positive changes in the EC variable, ∆lnEC+
i,j represent increases, whereas negative

changes, ∆lnEC−
i,j capture decreases. To account for potential asymmetric effects, Equation (5)

is reformulated by incorporating the positive and negative partial sum decompositions of
lnEC, as defined in Equation (6). Consequently, the asymmetric error correction model is
specified in Equation (7) as follows:

∆lnCO2/EFPit = ψi + ∑
p−1
j=1 γ1ij∆lnCO2/EFPi,t−j + ∑

q
j=0 (θ

+
1ij∆lnEC+

i,t−j + θ−1ij∆lnEC−
i,t−j+

θ2ij∆lnGDPi,t−j + θ3ij∆lnGDP2
i,t−j + θ4ij∆lnPOPi,t−j + θ5ij∆lnFDIi,t−j+

θ6ij∆lnTOi,t−j + θ7ij∆lnINDi,t−j) + λiECTi,t−1 + µi + εit

(7)

where λi represents the coefficient of the speed adjustment. ECTi,t−1 = [ϑ+
1i lnEC+

i,t−1 +

ϑ−
1i lnEC−

i,t−1 +ϑ2ilnGDPi,t−1 +ϑ3ilnGDP2
i,t−1 +ϑ4ilnFDIi,t−1 +ϑ5ilnTOi,t−1 +ϑ6ilnINDi,t−1]

is the nonlinear error correction term. The long-run asymmetric multipliers of EC can be
calculated as ϑ+ = θ+

ρi
and ϑ− = θ−

ρi
. If ρi = 0, it suggests that there is no long-run asymmet-

ric association between EC and CO2 emissions or EFP. Long-run and short-run symmetry
is tested using the Wald test. The null hypothesis is stated as follows: H0 : θ+ = θ−

against H1 : θ+ ̸= θ−, and rejecting the null hypothesis suggests that the EC exhibits an
asymmetric impact on CO2 emissions or EFP in the long run. Likewise, the null hypothesis
of the short-run symmetric coefficient is stated as: H0 : ϑ+

ij = ϑ−
ij against H1 : ϑ+

ij ̸= ϑ−
ij

for all j = 0, . . ., p, and rejecting the null hypothesis implies that EC shows an asymmetric
impact on CO2 emissions or EFP in the short run.
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4. Results and Discussion
4.1. Descriptive Statistics

Table 1 presents descriptive statistics and pairwise correlations for all variables. The
sample statistics show that the means of CO2 emissions, EFP, GDPpc, EC, POP, FDI, TO,
and IND are positive, indicating an upward trend. All variable means fall between the
minimum and maximum values, confirming consistency. Except for CO2 emissions and EFP,
the standard deviation of each variable is less than its mean, suggesting stability throughout
the sample period. Most variables are positively skewed, while only CO2 emissions, TO,
and IND are negatively skewed. The kurtosis indicates that CO2 emissions, EFP, GDPpc,
EC, and TO have heavy tails (leptokurtic), whereas POP, FDI, and IND have light tails
(platykurtic). The Jarque–Bera statistic indicates that all variables are normally distributed.

Table 1. Descriptive statistics and pairwise correlations among variables.

lnCO2 lnEFP lnGDPpc lnEC lnPOP lnFDI lnTO lnIND

Mean 0.6515 0.7212 8.2360 6.9363 5.2072 1.1902 4.3584 3.4774
Median 0.6774 0.4658 8.0491 6.6209 4.7563 1.1851 4.3969 3.5939

Maximum 3.0925 2.1219 11.1265 9.1743 8.9829 3.4538 5.8391 4.3056
Minimum −3.1229 −0.5192 5.1092 5.4781 3.9060 −2.8701 3.1390 0.1094
Std. Dev. 1.5054 0.7406 1.4956 1.1563 1.3712 1.0789 0.6904 0.5776
Skewness −0.3105 0.4430 0.2384 0.4832 1.8343 0.5431 −0.1742 −2.9391
Kurtosis 2.2651 1.8043 2.2484 1.8135 5.2029 4.1403 2.1316 3.4277

Jarque–Bera 11.4571 27.4069 9.8047 28.9837 231.4405 30.6915 10.8342 534.688
Probability 0.1513 0.1458 0.1842 0.1276 0.1346 0.1253 0.1334 0.1245

Obs. 297 297 297 297 297 297 297 297
lnCO2 1.0000 ------
lnEFP ------ 1.0000

lnGDPpc 0.9475 *** 0.9436 *** 1.0000
lnEC 0.9280 *** 0.9560 *** 0.9518 *** 1.0000

lnPOP 0.3455 *** 0.3918 *** 0.4940 *** 0.3485 *** 1.0000
lnFDI 0.0738 0.2309 *** 0.1562 *** 0.1112 *** 0.4653 *** 1.0000
lnTO 0.7469 *** 0.7423 *** 0.7224 *** 0.7026 *** 0.6094 *** 0.2974 *** 1.0000

lnIND −0.0297 −0.0042 0.0177 0.0378 −0.0856 −0.0522 −0.1964 *** 1.0000
Note: All variables are transformed into natural logarithms. *** denotes statistical significance at the 1% level.

The pairwise correlation analysis shows that all variables, except IND, are positively
correlated with CO2 emissions and EFP. Most importantly, GDPpc, EC, and TO are strongly
associated with CO2 emissions and EFP, while POP and FDI are only slightly correlated
with CO2 emissions and EFP. In addition, Figures A1 and A2 (Appendix B) show trends in
CO2 emissions (EFP), GDPpc, and EC for the full sample from 1990 to 2022. Both figures
indicate that the three time series move almost in lockstep.

4.2. Cross-Sectional Dependence Test

To avoid biased estimates and conclusions, cross-sectional dependence (CD) is one
of the most important diagnostics to consider before performing panel data analysis.
Therefore, to test for serial dependence among the variables, we employed four CD tests:
specifically, the Breusch–Pagan LM test [84], the Pesaran scaled LM test [85], the bias-
corrected scaled LM test [86], and the Pesaran CD test. The null hypothesis for these tests
is that “no cross-sectional dependence exists in the data.” The results in Table 2 reject the
null hypothesis at the 1% significance level across all tests and indicate cross-sectional
dependence in the panel data models.
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Table 2. Cross-sectional dependence test results.

Test
Breusch-Pagan

LM
Pesaran Scaled

LM
Bias-Corrected

Scaled LM
Pesaran

CD

Statistic Prob. Statistic Prob. Statistic Prob. Statistic Prob.

lnCO2 730.821 *** (0.000) 81.885 *** (0.000) 81.745 *** (0.000) 17.416 *** (0.000)
lnEFP 410.651 *** (0.000) 44.153 *** (0.000) 44.012 *** (0.000) 17.611 *** (0.000)

lnGDPpc 1046.326 *** (0.000) 119.068 *** (0.000) 118.927 *** (0.000) 19.204 *** (0.000)
lnGDPpc2 1055.239 *** (0.000) 120.118 *** (0.000) 119.978 *** (0.000) 19.224 *** (0.000)

lnEC 349.524 *** (0.000) 36.949 *** (0.000) 36.808 *** (0.000) 9.573 *** (0.000)
lnPOP 1168.259 *** (0.000) 133.438 *** (0.000) 133.297 *** (0.000) 34.179 *** (0.000)
lnFDI 67.656 *** (0.001) 3.731 *** (0.000) 3.590 *** (0.000) 1.362 *** (0.001)
lnTO 188.568 *** (0.000) 17.980 *** (0.000) 17.839 *** (0.000) 5.225 *** (0.000)

lnIND 338.095 *** (0.000) 35.602 *** (0.000) 35.461 *** (0.000) 5.129 *** (0.000)
Note: Null hypothesis (H0): there is no cross-sectional dependence in the panel data. *** indicates rejection of the
null hypothesis at the 1% significance level.

The CD test results suggest that second-generation panel unit root tests are more
appropriate for assessing the variables’ unit root properties and would yield more accurate
results than first-generation tests.

4.3. Panel Unit Root Test

As documented in the literature, non-stationary data may produce erroneous re-
gression results. In addition, checking for the presence of a unit root is important for
determining the most appropriate method for data analysis. Thus, to assess the stationarity
properties of the variables, the cross-sectionally augmented IPS (CIPS) panel unit root test
proposed by Pesaran [87] is conducted to determine whether a unit root is present.

The CIPS test results in Table 3 show that all variables are non-stationary at the level
and stationary at first difference, except for the EFP and FDI variables, which are integrated
of order zero, i.e., I(0), with intercept and intercept-and-trend in the panel group. These
results indicate that the data used in this study’s models have different integration orders;
that is, some variables are integrated of order zero [I(0)], while others are integrated of
order one [I(1)]. Thus, we can conclude that all series might be cointegrated.

Table 3. Results of Pesaran’s CIPS panel unit root test.

Variables
Level First Difference

Conclusion
Intercept Intercept &

Trend Intercept Intercept &
Trend

lnCO2 −2.1387 −2.1839 −4.5787 *** −4.5953 *** I(1)
lnEFP −2.8609 *** −2.9795 ** -- -- I(0)

lnGDPpc −1.6880 −1.8486 −3.1631 *** −3.0939 ** I(1)
lnGDPpc2 −2.0679 −2.7186 −2.9386 *** −3.1778 *** I(1)

lnEC −2.3581 −2.6658 −3.8806 *** −3.3126 *** I(1)
lnPOP −1.9493 −2.1537 −3.0670 *** −2.4919 I(1)
lnFDI −2.5785 *** −3.8268 *** -- -- I(0)
lnTO −1.5088 −2.9932 −4.6167 *** −4.8825 *** I(1)

lnIND −1.3446 −2.9387 −2.8298 *** −3.0300 ** I(1)
Note: Null hypothesis (H0): the presence of a unit root with cross-sectional dependence in the time-series data.
Individual lag lengths are selected using the AIC. ** and *** denote statistical significance at the 5% and 1%
levels, respectively.

