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The impact of renewable energy on CO, emissions
in Middle Eastern and BRICS economies
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Environmental pollution, exacerbated by rising CO, emissions and deteriorating air quality,
presents significant challenges to sustainable development worldwide. This study investi-
gates the factors influencing environmental pollution in Middle Eastern and BRICS countries
from 1995 to 2020, employing various econometric methods, including CIPS and CADF unit
root tests, the Westerlund panel cointegration test, and the Pairwise Dumitrescu-Hurlin
panel causality test, along with robustness checks via DOLS. The results for BRICS nations
indicate a unidirectional causality from renewable energy consumption to CO, emissions,
suggesting that increased renewable energy usage effectively lowers emissions, although
CO, emissions significantly affect energy consumption without reciprocal influence. In con-
trast, Middle Eastern countries reveal a bidirectional causality between renewable energy and
CO, emissions, indicating that increases in renewable energy not only mitigate emissions but
also respond to emission level changes. Notably, energy consumption neither significantly
influences CO, emissions nor is affected by them in this region. In both regions, trade
openness influences CO, emissions unidirectionally, while FDI shows no significant predictive
power for emissions levels. The DOLS results demonstrate that a unit increase in renewable
energy reduces CO, emissions by 0.22% in the Middle East and by 0.66% in BRICS coun-
tries, emphasizing the effectiveness of renewable energy investments in mitigating climate
change. These findings underline the importance of developing policies that promote
renewable energy while carefully examining the impacts of FDI and trade on emissions.
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Introduction

he global energy landscape is undergoing significant

change due to increasing concerns about carbon dioxide

(CO,) emissions, climate change, fossil fuel depletion, and
the need for sustainable development. Renewable energy sources
present a viable alternative to fossil fuels, with the potential to
reduce greenhouse gas emissions and mitigate environmental
pollution. This shift is further driven by international agreements
such as the 2015 Paris Agreement, which aims to limit global
warming to well below two degrees Celsius, ideally capping it at
1.5 degrees Celsius (Robiou du Pont and Meinshausen 2018;
Schleussner et al. 2022). To meet these targets, rapid reductions in
fossil fuel consumption and a transition to low-carbon energy are
essential, making technological innovations and adoption of
renewable energy crucial.

CO, emissions are a major contributor to environmental pollu-
tion, significantly affecting air quality and global warming (Hadipoor
et al. 2021; Nunes 2023). Although CO, is naturally occurring and
plays a role in the greenhouse effect, excessive concentrations lead to
detrimental ecological consequences. Therefore, reducing CO,
emissions is imperative for mitigating climate change and mini-
mizing its adverse effects (Addis and Cheng, 2023; Cheng et al,
2023). Strategies such as enhancing energy efficiency and transi-
tioning to sources of renewable energy are vital in curbing CO,
emissions and combating environmental pollution.

This study focuses on the factors influencing environmental
pollution in two critical groups: Middle Eastern countries, namely,
Yemen, the United Arab Emirates (UAE), Syria, Saudi Arabia,
Qatar, Oman, Lebanon, Kuwait, Jordan, Israel, Iraq, and Bahrain;
and BRICS nations, namely, Brazil, Russia, India, China, and South
Africa. To the best of our knowledge, this is the first attempt to
analyze and compare environmental pollution between the Middle
Eastern and BRICS regions. Analyzing these regions is essential
because of their substantial impact on global environmental trends
and their role as key players in energy consumption and produc-
tion. The Middle East is characterized by its vast oil reserves and
energy-intensive economies, leading to significant greenhouse gas
emissions and air quality deterioration (Kouyakhi 2022; Tazikeh
et al. 2025). BRICS nations, on the other hand, present a complex
landscape of rapid industrialization and urbanization, contributing
to considerable environmental pollution (Addis and Cheng, 2023).
Both the Middle East and BRICS nations are pivotal in the global
economy, influencing energy markets and environmental sustain-
ability efforts. Their strategic importance is underscored by their
roles in international trade and investment flows, which can either
mitigate or exacerbate environmental challenges. As such, a com-
parative analysis of these regions offers critical insights into the
complex nature of environmental pollution and the diverse stra-
tegies needed to address it effectively on a global scale. Under-
standing the interplay of economic, environmental, and political
factors in these regions can inform policymakers and stakeholders,
as they face the urgent challenges of climate change and sustainable
development (Addis and Cheng, 2023; Cheng et al., 2023; Mah-
mood et al. 2023).