4.4. Panel Cointegration Test

After determining that the series are I(0) and I(1), we conducted panel cointegration
tests to assess long-run relationships among the variables. To do so, we employed three
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panel cointegration tests proposed by Pedroni [88,89], Kao [90], and Westerlund [91]. Each
test computes its statistics under different assumptions and methods. The null hypothesis
for all these tests is that “there is no cointegration among the series.” The results reported
in Table 4 show that both the Pedroni and Kao panel cointegration tests reject the null
hypothesis of no cointegration at the 1% significance level, indicating that the variables
included in both models are cointegrated.

Table 4. Results of the Pedroni and Kao panel cointegration tests.

Pedroni Residual Cointegration Test
Kao Residual

Cointegration TestAlternative Hypothesis: Common AR
Coefficients (Within-Dimension)

Alternative Hypothesis: Individual AR
Coefficients (Between-Dimension)

Model 1: lnCO2 = f(lnGDPpc, lnGDPpc2, lnEC, lnPOP, lnFDI, lnTO, lnIND)
Statistic Prob. Statistic Prob. t-statistic Prob.

Panel v-statistic −0.956 (0.678) Group rho-statistic 2.783 (0.996) ADF −2.997 ** (0.022)
Panel rho-statistic 2.133 (0.965) Group PP-statistic −5.985 *** (0.000)
Panel PP-statistic −1.553 ** (0.042) Group ADF-statistic −4.740 *** (0.000)

Panel ADF-statistic −1.564 ** (0.031)

Model 2: lnEFP = f(lnGDPpc, lnGDPpc2, lnEC, lnPOP, lnFDI, lnTO, lnIND)
Statistic Prob. Statistic Prob. t-statistic Prob.

Panel v-statistic −0.958 (0.833) Group rho-statistic 2.785 (0.998) ADF −2.995 ** (0.021)
Panel rho-statistic 2.135 (0.954) Group PP-statistic −5.979 *** (0.000)
Panel PP-statistic −1.549 *** (0.000) Group ADF-statistic −4.742 *** (0.000)

Panel ADF-statistic −1.562 *** (0.000)
Note: The null hypothesis (H0) for the Pedroni and Kao residual panel cointegration tests is that the series are not
cointegrated. ** and *** indicate rejection of the null hypothesis at the 5% and 1% significance levels, respectively.

This finding is supported by the Westerlund cointegration test, as shown in Table A2
(Appendix A). Therefore, we conclude that a stable long-run equilibrium relationship exists.
Consequently, the long-run panel ARDL estimation technique is appropriate for estimating
the long-run coefficients.

4.5. Results of EKC Panel ARDL Estimates

As noted earlier, the PMG and MG estimators were compared using the Hausman
specification test to determine whether the long-run slope coefficients were homogeneous
across countries. The Hausman test results, reported in Table A3 (Appendix A), indicate
that the null hypothesis of long-run homogeneity cannot be rejected for either model,
as the corresponding p-values exceed the 5% significance level. Consequently, the PMG
estimator is preferred because it provides more efficient and consistent estimates under the
homogeneity assumption [92]. The long-run and short-run ARDL-PMG estimation results
for the CO2 emissions and EFP models are presented in Table 5.

Overall, the panel ARDL estimates reveal a stable long-run relationship among eco-
nomic growth, energy consumption, and environmental degradation in Southeast Asian
countries. Most explanatory variables are statistically significant in the long run, although
their effects differ depending on whether environmental degradation is measured by CO2

emissions or by the EFP. These contrasting results highlight the importance of consider-
ing multiple environmental indicators when evaluating the sustainability implications of
economic development.
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Table 5. Results of the EKC panel ARDL estimates.

Dependent Variable: D(lnCO2) Dependent Variable: D(lnEFP)

Variables Coefficient t-Statistic Prob. Coefficient t-Statistic Prob.

Long-run coefficients
lnGDPpc 8.940 *** 8.867 0.000 −4.310 *** −6.915 0.000
lnGDPpc2 −0.435 *** −7.571 0.000 0.304 *** 7.811 0.000

lnEC 0.231 ** 2.103 0.036 −0.422 *** −4.850 0.000
lnPOP −1.042 *** −11.468 0.000 −0.437 *** −6.965 0.000
lnFDI −0.013 * −0.841 0.094 0.071 *** 6.928 0.000
lnTO 0.185 ** 3.936 0.032 0.198 *** 6.387 0.000

lnIND 0.208 * 1.760 0.078 −0.101 * −0.793 0.095
Trend −0.005 *** −1.667 0.000 −0.000 *** −0.128 0.000

Short-run coefficients
ECT(-1) −0.273 *** −2.415 0.001 −0.359 *** −2.165 0.000

D(lnGDPpc) −12.993 −0.833 0.405 −42.900 −0.851 0.396
D(lnGDPpc(-1)) 16.350 1.539 0.125 −3.952 −0.671 0.502

D(lnGDPpc2) 0.622 0.832 0.406 2.133 0.888 0.375
D(lnGDPpc2(-1)) −0.897 * −1.661 0.098 0.176 0.542 0.588
D(lnGDPpc2(-2)) −0.012 −0.308 0.758 −−− −−− −−−

D(lnEC) 0.013 0.071 0.943 0.217 ** 2.146 0.033
D(lnEC(-1)) 0.076 0.659 0.510 0.119 0.735 0.463
D(lnEC(-2)) 0.003 0.027 0.978 0.172 * 1.928 0.055
D(lnPOP) 17.860 1.385 0.167 4.665 0.596 0.551

D(lnPOP(-1)) −29.318 * −1.845 0.066 −9.663 −0.678 0.498
D(lnPOP(-2)) 25.062 * 1.733 0.084 −−− −−− −−−

D(lnFDI) 0.007 0.342 0.732 −0.000 −0.067 0.946
D(lnFDI(-1)) −0.019 −0.853 0.394 −0.014 −1.282 0.201
D(lnFDI(-2)) 0.002 0.149 0.881 −0.002 −0.104 0.917

D(lnTO) 0.123 0.924 0.356 0.007 0.097 0.923
D(lnTO(-1)) 0.081 0.857 0.392 −−− −−− −−−
D(lnTO(-2)) −0.021 −0.355 0.722 −−− −−− −−−

D(IND) −0.702 *** −2.701 0.007 −0.056 −0.302 0.763
D(IND(-1)) −0.105 −0.419 0.675 0.020 0.125 0.901
D(IND(-2)) 0.196 0.831 0.406 −−− −−− −−−
Constant −8.562 *** −1.822 0.000 6.367 *** 2.354 0.000

Note: Model selection was conducted using the AIC. The optimal lag structures were PMG (1,2,3,3,3,3,3,3) for the
CO2 emissions model and PMG (1,2,2,3,2,3,1,2) for the EFP model. *, **, and *** denote statistical significance at
the 10%, 5%, and 1% levels, respectively.

For the CO2 emissions specification, the estimated coefficients of real GDPpc and its
squared term are positive and negative, respectively, and both are statistically significant.
This finding supports the EKC hypothesis by indicating an inverted U-shaped relationship
between economic growth and carbon emissions. In the early stages of economic devel-
opment, economic growth is accompanied by rising CO2 emissions owing to increased
industrial production, urbanization, and fossil fuel consumption. However, beyond a
certain income threshold, further economic growth reduces carbon emissions, suggesting
improvements in energy efficiency, technological progress, and environmental regulation.
These findings are consistent with those reported by Alam et al. [18], Munir and Ameer [19],
Murshed et al. [21], Cetin et al. [29], Afridi et al. [30], Waqih et al. [32], Mujtaba et al. [33],
Balsalobre-Lorente et al. [34], Udeagha and Ngepah [35], Alshehry and Belloumi [36],
Mohamed et al. [77], Zhu et al. [93], Rehman and Rashid [94], and Hao et al. [95], but
contradicts Danish and Wang [5], Sarkodie and Strezov [26], Ali et al. [27], Ziyazov and
Pyzhev [38], Mrabet and Alsamara [96], Aslam et al. [97], and Gogoi and Hussain [98].
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In the short run, however, the estimated coefficients suggest a U-shaped relationship,
implying that temporary fluctuations in economic activity do not immediately generate the
long-run environmental improvements predicted by the EKC hypothesis.

EC exerts a positive and statistically significant effect on CO2 emissions in the long run,
indicating that continued dependence on fossil fuel-based energy remains an important
source of environmental degradation in Southeast Asia. Specifically, a 1% increase in EC
leads to approximately a 0.231% increase in CO2 emissions. This result reflects the region’s
reliance on coal, oil, and natural gas to sustain rapid economic growth and industrial
expansion. Consequently, improvements in environmental quality will require accelerating
the transition toward renewable energy, improving energy efficiency, and adopting cleaner
production technologies. POP exhibits a negative and statistically significant long-run
relationship with CO2 emissions. Although this finding differs from the conventional
expectation that population growth increases environmental pressure, it may reflect the
relatively lower energy intensity and more compact urban development patterns observed
in several Southeast Asian countries. Similar evidence has been reported by Alshehry
and Belloumi [36], Zhu et al. [93], and Rehman and Rashid [94], whereas Rehman and
Rehman [11], Ali et al. [27], Mujtaba et al. [33], and Wang et al. [62] reported a positive
relationship between population growth and environmental degradation.

The estimated coefficient on FDI is negative and statistically significant, suggesting that
FDI contributes to improving environmental quality in the long run. This finding supports
the technology transfer hypothesis, whereby foreign investment facilitates the diffusion of
cleaner production techniques and environmentally friendly technologies. Moreover, the
result is consistent with the Porter hypothesis, which argues that technological innovation
stimulated by international investment can improve both environmental and economic
performance. Similar findings have been reported by Waqih et al. [32], Alshehry and
Belloumi [36], Zameer et al. [43], and Zhu et al. [93], although these studies differ from
those supporting the pollution haven hypothesis [39,41,42,45–48,71,98–100].