This comparison is important because both groups, despite
being comprised of emerging economies, have distinct energy
profiles and consumption patterns. Middle Eastern countries
primarily rely on fossil fuels (Kouyakhi 2022; Tazikeh et al. 2025),
while BRICS nations utilize a more varied mix, including
renewable energies (Asif et al. 2024). The BRICS countries hold a
significant position in the global energy landscape (Khan et al.
2024; Meng et al. 2025; Naz et al. 2024). Their differing stages of
economic development also influence energy policies, impacting
renewable energy adoption and CO, emissions trajectories.
Additionally, the role of the Middle Eastern countries in global
energy markets and the rapid growth of BRICS economies
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highlight the significance of understanding regional dynamics in
energy transition and climate change (Naz et al. 2024; Tazikeh
et al. 2025). Insights gained from this comparison can inform
tailored policy strategies that address the unique challenges and
opportunities within each region.

The environmental pollution in BRICS and Middle Eastern
countries is driven by complex factors, including economic
growth, energy consumption, industrial activities, FDI inflows,
and trade openness (Addis and Cheng, 2023; Cheng et al., 2023;
Alam et al. 2024; Mahmood et al. 2023). While economic growth
can enhance resources for environmental protection, it may also
lead to greater pollution without strong regulations (Liu et al.
2023; Osuntuyi and Lean 2022; You et al. 2025). Regions that
attract FDI for sustainable projects often experience a decrease in
pollution, whereas those focused on resource extraction face
environmental challenges (Hunjra et al. 2024). Trade openness
can either improve environmental outcomes through cleaner
technology imports or worsen pollution due to lax regulations
(Barkat et al. 2024; Le et al. 2016). Another critical factor is fossil
fuel consumption, which is correlated with increased pollution,
while transitioning to sources of renewable energy can sig-
nificantly enhance environmental health (Nkalu 2023; Wang et al.
2023). Countries prioritizing renewable energy tend to have lower
pollution levels, although adoption varies on the basis of
resources, public awareness, policies, technology, and geopolitical
conditions (Karlilar Pata and Balcilar 2024).

BRICS nations have made significant advancements in the
production of renewable energy, with China emerging as the largest
investor in solar and wind power infrastructure worldwide (Chen
and Xu 2022; Gielen et al. 2019). India has also expanded its solar
capabilities (Kumar and Majid 2020; Lu et al. 2020), whereas Brazil
has become a major player in biofuel production, leveraging
sugarcane resources (Vega et al. 2024). In contrast, Middle Eastern
countries continue to emphasize oil and gas, with energy strategies
heavily reliant on fossil fuels (Hassan et al. 2023; Alnour and Kocak
2025). Despite initial efforts in renewable solutions, such as solar
programs in the UAE and Saudi Arabia’s Vision 2030 plan, these
transitions lag behind those of BRICS nations (Islam and Ali 2024).
This disparity highlights differing regional energy priorities and the
need for a more integrated approach to sustainable development.
Technological advancements and robust research and development
(R&D) efforts in both BRICS and Middle Eastern nations have
improved renewable energy efficiency (Addis and Cheng, 2023;
Cheng et al., 2023; Hassan et al. 2023; Xu and Hussain 2023). China
and India, driven by ambitious government policies, are now global
leaders in solar energy (Wang et al. 2023; Wu and Wan 2024),
whereas Middle Eastern countries such as the UAE and Saudi
Arabia are investing in large-scale renewable projects, such as the
UAE’s Mohamed bin Rashid Al-Maktoum Solar Park and Saudi’s
NEOM megacity project initiative (Koch 2023; Yusuf and
Abdulmohsen 2023). Together, these developments position both
BRICS countries and Middle Eastern countries as crucial players in
the global energy transition, addressing their socioeconomic and
environmental challenges.

Despite these technological advancements, environmental
pollution, driven by industrialization, high energy consumption,
population growth, and rapid urbanization, remains a significant
challenge for both BRICS nations and Middle Eastern nations
(Afifa et al. 2024; Briggs 2003). In BRICS countries, significant
increases in pollution have been noted in urban and industrial
centers due to economic growth (Addis and Cheng, 2023; Cheng
et al,, 2023). In recognition of these issues, BRICS nations are
implementing policies aimed at reducing emissions, improving
resource management, and attracting foreign investment in
cleaner technologies, particularly within renewable energy sectors
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(Alam et al. 2024; Wang et al. 2023). Similarly, Middle Eastern
countries, addressing pollution from fossil fuel reliance and urban
expansion, are enacting stringent regulations and ambitious
emission reduction targets (Al-mulali 2011; Ben Cheikh and Ben
Zaied, 2021; Mahmood et al. 2023). Programs such as Qatar’s
National Vision 2030 and the UAE’s Green Economy Strategy
showcase their commitment to sustainability and economic
diversification (Cochrane and Al-Hababi 2023; Koch 2023).
These efforts in both regions reflect a growing understanding that
long-term economic growth must align with environmental sus-
tainability while addressing socio-economic challenges.