TO has a positive and significant long-run effect on CO2 emissions, implying that
greater integration into international markets has increased environmental pressure by ex-
panding energy-intensive production and export-oriented industries. Likewise, IND exerts
a positive influence on CO2 emissions, suggesting that the current pattern of industrial
development in Southeast Asia remains heavily dependent on carbon-intensive production
processes. These findings indicate that although trade liberalization and industrialization
contribute to economic growth, they also increase environmental costs unless accompanied
by cleaner technologies and stronger environmental regulations. Similar conclusions have
been reached by Mahmood et al. [6], Pata [7], Udeagha and Ngepah [35], Zameer et al. [43],
Ling et al. [51], Munir and Ameer [44], Gogoi and Hussain [98], and Shahbaz et al. [101].

The estimated ECT(−1) is negative and highly significant (−0.273), confirming the
existence of a stable long-run equilibrium relationship among the variables. The coef-
ficient indicates that approximately 27.3% of any short-run disequilibrium is corrected
within one year, demonstrating a relatively moderate speed of adjustment toward the
long-run equilibrium.

When environmental degradation is measured using the EFP, a different pattern
emerges. Although the long-run relationship remains statistically significant, the estimated
coefficients imply a U-shaped relationship between economic growth and environmental
degradation, thereby rejecting the EKC hypothesis. Real GDPpc initially reduces the EFP,
whereas its squared term becomes positive, indicating that beyond a certain income level,
further economic growth increases ecological pressure. This result suggests that improve-
ments in carbon efficiency associated with economic development do not necessarily reduce
the broader environmental impacts arising from increased resource consumption, land use,
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and ecological demand. Consequently, economic growth alone is insufficient to ensure envi-
ronmental sustainability when environmental quality is assessed using a multidimensional
indicator such as the EFP. These findings are consistent with Rahman et al. [25], Mujtaba
et al. [76], Destek and Sarkodie [102], Ansari et al. [103], Ansari et al. [104], Destek and
Sinha [105], Dogan et al. [106], and Khan et al. [107], but differ from Ahmed and Wang [3],
Kongbuamai et al. [15], Hassan et al. [20], Lu [38], Danish et al. [61], Nathaniel [65], Dogan
et al. [75], Mujtaba et al. [76], Mohamed et al. [77], and Mrabet and Alsamara [96].

Interestingly, EC exhibits a negative long-run relationship with the EFP, suggesting that
improvements in energy efficiency, structural transformation, and the gradual adoption
of cleaner energy technologies may have reduced broader ecological pressures during
the study period. Nevertheless, the coexistence of declining ecological footprints and
rising CO2 emissions suggests that the environmental consequences of EC vary across
indicators, underscoring the importance of evaluating environmental sustainability using
complementary measures rather than relying solely on carbon emissions.

POP also exerts a significant negative influence on the EFP, while FDI and TO are
positively associated with ecological degradation. These findings suggest that increas-
ing international investment and trade continue to expand production and resource use,
thereby increasing ecological pressure despite their potential economic benefits. In contrast,
IND has a negative long-run effect on the EFP, implying that technological upgrading
and improvements in industrial efficiency have generated environmental benefits that
outweigh the adverse effects of industrial expansion. This result supports the view that
environmentally oriented industrial development can contribute to sustainable growth
when accompanied by cleaner technologies and the adoption of renewable energy.

The short-run estimates broadly confirm the long-run findings. In particular, the
U-shaped relationship between economic growth and the EFP persists, indicating that
short-run economic expansion is likewise associated with increasing ecological pressure
after a certain development threshold. The ECT(−1) is negative and statistically significant
(−0.359), confirming the existence of a stable long-run equilibrium relationship and indicat-
ing that approximately 35.9% of short-run disequilibrium is corrected within one year.

Taken together, the panel ARDL results reveal that the validity of the EKC hypoth-
esis depends critically on the environmental indicator employed. While CO2 emissions
suggest that economic growth may eventually improve environmental quality, the EFP
indicates that broader ecological pressures continue to intensify as income increases. These
contrasting findings underscore the importance of adopting multidimensional indicators
for evaluating environmental sustainability and designing policies to achieve long-term
green growth in Southeast Asia.

4.6. Results of EKC Panel NARDL Estimates

One of the primary objectives of this study is to determine whether the effects of energy
consumption on environmental degradation are symmetric or asymmetric in Southeast
Asian countries. To address this issue, a Wald symmetry test was performed. The results,
reported in Table A4 (Appendix A), reject the null hypothesis of long-run symmetry for both
CO2 emissions and the EFP, indicating that increases and decreases in energy consumption
exert significantly different long-run effects on environmental degradation. In contrast, the
null hypothesis of short-run symmetry cannot be rejected, suggesting that positive and
negative changes in EC have statistically similar short-run effects.

Given the evidence of long-run asymmetry, the panel NARDL model was estimated.
Table 6 presents the long-run and short-run estimation results. Overall, the estimated
coefficients of real GDPpc, real GDPpc2, POP, FDI, TO, and IND are broadly consistent
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in both sign and statistical significance with those obtained from the panel ARDL model,
indicating that the main findings are robust to the nonlinear specification.

Table 6. Results of the EKC panel NARDL estimates.

Dependent Variable: D(lnCO2) Dependent Variable: D(lnEFP)

Variables Coefficient t-Statistic Prob. Coefficient t-Statistic Prob.

Long-run coefficients
lnGDPpc 9.332 *** 9.286 0.000 −10.695 *** −8.145 0.000
lnGDPpc2 −0.549 *** −6.695 0.000 1.298 *** 6.458 0.000

lnEC+ 0.912 *** 8.291 0.000 0.891 *** 14.371 0.000
lnEC− −0.605 *** −4.515 0.000 0.595 *** 6.263 0.000
lnPOP −0.115 * −1.769 0.096 −0.128 * −1.684 0.092
lnFDI −0.466 −2.251 0.150 0.445 −1.382 0.161
lnTO 0.058 * 1.318 0.063 0.069 * 0.325 0.076

lnIND 0.489 * 1.294 0.078 −0.782 ** −2.031 0.043
Trend −0.033 *** −0.825 0.000 −0.010 *** −1.667 0.000

Short-run coefficients
ECT(-1) −1.745 *** −6.415 0.000 −1.486 *** −8.793 0.000

D(lnGDPpc) 26.835 3.248 0.151 −59.656 ** −9.885 0.041
D(lnGDPpc(-1)) −30.749 ** −5.926 0.023 19.954 2.104 0.307

D(lnGDPpc2) −1.445 −5.088 0.261 1.558 ** 0.363 0.092
D(lnGDPpc2(-1)) 1.069 ** 2.391 0.025 0.533 2.348 0.379
D(lnGDPpc2(-2)) 0.912 1.842 0.247 0.059 0.278 0.342

D(lnEC) 0.563 *** 6.951 0.000 0.742 *** 7.649 0.002
D(lnEC(-1)) 0.212 ** 2.585 0.026 0.237 * 2.576 0.063
D(lnEC(-2)) 0.115 0.235 0.382 0.111 2.018 0.753
D(lnPOP) −3.842 *** −2.531 0.002 −1.927 *** 1.746 0.001

D(lnPOP(-1)) 2.049 2.678 0.361 1.624 2.297 0.346
D(lnPOP(-2)) 1.130 1.192 0.334 0.978 0.885 0.269

D(lnFDI) 0.310 1.297 0.365 0.285 ** 0.858 0.034
D(lnFDI(-1)) 0.564 * 1.575 0.072 0.307 1.055 0.269

D(lnTO) 0.016 0.457 0.849 0.021 0.396 0.658
D(IND) 0.212 * 2.753 0.096 0.234 * 4.875 0.072

Constant −6.398 *** −3.276 0.000 −5.169 *** −2.962 0.000
Note: Model selection was based on the AIC. The optimal lag structure for both the CO2 emissions and EFP models
was PMG (1,2,3,3,3,2,1,1). The superscripts “+” and “−” denote positive and negative partial-sum decompositions
of the explanatory variables, respectively. *, **, and *** indicate statistical significance at the 10%, 5%, and 1%
levels, respectively.

The long-run estimates based on CO2 emissions support the EKC hypothesis. The
positive coefficient of real GDPpc and the negative coefficient of its squared term indicate an
inverted U-shaped relationship between economic growth and CO2 emissions. Conversely,
when the EFP variable is used as the environmental indicator, the coefficients imply a
U-shaped relationship, thereby rejecting the EKC hypothesis, whereas economic growth
has a positive and significant effect on environmental degradation in both the long run and
the short run. This finding suggests that although economic development may improve
carbon efficiency, broader ecological pressures associated with resource consumption
continue to intensify as income rises. Consequently, relying solely on CO2 emissions may
underestimate the overall environmental impacts of economic growth.

The asymmetric long-run estimates further reveal that positive and negative changes
in EC affect environmental degradation differently. For the CO2 emissions model, the
coefficient on positive EC shocks (EC+) is positive and statistically significant (0.912),
whereas the coefficient on negative EC shocks (EC−) is negative and statistically significant
(−0.605). These estimates indicate that increases in EC generate larger increases in CO2

emissions than reductions achieved through equivalent decreases in energy consumption.

https://doi.org/10.3390/su18157532

https://doi.org/10.3390/su18157532


Sustainability 2026, 18, 7532 18 of 27

Specifically, a 1% increase in EC raises CO2 emissions by approximately 0.912%, whereas
an equivalent reduction lowers them by about 0.605% in the long run. This asymmetric
response implies that environmental deterioration resulting from higher energy demand
is more pronounced than the environmental gains obtained from reducing energy use.
Similar evidence has been reported by Munir and Riaz [4,37], Alshehry and Belloumi [36],
and Mujtaba and Jena [108]. In contrast, Mujtaba et al. [7] and Şanlı et al. [109] found that
both positive and negative EC shocks deteriorate environmental quality, whereas Khan
et al. [39] reported insignificant asymmetric effects.

For the EFP model, both positive and negative partial-sum components of EC are posi-
tive and statistically significant, with coefficients of 0.891 and 0.595, respectively. The Wald
test confirms that these coefficients differ significantly, indicating asymmetric long-run
effects. The larger coefficient associated with positive EC shocks suggests that increases
in EC exert a stronger influence on ecological degradation than reductions in EC. These
findings imply that while lowering EC contributes to reducing ecological pressure, the en-
vironmental benefits are relatively smaller than the ecological costs generated by increased
energy demand. This asymmetry likely reflects the continued dependence of Southeast
Asian economies on fossil fuel-based energy systems and the persistence of other drivers
of ecological degradation, including industrial expansion, land-use change, and intensive
resource extraction. Similar conclusions have been reported by Baz et al. [10] and Mujtaba
et al. [76], who documented asymmetric effects of EC on environmental quality.

The short-run estimates indicate that EC has a positive and statistically significant
impact on both CO2 emissions and the EFP, confirming that increases in energy demand
immediately intensify environmental degradation. Moreover, the error correction terms
(ECT(−1)) are negative and highly significant in both models (−1.745 for CO2 emissions and
−1.486 for the EFP), confirming the existence of a stable long-run equilibrium relationship
among the variables.

4.7. Robustness Checks

To provide robust checks on the panel ARDL-PMG estimation results, FMOLS, DOLS,
and CCR methods are used to assess the existence of a long-run relationship among the
variables. Results of these estimators are presented in Table 7. All estimators are very similar
in sign and significance, yielding findings consistent with the panel ARDL-PMG estimation
methods and thereby confirming the robustness of the panel ARDL-PMG estimators. The
empirical evidence shows that all estimators exhibit significant explanatory power, with
adjusted R2 values of 0.976 (FMOLS), 0.975 (DOLS), and 0.972 (CCR). These results indicate
that the adjusted R2 explains approximately 97% of the variation in the dependent variable.
The R2 and adjusted R2 values thus confirm the fitness of the model specifications.

Based on CO2 emissions, the EKC is confirmed by panel FMOLS, DOLS, and CCR
estimators, indicating that real GDPpc has a significant positive relationship with CO2

emissions, while GDPpc2 shows a significant negative relationship. Nevertheless, when
the EFP variable is taken into account, the panel FMOLS, DOLS, and CCR estimators
confirm the invalidation of the EKC, with real GDPpc displaying a substantially negative
relationship and GDPpc2 showing a significant positive relationship with EFP. As shown in
the panel ARDL results, POP appears to play a pivotal role in reducing both CO2 emissions
and EFP in Southeast Asian countries, whereas TO is associated with increases in both CO2

emissions and EFP. Meanwhile, contrasting findings are also observed in panel FMOLS,
DOLS, and CCR models for EC, FDI, and IND, thereby reinforcing the panel ARDL results.
Thus, we can infer that our empirical panel ARDL results are trustworthy and can be
interpreted with confidence.
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Table 7. Results of the panel FMOLS, DOLS, and CCR estimations.

Dependent Variable: D(lnCO2)

FMOLS DOLS CCR

Variables Coeff. Std. Err. Prob. Coeff. Std. Err. Prob. Coeff. Std. Err. Prob.

lnGDPpc 3.595 *** 0.040 0.000 3.662 *** 0.050 0.000 3.968 *** 0.056 0.000
lnGDPpc2 −0.205 *** 0.016 0.002 −0.218 *** 0.055 0.000 −0.224 *** 0.033 0.000

lnEC 0.365 *** 0.039 0.001 0.339 *** 0.043 0.000 0.395 *** 0.062 0.000
lnPOP −0.259 *** 0.022 0.003 −0.128 *** 0.032 0.006 −0.282 ** 0.024 0.005
lnFDI 0.036 *** 0.008 0.000 −0.006 * 0.016 0.097 −0.002 * 0.010 0.065
lnTO 0.034 * 0.031 0.082 −0.032 0.075 0.354 0.049 * 0.035 0.078

lnIND −0.185 * 0.096 0.057 0.265 *** 0.158 0.000 0.172 * 0.123 0.069
R2 0.976 0.975 0.972

Adj. R2 0.971 0.970 0.970

Dependent Variable: D(lnEFP)

FMOLS DOLS CCR

Variables Coeff. Std. Err. Prob. Coeff. Std. Err. Prob. Coeff. Std. Err. Prob.

lnGDPpc −1.857 *** 0.005 0.000 −2.161 *** 0.004 0.000 −1.798 *** 0.023 0.000
lnGDPpc2 0.268 *** 0.011 0.002 0.305 *** 0.005 0.003 0.295 *** 0.005 0.000

lnEC 0.069 ** 0.032 0.045 −0.146 *** 0.090 0.006 0.078 ** 0.065 0.042
lnPOP −0.397 *** 0.010 0.000 −0.551 *** 0.007 0.000 0.442 *** 0.028 0.001
lnFDI 0.013 *** 0.005 0.009 −0.011 0.066 0.258 0.015 *** 0.078 0.006
lnTO 0.077 *** 0.023 0.000 −0.058 0.097 0.172 0.082 ** 0.020 0.048

lnIND −0.104 0.078 0.328 −0.095 0.096 0.285 −0.115 0.035 0.342
R2 0.975 0.974 0.972

Adj. R2 0.971 0.970 0.968
Note: *, **, and *** denote statistical significance at the 10%, 5%, and 1% levels, respectively.

4.8. The Dumitrescu–Hurlin Panel Causality Test

The integrated Dumitrescu–Hurlin [110] panel causality results in Table 8 reveal
several common patterns across the two environmental indicators (i.e., CO2 emissions
and EFP). Real GDPpc, EC, and POP show bidirectional causality with both indicators,
suggesting strong feedback among economic activity, resource use, demographic pressures,
and environmental degradation. These findings imply a mutually reinforcing relationship
between environmental quality and economic development in Southeast Asian countries.

Table 8. Results of the Dumitrescu–Hurlin panel causality test: CO2 emissions versus EFP.

Variables lnCO2 lnEFP

lnGDPpc ↔ Environmental Indicator Feedback Feedback
lnEC ↔ Environmental Indicator Feedback Feedback

lnPOP ↔ Environmental Indicator Feedback Feedback
lnFDI ↔ Environmental Indicator Unidirectional: lnFDI → lnCO2 Unidirectional: lnFDI → lnEFP
lnTO ↔ Environmental Indicator Unidirectional: lnTO → lnCO2 No causality

lnIND ↔ Environmental Indicator Feedback Unidirectional: lnIND → lnEFP
Note: Feedback indicates bidirectional causality between the variables. Unidirectional indicates one-way causality
from the explanatory variable to the environmental indicator. No causality indicates the absence of statistically
significant causal relationships in either direction. The lag length for all variables is 1.

FDI exerts a unidirectional causal effect on both CO2 emissions and EFP, indicating that
investment inflows influence environmental outcomes without significant reverse feedback.
TO, however, shows heterogeneous effects across the two indicators. Specifically, TO
increases CO2 emissions but shows no significant causal relationship with EFP, suggesting
that the environmental consequences of trade are more directly reflected in carbon emissions
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than in broader ecological pressures. Regarding IND, the results indicate bidirectional
causality with CO2 emissions, whereas a unidirectional causal relationship runs from IND
to EFP. This finding suggests that industrial activities and carbon emissions are closely
interconnected, while industrialization primarily drives ecological pressure, with little
feedback from EFP.

Overall, the causality analysis highlights the pivotal roles of economic growth, en-
ergy consumption, and population dynamics in shaping environmental degradation and
underscores the need for policies that promote sustainable energy use, green industrial
transformation, and environmentally responsible investment strategies to achieve long-
term sustainable development in the region.

5. Conclusions and Policy Implications
This study examined the effects of economic growth and energy consumption on envi-

ronmental degradation in nine Southeast Asian countries during 1990–2022 using linear
and nonlinear panel techniques. The findings show that economic growth and energy
consumption remain key drivers of environmental degradation, although their impacts
differ depending on the environmental indicator employed. While the EKC hypothesis
is supported when environmental degradation is measured by CO2 emissions, it is not
supported when the ecological footprint is used, highlighting the importance of adopting
multidimensional indicators in environmental sustainability research. However, the dif-
fering EKC results suggest that economic growth may be accompanied by improvements
in carbon efficiency, while broader pressures on natural resources persist. This implies
that reductions in CO2 emissions do not necessarily translate into improvements in overall
environmental sustainability, as reflected by the ecological footprint. These findings are
robust to alternative cointegration estimators, including FMOLS, DOLS, and CCR. By
simultaneously examining CO2 emissions and the EFP within a unified analytical frame-
work, this study contributes new evidence to the environmental sustainability literature
and extends existing research on Southeast Asian economies.