This study aims to enhance existing knowledge in several key
areas. To the best of our knowledge, this represents the initial
effort to examine and compare environmental pollution between
the Middle Eastern and BRICS regions. First, by comparing two
distinct groups of countries, fossil fuel-dependent Middle Eastern
nations (Alnour and Kocak 2025; Hassan et al. 2023) and the
diverse economies of BRICS countries (Addis and Cheng, 2023;
Cheng et al., 2023), this study reveals valuable best practices for
achieving sustainable development goals while addressing chal-
lenges such as environmental pollution. By examining these
regions together, we provide a comparative analysis that high-
lights distinct economic and environmental contexts, which is
underexplored in current research. This comparative approach
adds depth to our understanding of how diverse economic con-
texts shape the relationships between renewable energy and CO,
emissions. Second, it offers a thorough examination of the causal
and long-term relationships among renewable energy, FDI
inflows, energy consumption, trade openness, CO, emissions, and
economic growth within both regions. Third, by utilizing an array
of econometric techniques, including CIPS and CADF unit root
tests, Westerlund panel cointegration tests, and the Pairwise
Dumitrescu-Hurlin causality test, this study ensures rigorous
statistical validation of findings. The incorporation of DOLS as a
robustness check strengthens the analysis, establishing a reliable
framework for interpreting the causative relationships involved
and ensuring the derived relationships are statistically sound and
resilient to potential pitfalls in data analysis. Finally, the findings
will aid policymakers in understanding the opportunities and
challenges presented by renewable energy adoption, facilitating
the identification of optimal strategies and policy recommenda-
tions for promoting renewable resources, minimizing environ-
mental impacts, and achieving sustainable economic growth.

This study is unique due to its thorough examination of the
relationship between renewable energy consumption and CO,
emissions across two distinct regions. By comparing the BRICS
nations with the Middle Eastern countries, we establish a com-
parative framework that paves the way for future investigations
into how other regions might also display distinctive interactions
within energy and environmental contexts. Furthermore, our
robust econometric methodology sets this study apart from pre-
vious research, which frequently employs more simplistic models,
thereby increasing the validity and breadth of our results.

Literature review

Environmental pollution is a complex issue influenced by
industrial operations, agricultural practices, transportation,
urbanization, and other human activities (Zeng et al, 2025;
Beyene 2022; Duan 2025; Thu et al. 2022). Industrial processes
release harmful pollutants into the air and water (Gomes da Silva
and Gouveia 2020), whereas agricultural practices that use pes-
ticides and fertilizers contribute to soil degradation and water
contamination (Zeng et al. 2025; Baweja et al. 2020). Additionally,
transport systems reliant on fossil fuels emit substantial amounts
of CO,, exacerbating the global climate crisis (Li et al., 2024).

Clearly, as economies grow, industrial and urban expansion can
result in increased environmental pollution in the absence of
sustainable strategies.

Environmental pollution is a pressing concern, especially in
rapidly developing regions such as the Middle East and BRICS
countries. Both regions are characterized by unique economic
structures, abundant natural resources, and significant challenges
in reconciling economic advancement with environmental pro-
tection. While BRICS nations face intensified industrialization and
urbanization, leading to increased air and water pollution, defor-
estation, and biodiversity loss (Chen et al. 2025; Udeagha and
Ngepah 2023), Middle Eastern countries are navigating the com-
plexities of transitioning their oil-dependent economies toward
diversification and reduced reliance on fossil fuel (Al-mulali 2011;
Mahmood et al. 2023). This transition is pivotal for achieving
enduring sustainability and economic resilience amidst fluctuating
oil prices and a global shift to renewable energy. Furthermore,
many Middle Eastern nations are vulnerable to climate change
effects, including water scarcity and extreme heat, which threaten
economic stability and social coherence (Alnour and Kocak 2025;
Hassan et al. 2023; Yongsheng and Yingquan 2025).

This literature review synthesizes existing research on the factors
driving environmental pollution in the Middle East and BRICS
regions. Key variables such as economic growth, renewable energy,
trade openness, energy consumption, and FDI inflows significantly
influence environmental pollution, growth strategies, and sustain-
ability initiatives (Addis and Cheng, 2023; Cheng et al., 2023; Hoa
et al. 2024). Rapid economic growth alongside increased fossil fuel
consumption and industrialization serves as a primary driver of
pollution in both regions. Studies by Wang et al. (2023) and Wu
and Wan (2024) indicate that economic development, particularly
in countries such as China and India, is correlated with increased
emissions. A similar trend is evident in the Middle East, where
industrial activities in oil-dependent economies exacerbate air and
water pollution (Al-mulali 2011; Osipov et al. 2022; Xu and
Hussain 2023). The nexus between pollution and energy con-
sumption highlights the pressing need for a transition to sources of
renewable energy. Scholars note that while both regions are gra-
dually adopting renewable energy and regulatory frameworks that
promote sustainability, progress varies significantly (Alam et al.
2024; Hassan et al. 2023).