Given the considerable differences in income levels, industrial structures, and energy
systems across the nine Southeast Asian countries, a uniform policy approach is unlikely
to achieve optimal environmental outcomes. The findings suggest that environmental
policies should reflect the diverse economic structures and development levels of South-
east Asian countries. High-income economies such as Singapore and Brunei Darussalam
should prioritize technological innovation, improvements in energy efficiency, deploy-
ment of renewable energy, and market-based carbon mitigation instruments to further
reduce emissions while maintaining economic competitiveness. Upper-middle-income
economies, including Malaysia and Thailand, should accelerate industrial decarboniza-
tion by promoting energy-efficient manufacturing, expanding renewable energy capacity,
and strengthening environmental regulations for energy-intensive industries. Developing
economies such as Cambodia, Indonesia, Myanmar, the Philippines, and Vietnam should
focus on reducing dependence on fossil fuels by expanding access to affordable renewable
energy, improving energy infrastructure, strengthening environmental governance, and
attracting green foreign direct investment. Across the region, greater ASEAN cooperation in
renewable energy investment, technology transfer, cross-border electricity interconnections,
and harmonized environmental standards would further support the transition toward
sustainable and low-carbon development. Because the EKC is supported only when envi-
ronmental degradation is measured by CO2 emissions, policymakers should complement
carbon mitigation strategies with policies promoting sustainable resource management,
efficient land use, and resource efficiency to address the broader environmental pressures
captured by the ecological footprint.
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This study demonstrates that evaluating environmental sustainability solely through
CO2 emissions may underestimate the broader environmental impacts of economic growth.
Incorporating ecological footprint alongside conventional emissions indicators provides
a more comprehensive evaluation of environmental sustainability and supports more
effective policy design.

Future research could extend this study by investigating country-specific nonlinear
dynamics, incorporating additional environmental indicators, and examining how insti-
tutional quality, renewable energy adoption, and technological innovation influence the
growth–environment nexus across Southeast Asia. More broadly, the findings indicate
that conclusions regarding the validity of the EKC depend critically on the environmental
indicator employed. Consequently, future research and environmental policy evaluations
should adopt multidimensional measures of environmental sustainability to better capture
the complex interactions among economic growth, energy consumption, and environmen-
tal degradation.
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Appendix A

Table A1. Description and sources of the selected variables.

Variables Measurement Acronym Source

Ecological footprint Ecological footprint (global hectares per capita) EFP GFN [78]
Carbon dioxide emissions CO2 emissions (metric tons per capita) CO2 WDI [79]

Energy consumption Energy consumption (kg of oil equivalent per capita) EC WDI [79]
Economic growth GDP per capita (constant 2015 US$) GDPpc WDI [79]

Population density Population density (people per sq. km of land area) POP WDI [79]
Foreign direct investment FDI, net inflows (% of GDP) FDI WDI [79]

Trade openness Trade openness as the sum of exports and imports to GDP TO WDI [79]
Industrialization Manufacturing sector added value (% of GDP) IND WDI [79]

Note: WDI: World Development Indicators. GFN: Global Footprint Network.
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Table A2. Results of the Westerlund panel cointegration test.

Model 1: lnCO2 = f (lnGDPpc, lnGDPpc2, lnEC, lnPOP, lnFDI, lnTO, lnIND)

Statistic Value Z-value p-value

Gτ −2.987 *** −1.512 0.000
Gα −7.135 1.583 1.000
Pτ −5.958 *** −1.236 0.000
Pα −3.586 1.784 1.000

Model 2: lnEFP = f (lnGDPpc, lnGDPpc2, lnEC, lnPOP, lnFDI, lnTO, lnIND)

Statistic Value Z-value p-value

Gτ −3.228 *** −2.015 0.000
Gα −7.495 1.932 1.000
Pτ −5.788 *** −1.512 0.000
Pα −3.595 1.597 1.000

Note: Gτ and Gα denote the group-mean statistics, whereas Pτ and Pα denote the panel statistics. Optimal lag and
lead lengths are selected using the AIC. *** indicates rejection of the null hypothesis at the 1% significance level.

Table A3. Results of the Hausman test for the MG and PMG Estimators.

Coefficients

(b) (B) (b-B) sqrt (diag (V_b-V_B))
MG PMG Difference S.E.

lnGDPpc −37.784 2.508 −40.292 119.541
lnGDPpc2 1.911 −0.135 2.046 5.760

lnEC 0.329 0.278 0.051 0.361
lnPOP 2.825 0.984 1.841 8.394
lnFDI 0.033 0.012 0.021 0.057
lnTO −0.038 0.187 −0.225 0.398

lnIND −0.526 −0.005 −0.521 1.271
Chi2(7) = (b-B)’[(V_b-V_B)−1] (b-B) = 4.28; Prob > Chi2 = 0.654

Note: b is consistent under H0 and Ha; obtained from xtpmg. B is inconsistent under Ha and efficient under H0;
obtained from xtpmg. Test: H0: the difference in coefficients is not systematic.

Table A4. Symmetry test results.

Variable

Null Hypothesis: Coefficient Is Symmetric

Long-Run Symmetry Short-Run Symmetry

Statistic Prob. Statistic Prob.

lnEC 56.402 *** 0.000 11.695 0.372
Note: *** indicates rejection of the null hypothesis of symmetry at the 1% significance level.

Appendix B

Figure A1. CO2 Emissions–real GDPpc–EC Nexus. Source: Author’s own elaboration.
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Figure A2. EFP–real GDPpc–EC Nexus. Source: Author’s own elaboration.

References
1. Wang, Y.; Li, L.; Kubota, J.; Han, R.; Zhu, X.; Lu, G. Does urbanization lead to more carbon emission? Evidence from a panel of

BRICS countries. Appl. Energy 2016, 168, 375–380. [CrossRef]
2. Bekhet, H.A.; Othman, N.S. Impact of urbanization growth on Malaysia CO2 emissions: Evidence from the dynamic relationship.

J. Clean. Prod. 2017, 154, 374–388. [CrossRef]
3. Ahmed, Z.; Wang, Z. Investigating the impact of human capital on the ecological footprint in India: An empirical analysis.

Environ. Sci. Pollut. Res. 2019, 26, 26782–26796. [CrossRef] [PubMed]
4. Munir, K.; Riaz, N. Energy consumption and environmental quality in South Asia: Evidence from panel non-linear ARDL.

Environ. Sci. Pollut. Res. 2019, 26, 29307–29315. [CrossRef] [PubMed]
5. Danish; Wang, Z. Does biomass energy consumption help to control environmental pollution? Evidence from BRICS countries.

Sci. Total Environ. 2019, 670, 1075–1083. [CrossRef] [PubMed]
6. Mahmood, H.; Alkhateeb, T.T.Y.; Furqan, M. Industrialization, urbanization and CO2 emissions in Saudi Arabia: Asymmetry

analysis. Energy Rep. 2020, 6, 1553–1560. [CrossRef]
7. Pata, U.K. The effect of urbanization and industrialization on carbon emissions in Turkey: Evidence from ARDL bounds testing

procedure. Environ. Sci. Pollut. Res. 2018, 25, 7740–7747. [CrossRef] [PubMed]
8. Ozcan, B.; Tzeremes, P.; Dogan, E. Re-estimating the interconnectedness between the demand of energy consumption, income,

and sustainability indices. Environ. Sci. Pollut. Res. 2019, 26, 26500–26516. [CrossRef] [PubMed]
9. Bilgen, S. Structure and environmental impact of global energy consumption. Renew. Sustain. Energy Rev. 2014, 38, 890–902.

[CrossRef]
10. Baz, K.; Xu, D.; Ali, H.; Ali, I.; Khan, I.; Khan, M.M.; Cheng, J. Asymmetric impact of energy consumption and economic growth

on ecological footprint: Using asymmetric and nonlinear approach. Sci. Total Environ. 2020, 718, 137364. [CrossRef] [PubMed]
11. Rehman, E.; Rehman, S. Modeling the nexus between carbon emissions, urbanization, population growth, energy consumption,

and economic development in Asia: Evidence from grey relational analysis. Energy Rep. 2022, 8, 5430–5442. [CrossRef]
12. Aydin, F.F. Effect of economic growth, energy use, trade openness and foreign direct investments on carbon dioxide emissions:

Evidence from G8 countries. Environ. Sci. Pollut. Res. 2023, 30, 113538–113552. [CrossRef] [PubMed]
13. Zhang, S.; Liu, X.; Bae, J. Does trade openness affect CO2 emissions? Evidence from ten newly industrialized countries. Environ.

Sci. Pollut. Res. 2017, 24, 17616–17625. [CrossRef] [PubMed]
14. Gulistan, A.; Tariq, Y.B.; Bashir, M.F. Dynamic relationship among economic growth, energy, trade openness, tourism, and

environmental degradation: Fresh global evidence. Environ. Sci. Pollut. Res. 2020, 27, 13477–13487. [CrossRef] [PubMed]
15. Kongbuamai, N.; Zafar, M.W.; Zaidi, S.A.H.; Liu, Y. Determinants of the ecological footprint in Thailand: The influences of

tourism, trade openness, and population density. Environ. Sci. Pollut. Res. 2020, 27, 40171–40186. [CrossRef] [PubMed]
16. Raihan, A.; Muhtasim, D.A.; Khan, M.N.A.; Pavel, M.I.; Faruk, O. Nexus between carbon emissions, economic growth, renewable

energy use, and technological innovation towards achieving environmental sustainability in Bangladesh. Clean. Energy Syst. 2022,
3, 100032. [CrossRef]

17. Azam, M.; Khan, A.K.; Zaman, K.; Mehboob, A. Factors determining energy consumption: Evidence from Indonesia, Malaysia
and Thailand. Renew. Sustain. Energy Rev. 2015, 42, 1123–1131. [CrossRef]

https://doi.org/10.3390/su18157532

https://doi.org/10.1016/j.apenergy.2016.01.105
https://doi.org/10.1016/j.jclepro.2017.03.174
https://doi.org/10.1007/s11356-019-05911-7
https://www.ncbi.nlm.nih.gov/pubmed/31300988
https://doi.org/10.1007/s11356-019-06116-8
https://www.ncbi.nlm.nih.gov/pubmed/31396870
https://doi.org/10.1016/j.scitotenv.2019.03.268
https://www.ncbi.nlm.nih.gov/pubmed/31018423
https://doi.org/10.1016/j.egyr.2020.06.004
https://doi.org/10.1007/s11356-017-1088-6
https://www.ncbi.nlm.nih.gov/pubmed/29288303
https://doi.org/10.1007/S11356-019-05767-X
https://www.ncbi.nlm.nih.gov/pubmed/31292875
https://doi.org/10.1016/j.rser.2014.07.004
https://doi.org/10.1016/j.scitotenv.2020.137364
https://www.ncbi.nlm.nih.gov/pubmed/32325627
https://doi.org/10.1016/j.egyr.2022.03.179
https://doi.org/10.1007/s11356-023-29827-5
https://www.ncbi.nlm.nih.gov/pubmed/37853215
https://doi.org/10.1007/s11356-017-9392-8
https://www.ncbi.nlm.nih.gov/pubmed/28597097
https://doi.org/10.1007/s11356-020-07875-5
https://www.ncbi.nlm.nih.gov/pubmed/32026365
https://doi.org/10.1007/s11356-020-09977-6
https://www.ncbi.nlm.nih.gov/pubmed/32661973
https://doi.org/10.1016/j.cles.2022.100032
https://doi.org/10.1016/j.rser.2014.10.061
https://doi.org/10.3390/su18157532


Sustainability 2026, 18, 7532 24 of 27

18. Alam, M.M.; Murad, M.W.; Noman, A.H.M.; Ozturk, I. Relationships among carbon emissions, economic growth, energy
consumption and population growth: Testing Environmental Kuznets Curve hypothesis for Brazil, China, India and Indonesia.
Ecol. Indic. 2016, 70, 466–479. [CrossRef]

19. Munir, K.; Ameer, A. Effect of economic growth, trade openness, urbanization, and technology on environment of Asian emerging
economies. Manag. Environ. Qual. 2018, 29, 1123–1134. [CrossRef]

20. Hassan, S.T.; Xia, E.; Khan, N.H.; Shah, S.M.A. Economic growth, natural resources, and ecological footprints: Evidence from
Pakistan. Environ. Sci. Pollut. Res. 2019, 26, 2929–2938. [CrossRef] [PubMed]

21. Murshed, M.; Nurmakhanova, M.; Elheddad, M.; Ahmed, R. Value addition in the services sector and its heterogeneous impacts
on CO2 emissions: Revisiting the EKC hypothesis for the OPEC using panel spatial estimation techniques. Environ. Sci. Pollut.
Res. 2020, 27, 38951–38973. [CrossRef] [PubMed]

22. Shin, Y.; Yu, B.; Greenwood-Nimmo, M. Modelling asymmetric cointegration and dynamic multipliers in a nonlinear ARDL
framework. In The Festschrift in Honor of Peter Schmidt: Econometric Methods and Applications; Horrace, W., Sickles, R., Eds.; Springer:
New York, NY, USA, 2014; pp. 281–314. [CrossRef]

23. Alvarado, R.; Ponce, P.; Criollo, A.; Córdova, K.; Khan, M.K. Environmental degradation and real per capita output: New evidence
at the global level grouping countries by income levels. J. Clean. Prod. 2018, 189, 13–20. [CrossRef]

24. Shahbaz, M.; Haouas, I.; Hoang, T.H.V. Economic growth and environmental degradation in Vietnam: Is the environmental
Kuznets curve a complete picture? Emerg. Mark. Rev. 2019, 38, 197–218. [CrossRef]

25. Rahman, S.U.; Chen, S.; Saud, S.; Saleem, N.; Bari, M.W. Nexus between financial development, energy consumption, income
level, and ecological footprint in CEE countries: Do human capital and biocapacity matter? Environ. Sci. Pollut. Res. 2019, 26,
31856–31872. [CrossRef] [PubMed]

26. Sarkodie, S.A.; Strezov, V. A review on Environmental Kuznets Curve hypothesis using bibliometric and meta-analysis. Sci. Total
Environ. 2019, 649, 128–145. [CrossRef] [PubMed]

27. Ali, A.; Radulescu, M.; Balsalobre-Lorente, D. A dynamic relationship between renewable energy consumption, nonrenewable
energy consumption, economic growth, and carbon dioxide emissions: Evidence from Asian emerging economies. Energy Environ.
2023, 34, 3529–3552. [CrossRef]

28. Lu, W.C. The interplay among ecological footprint, real income, energy consumption, and trade openness in 13 Asian countries.
Environ. Sci. Pollut. Res. 2020, 27, 45148–45160. [CrossRef] [PubMed]

29. Cetin, M.; Ecevit, E.; Yucel, A.G. The impact of economic growth, energy consumption, trade openness, and financial development
on carbon emissions: Empirical evidence from Turkey. Environ. Sci. Pollut. Res. 2018, 25, 36589–36603. [CrossRef] [PubMed]

30. Afridi, M.A.; Kehelwalatenna, S.; Naseem, I.; Tahir, M. Per capita income, trade openness, urbanization, energy consumption, and
CO2 emissions: An empirical study on the SAARC region. Environ. Sci. Pollut. Res. 2019, 26, 29978–29990. [CrossRef] [PubMed]

31. Pata, U.K. Environmental Kuznets Curve and trade openness in Turkey: Bootstrap ARDL approach with a structural break.
Environ. Sci. Pollut. Res. 2019, 26, 20264–20276. [CrossRef] [PubMed]

32. Waqih, M.A.U.; Bhutto, N.A.; Ghumro, N.H.; Kumar, S.; Salam, M.A. Rising environmental degradation and impact of foreign
direct investment: An empirical evidence from SAARC region. J. Environ. Manag. 2019, 243, 472–480. [CrossRef] [PubMed]

33. Mujtaba, A.; Jena, P.K.; Joshi, D.P.P. Growth and determinants of CO2 emissions: Evidence from selected Asian emerging
economies. Environ. Sci. Pollut. Res. 2021, 28, 39357–39369. [CrossRef] [PubMed]

34. Balsalobre-Lorente, D.; Driha, O.M.; Halkos, G.; Mishra, S. Influence of growth and urbanization on CO2 emissions: The moderating
effect of foreign direct investment on energy use in BRICS. Sustain. Dev. 2022, 30, 227–240. [CrossRef]

35. Udeagha, M.C.; Ngepah, N. Does trade openness mitigate environmental degradation in South Africa? Environ. Sci. Pollut. Res.
2022, 29, 19352–19377. [CrossRef] [PubMed]

36. Alshehry, A.; Belloumi, M. The symmetric and asymmetric impacts of energy consumption and economic growth on environmen-
tal sustainability. Sustainability 2024, 16, 205. [CrossRef]

37. Munir, K.; Riaz, N. Asymmetric impact of energy consumption on environmental degradation: Evidence from Australia, China,
and USA. Environ. Sci. Pollut. Res. 2020, 27, 11749–11759. [CrossRef] [PubMed]

38. Ziyazov, D.S.; Pyzhev, A.I. N-shaped relationship between economic growth and automotive emissions: Evidence from Russia.
Transp. Res. Part D Transp. Environ. 2023, 118, 103734. [CrossRef]

39. Khan, I.; Lei, H.; Shah, A.A.; Khan, I.; Baz, K.; Koondhar, M.A.; Abu Hatab, A. Environmental quality and the asymmetrical
nonlinear consequences of energy consumption, trade openness and economic development: Prospects for environmental
management and carbon neutrality. Environ. Sci. Pollut. Res. 2022, 29, 14654–14664. [CrossRef] [PubMed]

40. Liu, H.; Liu, J.; Li, Q. Asymmetric effects of economic development, agroforestry development, energy consumption, and
population size on CO2 emissions in China. Sustainability 2022, 14, 7144. [CrossRef]

41. Perkins, R.; Neumayer, E. Do recipient country characteristics affect international spillovers of CO2-efficiency via trade and
foreign direct investment? Clim. Change 2012, 112, 469–491. [CrossRef]

https://doi.org/10.3390/su18157532

https://doi.org/10.1016/j.ecolind.2016.06.043
https://doi.org/10.1108/MEQ-05-2018-0087
https://doi.org/10.1007/s11356-018-3803-3
https://www.ncbi.nlm.nih.gov/pubmed/30499092
https://doi.org/10.1007/s11356-020-09593-4
https://www.ncbi.nlm.nih.gov/pubmed/32638298
https://doi.org/10.1007/978-1-4899-8008-3_9
https://doi.org/10.1016/j.jclepro.2018.04.064
https://doi.org/10.1016/j.ememar.2018.12.006
https://doi.org/10.1007/s11356-019-06343-z
https://www.ncbi.nlm.nih.gov/pubmed/31489549
https://doi.org/10.1016/j.scitotenv.2018.08.276
https://www.ncbi.nlm.nih.gov/pubmed/30172133
https://doi.org/10.1177/0958305X231151684
https://doi.org/10.1007/s11356-020-10399-7
https://www.ncbi.nlm.nih.gov/pubmed/32779062
https://doi.org/10.1007/s11356-018-3526-5
https://www.ncbi.nlm.nih.gov/pubmed/30377957
https://doi.org/10.1007/s11356-019-06154-2
https://www.ncbi.nlm.nih.gov/pubmed/31414388
https://doi.org/10.1007/s11356-019-05266-z
https://www.ncbi.nlm.nih.gov/pubmed/31098905
https://doi.org/10.1016/j.jenvman.2019.05.001
https://www.ncbi.nlm.nih.gov/pubmed/31125893
https://doi.org/10.1007/s11356-021-13078-3
https://www.ncbi.nlm.nih.gov/pubmed/33759101
https://doi.org/10.1002/sd.2240
https://doi.org/10.1007/s11356-021-17193-z
https://www.ncbi.nlm.nih.gov/pubmed/34716897
https://doi.org/10.3390/su16010205
https://doi.org/10.1007/s11356-020-07777-6
https://www.ncbi.nlm.nih.gov/pubmed/31975006
https://doi.org/10.1016/j.trd.2023.103734
https://doi.org/10.1007/s11356-021-16612-5
https://www.ncbi.nlm.nih.gov/pubmed/34611808
https://doi.org/10.3390/su14127144
https://doi.org/10.1007/s10584-011-0204-8
https://doi.org/10.3390/su18157532


Sustainability 2026, 18, 7532 25 of 27

42. Behera, S.B.; Dash, D.P. The effect of urbanization, energy consumption, and foreign direct investment on the carbon dioxide
emission in the SSEA (South and Southeast Asian) region. Renew. Sustain. Energy Rev. 2017, 70, 96–106. [CrossRef]

43. Zameer, H.; Yasmeen, H.; Zafar, M.W.; Waheed, A.; Sinha, A. Analyzing the association between innovation, economic growth,
and environment: Divulging the importance of FDI and trade openness in India. Environ. Sci. Pollut. Res. 2020, 27, 29539–29553.
[CrossRef] [PubMed]

44. Munir, K.; Ameer, A. Nonlinear effect of FDI, economic growth, and industrialization on environmental quality: Evidence from
Pakistan. Manag. Environ. Qual. 2020, 31, 223–234. [CrossRef]

45. Tancho, N.; Sriyakul, T.; Tang, C. Asymmetric impacts of macroeconomy on environment degradation in Thailand: A NARDL
approach. Contemp. Econ. 2020, 14, 582–591.

46. Wei, G.; Bi, M.; Liu, X.; Zhang, Z.; He, B.J. Investigating the impact of multidimensional urbanization and FDI on carbon emissions
in the Belt and Road Initiative region: Direct and spillover effects. J. Clean. Prod. 2023, 384, 135608. [CrossRef]

47. Derindag, O.F.; Maydybura, A.; Kalra, A.; Wong, W.K.; Chang, B.H. Carbon emissions and the rising effect of trade openness and
foreign direct investment: Evidence from a threshold regression model. Heliyon 2023, 9, e17448. [CrossRef] [PubMed]

48. Pata, U.K.; Dam, M.M.; Kaya, F. How effective are renewable energy, tourism, trade openness, and foreign direct investment on
CO2 emissions? An EKC analysis for ASEAN countries. Environ. Sci. Pollut. Res. 2023, 30, 14821–14837. [CrossRef] [PubMed]

49. Bernard, J.; Mandal, S. The impact of trade openness on environmental quality: An empirical analysis of emerging and developing
economies. WIT Trans. Ecol. Environ. 2016, 203, 195–208. [CrossRef]

50. Ertugrul, H.M.; Cetin, M.; Seker, F.; Dogan, E. The impact of trade openness on global carbon dioxide emissions: Evidence from
the top ten emitters among developing countries. Ecol. Indic. 2016, 67, 543–555. [CrossRef]

51. Ling, T.Y.; Ab-Rahim, R.; Mohd-Kamal, K.-A. Trade openness and environmental degradation in ASEAN-5 countries. Int. J. Acad.
Res. Bus. Soc. Sci. 2020, 10, 691–707. [CrossRef] [PubMed]

52. Cole, M.A.; Neumayer, E. Examining the impact of demographic factors on air pollution. Popul. Environ. 2004, 26, 5–21. [CrossRef]
53. Poumanyvong, P.; Kaneko, S. Does urbanization lead to less energy use and lower CO2 emissions? A cross-country analysis. Ecol.

Econ. 2010, 70, 434–444. [CrossRef]
54. Martínez-Zarzoso, I.; Maruotti, A. The impact of urbanization on CO2 emissions: Evidence from developing countries. Ecol. Econ.

2011, 70, 1344–1353. [CrossRef]
55. Wang, S.X.; Fu, Y.B.; Zhang, Z.G. Population growth and the environmental Kuznets curve. China Econ. Rev. 2015, 36, 146–165.

[CrossRef]
56. Zhang, Y.J.; Yi, W.C.; Li, B.W. The impact of urbanization on carbon emission: Empirical evidence in Beijing. Energy Procedia 2015,

75, 2963–2968. [CrossRef]
57. Sheng, P.; He, Y.; Guo, X. The impact of urbanization on energy consumption and efficiency. Energy Environ. 2017, 28, 673–686.

[CrossRef]
58. Li, A.; Li, X.; Li, Y.; Wang, H.; Zhang, H. The impact of urbanization on carbon emissions and spatial–temporal differentiation

based on meta-analysis in China. Sustainability 2022, 14, 14840. [CrossRef]
59. Chen, H.; Jia, B.; Lau, S.S.Y. Sustainable urban form for Chinese compact cities: Challenges of a rapid urbanized economy. Habitat

Int. 2008, 32, 28–40. [CrossRef]
60. Charfeddine, L.; Mrabet, Z. The impact of economic development and social-political factors on ecological footprint: A panel

data analysis for 15 MENA countries. Renew. Sustain. Energy Rev. 2017, 76, 138–154. [CrossRef]
61. Danish; Ulucak, R.; Khan, S.U.D. Determinants of the ecological footprint: Role of renewable energy, natural resources, and

urbanization. Sustain. Cities Soc. 2020, 54, 101996. [CrossRef]
62. Wang, Y.; Chen, L.; Kubota, J. The relationship between urbanization, energy use and carbon emissions: Evidence from a panel of

Association of Southeast Asian Nations (ASEAN) countries. J. Clean. Prod. 2016, 112, 1368–1374. [CrossRef]
63. Ali, S.; Anwar, S.; Nasreen, S. Renewable and non-renewable energy and its impact on environmental quality in South Asian

countries. Forman J. Econ. Stud. 2017, 13, 177–194. [CrossRef]
64. Nathaniel, S.; Khan, S.A.R. The nexus between urbanization, renewable energy, trade, and ecological footprint in ASEAN

countries. J. Clean. Prod. 2020, 272, 122709. [CrossRef]
65. Nathaniel, S.P. Ecological footprint, energy use, trade, and urbanization linkage in Indonesia. GeoJournal 2021, 86, 2057–2070.

[CrossRef]
66. Wafiq, A.N.; Suryanto, S. The impact of population density and economic growth on environmental quality: Study in Indonesia.

J. Ekon. Stud. Pembang. 2021, 22, 301–312. [CrossRef]
67. Ahmed, Z.; Asghar, M.M.; Malik, M.N.; Nawaz, K. Moving towards a sustainable environment: The dynamic linkage between

natural resources, human capital, urbanization, economic growth, and ecological footprint in China. Resour. Policy 2020, 67, 101677.
[CrossRef]

68. Samargandi, N. Sector value addition, technology and CO2 emissions in Saudi Arabia. Renew. Sustain. Energy Rev. 2017, 78, 868–877.
[CrossRef]

https://doi.org/10.3390/su18157532

https://doi.org/10.1016/j.rser.2016.11.201
https://doi.org/10.1007/s11356-020-09112-5
https://www.ncbi.nlm.nih.gov/pubmed/32440879
https://doi.org/10.1108/MEQ-10-2018-0186
https://doi.org/10.1016/j.jclepro.2022.135608
https://doi.org/10.1016/j.heliyon.2023.e17448
https://www.ncbi.nlm.nih.gov/pubmed/37455969
https://doi.org/10.1007/s11356-022-23160-z
https://www.ncbi.nlm.nih.gov/pubmed/36161568
https://doi.org/10.2495/eid160181
https://doi.org/10.1016/j.ecolind.2016.03.027
https://doi.org/10.6007/IJARBSS/v10-i2/6958
https://www.ncbi.nlm.nih.gov/pubmed/42215452
https://doi.org/10.1023/B:POEN.0000039950.85422.eb
https://doi.org/10.1016/j.ecolecon.2010.09.029
https://doi.org/10.1016/j.ecolecon.2011.02.009
https://doi.org/10.1016/j.chieco.2015.08.012
https://doi.org/10.1016/j.egypro.2015.07.601
https://doi.org/10.1177/0958305X17723893
https://doi.org/10.3390/su142214840
https://doi.org/10.1016/j.habitatint.2007.06.005
https://doi.org/10.1016/j.rser.2017.03.031
https://doi.org/10.1016/j.scs.2019.101996
https://doi.org/10.1016/j.jclepro.2015.06.041
https://doi.org/10.32368/fjes.20170009
https://doi.org/10.1016/j.jclepro.2020.122709
https://doi.org/10.1007/s10708-020-10175-7
https://doi.org/10.18196/jesp.v22i2.10533
https://doi.org/10.1016/j.resourpol.2020.101677
https://doi.org/10.1016/j.rser.2017.04.056
https://doi.org/10.3390/su18157532


Sustainability 2026, 18, 7532 26 of 27

69. Ullah, S.; Ozturk, I.; Usman, A.; Majeed, M.T.; Akhtar, P. On the asymmetric effects of premature deindustrialization on CO2

emissions: Evidence from Pakistan. Environ. Sci. Pollut. Res. 2020, 27, 13692–13702. [CrossRef] [PubMed]
70. Okere, K.I.; Onuoha, F.C.; Muoneke, O.B.; Oyeyemi, A.M. Towards sustainability path in Argentina: The role of finance, energy

mix, and industrial value added in low or high carbon emission—Application of DARDL simulation. Environ. Sci. Pollut. Res.
2021, 28, 55053–55071. [CrossRef] [PubMed]

71. Azam, M.; Rehman, Z.U.; Ibrahim, Y. Causal nexus in industrialization, urbanization, trade openness, and carbon emissions:
Empirical evidence from OPEC economies. Environ. Dev. Sustain. 2022, 24, 13990–14010. [CrossRef]

72. Destek, M.A. Deindustrialization, reindustrialization and environmental degradation: Evidence from ecological footprint of
Turkey. J. Clean. Prod. 2021, 296, 126612. [CrossRef]

73. Al-Mulali, U.; Weng-Wai, C.; Sheau-Ting, L.; Mohammed, A.H. Investigating the environmental Kuznets curve (EKC) hypothesis
by utilizing the ecological footprint as an indicator of environmental degradation. Ecol. Indic. 2015, 48, 315–323. [CrossRef]

74. Ulucak, R.; Bilgili, F. A reinvestigation of EKC model by ecological footprint measurement for high, middle and low income
countries. J. Clean. Prod. 2018, 188, 144–157. [CrossRef]

75. Dogan, E.; Taspinar, N.; Gokmenoglu, K.K. Determinants of ecological footprint in MINT countries. Energy Environ. 2019, 30,
1065–1086. [CrossRef]

76. Mujtaba, A.; Jena, P.K.; Bekun, F.V.; Sahu, P.K. Symmetric and asymmetric impact of economic growth, capital formation, renewable
and non-renewable energy consumption on environment in OECD countries. Renew. Sustain. Energy Rev. 2022, 160, 112300. [CrossRef]

77. Mohamed, E.F.; Abdullah, A.; Jaaffar, A.H.; Osabohien, R. Reinvestigating the EKC hypothesis: Does renewable energy in power
generation reduce carbon emissions and ecological footprint? Energy Strategy Rev. 2024, 53, 101387. [CrossRef]

78. Global Footprint Network. Ecological Footprint; Global Footprint Network: Oakland, CA, USA, 2024. Available online:
https://www.footprintnetwork.org/our-work/ecological-footprint/ (accessed on 8 November 2024).

79. World Bank. World Development Indicators; World Bank: Washington, DC, USA, 2024; Available online: https://databank.worldba
nk.org/source/world-development-indicators (accessed on 10 November 2024).

80. Pesaran, M.H.; Shin, Y.; Smith, R.J. Bounds testing approaches to the analysis of level relationships. J. Appl. Econom. 2001, 16, 289–326.
[CrossRef]

81. Pesaran, M.H.; Shin, Y.; Smith, R.P. Pooled mean group estimation of dynamic heterogeneous panels. J. Am. Stat. Assoc. 1999, 94, 621–634.
[CrossRef]

82. Pesaran, M.H.; Smith, R. Estimating long-run relationship from dynamic heterogeneous panels. J. Econom. 1995, 68, 79–113.
[CrossRef]

83. Hausman, J.A. Specification tests in econometrics. Econometrica 1978, 46, 1251–1272. [CrossRef]
84. Breusch, T.S.; Pagan, A.R. The Lagrange multiplier test and its applications to model specification in econometrics. Rev. Econ.

Stud. 1980, 47, 239–253. [CrossRef]
85. Pesaran, M.H. General Diagnostic Tests for Cross Section Dependence in Panels; CESifo Working Paper Series No. 1229; IZA Discussion

Paper No. 1240; IZA: Bonn, Germany, 2004.
86. Baltagi, B.H.; Feng, Q.; Kao, C. A Lagrange multiplier test for cross-sectional dependence in a fixed effects panel data model.

J. Econom. 2012, 170, 164–177. [CrossRef]
87. Pesaran, M.H. A simple panel unit root test in the presence of cross-section dependence. J. Appl. Econom. 2007, 22, 265–312.

[CrossRef]
88. Pedroni, P. Critical values for cointegration tests in heterogeneous panels with multiple regressors. Oxf. Bull. Econ. Stat. 1999, 61, 653–670.

[CrossRef]
89. Pedroni, P. Panel cointegration: Asymptotic and finite sample properties of pooled time series tests with an application to the

PPP hypothesis. Econom. Theory 2004, 20, 597–625. [CrossRef]
90. Kao, C. Spurious regression and residual-based tests for cointegration in panel data. J. Econom. 1999, 90, 1–44. [CrossRef]
91. Westerlund, J. Testing for error correction in panel data. Oxf. Bull. Econ. Stat. 2007, 69, 709–748. [CrossRef]
92. Blackburne, E.F.; Frank, M.W. Estimation of nonstationary heterogeneous panels. Stata J. 2007, 7, 197–208. [CrossRef]
93. Zhu, H.; Duan, L.; Guo, Y.; Yu, K. The effects of FDI, economic growth and energy consumption on carbon emissions in ASEAN-5:

Evidence from panel quantile regression. Econ. Model. 2016, 58, 237–248. [CrossRef]
94. Rehman, M.U.; Rashid, M. Energy consumption to environmental degradation, the growth appetite in SAARC nations. Renew.

Energy 2017, 111, 284–294. [CrossRef]
95. Hao, W.; Rasul, F.; Bhatti, Z.; Hassan, M.S.; Ahmed, I.; Asghar, N. A technological innovation and economic progress enhancement:

An assessment of sustainable economic and environmental management. Environ. Sci. Pollut. Res. 2021, 28, 28585–28597.
[CrossRef] [PubMed]

96. Mrabet, Z.; Alsamara, M. Testing the Kuznets curve hypothesis for Qatar: A comparison between carbon dioxide and ecological
footprint. Renew. Sustain. Energy Rev. 2017, 70, 1366–1375. [CrossRef]

https://doi.org/10.3390/su18157532

https://doi.org/10.1007/s11356-020-07931-0
https://www.ncbi.nlm.nih.gov/pubmed/32034591
https://doi.org/10.1007/s11356-021-14756-y
https://www.ncbi.nlm.nih.gov/pubmed/34128160
https://doi.org/10.1007/s10668-021-02019-2
https://doi.org/10.1016/j.jclepro.2021.126612
https://doi.org/10.1016/j.ecolind.2014.08.029
https://doi.org/10.1016/j.jclepro.2018.03.191
https://doi.org/10.1177/0958305X19834279
https://doi.org/10.1016/j.rser.2022.112300
https://doi.org/10.1016/j.esr.2024.101387
https://www.footprintnetwork.org/our-work/ecological-footprint/
https://databank.worldbank.org/source/world-development-indicators
https://databank.worldbank.org/source/world-development-indicators
https://doi.org/10.1002/jae.616
https://doi.org/10.2307/2670182
https://doi.org/10.1016/0304-4076(94)01644-F
https://doi.org/10.2307/1913827
https://doi.org/10.2307/2297111
https://doi.org/10.1016/j.jeconom.2012.04.004
https://doi.org/10.1002/jae.951
https://doi.org/10.1111/1468-0084.0610s1653
https://doi.org/10.1017/S0266466604203073
https://doi.org/10.1016/S0304-4076(98)00023-2
https://doi.org/10.1111/j.1468-0084.2007.00477.x
https://doi.org/10.1177/1536867X0700700204
https://doi.org/10.1016/j.econmod.2016.05.003
https://doi.org/10.1016/j.renene.2017.03.100
https://doi.org/10.1007/s11356-021-12559-9
https://www.ncbi.nlm.nih.gov/pubmed/33544345
https://doi.org/10.1016/j.rser.2016.12.039
https://doi.org/10.3390/su18157532


Sustainability 2026, 18, 7532 27 of 27

97. Aslam, B.; Hu, J.; Hafeez, M.; Ma, D.; AlGarni, T.S.; Saeed, M.; Abdullah, M.A.; Hussain, S. Applying environmental Kuznets
curve framework to assess the nexus of industry, globalization, and CO2 emission. Environ. Technol. Innov. 2021, 21, 101377.
[CrossRef]

98. Gogoi, N.; Hussain, F. Investigating the environmental Kuznets curve hypothesis and pollution haven hypothesis in India:
An ARDL approach. Int. J. Sustain. Econ. 2024, 16, 16–44. [CrossRef]

99. Baek, J. A new look at the FDI–income–energy–environment nexus: Dynamic panel data analysis of ASEAN. Energy Policy 2016,
91, 22–27. [CrossRef]

100. Mohsin, M.; Naseem, S.; Sarfraz, M.; Azam, T. Assessing the effects of fuel energy consumption, foreign direct investment and
GDP on CO2 emission: New data science evidence from Europe and Central Asia. Fuel 2022, 314, 123098. [CrossRef]

101. Shahbaz, M.; Uddin, G.S.; Rehman, I.U.; Imran, K. Industrialization, electricity consumption and CO2 emissions in Bangladesh.
Renew. Sustain. Energy Rev. 2014, 31, 575–586. [CrossRef]

102. Destek, M.A.; Sarkodie, S.A. Investigation of environmental Kuznets curve for ecological footprint: The role of energy and
financial development. Sci. Total Environ. 2019, 650, 2483–2489. [CrossRef] [PubMed]

103. Ansari, M.A.; Haider, S.; Khan, N.A. Environmental Kuznets curve revisited: An analysis using ecological and material footprint.
Ecol. Indic. 2020, 115, 106416. [CrossRef]

104. Ansari, M.A.; Ahmad, M.R.; Siddique, S.; Mansoor, K. An environmental Kuznets curve for ecological footprint: Evidence from
GCC countries. Carbon Manag. 2020, 11, 355–368. [CrossRef]

105. Destek, M.A.; Sinha, A. Renewable, non-renewable energy consumption, economic growth, trade openness and ecological
footprint: Evidence from Organisation for Economic Co-operation and Development countries. J. Clean. Prod. 2020, 242, 118537.
[CrossRef]

106. Dogan, E.; Ulucak, R.; Kocak, E.; Isik, C. The use of ecological footprint in estimating the environmental Kuznets curve hypothesis
for BRICST by considering cross-section dependence and heterogeneity. Sci. Total Environ. 2020, 723, 138063. [CrossRef] [PubMed]

107. Khan, A.; Chenggang, Y.; Yi, W.X.; Hussain, J.; Sicen, L.; Bano, S. Examining the pollution haven and environmental Kuznets
hypotheses for ecological footprints: An econometric analysis of China, India, and Pakistan. J. Asia Pac. Econ. 2021, 26, 462–482.
[CrossRef]

108. Mujtaba, A.; Jena, P.K.; Mukhopadhyay, D. Determinants of CO2 emissions in upper middle-income group countries: An empirical
investigation. Environ. Sci. Pollut. Res. 2020, 27, 37745–37759. [CrossRef] [PubMed]
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