Opoku et al. (2022) investigated the nexus between environ-
mental pollution and inward FDI, analyzing longitudinal data
across a cohort of 103 developing economies spanning between
1970 and 2019. Their findings indicate that pollution adversely
affects FDI inflows, particularly in Middle Eastern and BRICS
nations. Similarly, via a panel threshold model, Wang and Wang
(2021) examine the impact of trade openness on carbon intensity
across 104 countries from 2000-2014. They conclude that trade
openness effectively diminishes carbon intensity in lower-middle-
income and high-income countries, unlike in the upper-middle-
income group. Other scholars, on the other hand, argue that FDI
and trade openness may correlate negatively with environmental
pollution by facilitating the introduction of cleaner technologies,
which enhance overall environmental performance (Padhan and
Bhat 2024; Wang et al. 2024). Additionally, some research has
focused on how income inequality and political instability shape
public awareness and environmental policies in these regions
(Ben Cheikh and Ben Zaied 2021; Sofuoglu and Ay 2020; Zhao
et al. 2021).

The theories and models that explain pollution trends in the
Middle East and BRICS nations underscore the intricate rela-
tionship between economic growth and environmental degrada-
tion, revealing distinct characteristics within each region. In the
Middle East, traffic-related air pollution (TRAP) plays a crucial
role in deteriorating urban air quality. Research shows that TRAP
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contributes to more than 50% of particulate matter (PM) levels in
cities (Nasser et al. 2015). This issue is compounded by rapid
urbanization and an increase in vehicle emissions, driven by
population growth and economic development over the past few
decades (Isaifan 2023). In contrast, the pollution profiles of
BRICS countries reflect their diverse economic foundations and
varying stages of industrial development (Apergis et al. 2023;
Nawsherwan et al. 2024). The “pollution haven” hypothesis posits
that FDI in these nations may increase carbon emissions, largely
due to weaker environmental regulations (Demena and
Afesorgbor 2020). However, some research suggests that such
investments can also foster improved environmental manage-
ment practices (Apergis et al. 2023; Liu 2022).

While both regions face significant challenges, such as elevated
levels of particulate matter and the associated health risks of air
pollution, their responses tend to differ markedly. Some BRICS
nations are successfully implementing effective environmental
policies, whereas others continue to battle high emissions linked
to industrial growth (Elalouf 2023). For example, China’s rapid
industrialization has not only led to substantial air quality chal-
lenges but also spurred significant investments in renewable
energy and pollution control technologies (Tian et al. 2020). In
the Middle East, on the other hand, pollution is significantly
influenced by local factors, including arid climatic conditions and
geopolitical complexities that hinder effective environmental
governance (Isaifan 2023). Although both the Middle East and
BRICS countries generally face formidable pollution issues, the
root causes and responses differ significantly. A deeper under-
standing of these dynamics is essential for formulating targeted
policies that effectively address the unique environmental chal-
lenges faced by each region. In order to provide a comprehensive
overview of the existing research on environmental influences,
Table 1 summarizes the key findings and methodologies from
relevant literature.

While the Middle East and BRICS nations face distinct chal-
lenges and opportunities regarding environmental pollution, a
comparative study is essential for understanding the unique
dynamics influencing their environmental policies and outcomes.
The geopolitical and economic contexts of these regions may
reveal contrasting patterns in economic growth, resource avail-
ability, and environmental crises. This study aims not only to
analyze the factors influencing CO, emissions but also to conduct
a comprehensive empirical investigation into the interrelation-
ships among renewable energy, energy consumption, inward FDI,
trade openness, economic growth, and CO, emissions in these
two regions. This analysis highlights varying commitments to
sustainable practices and identifies innovative strategies for
effectively reducing pollution and improving resource efficiency.

Methodology

The shift towards renewable energy sources is increasingly
acknowledged as a vital approach for reducing CO, emissions. A
growing body of scholarly research has aimed to explore and
quantify this relationship (Addis and Cheng, 2023; Mirziyoyeva
and Salahodjaev 2023; Sharif et al. 2024; Thi et al. 2023; Zakarya
et al. 2015). The theoretical foundations supporting this role are
diverse, encompassing technological, economic, and policy-
oriented dimensions (Budzianowski 2012; Maamoun et al. 2020;
Yang et al. 2022).

Renewable energy’s effectiveness in curbing CO, emissions
primarily lies in its capacity to replace energy derived from fossil
fuels (Ilbahar et al. 2022; Saidi and Omri 2020). The combustion
of fossil fuels such as coal, oil, and natural gas results in the
release of significant quantities of CO,, which contributes to
escalating greenhouse gas levels in the atmosphere (Ilbahar et al.

4

2022; Suman 2021). In contrast, renewable energy technologies
leverage naturally replenished resources, enabling energy pro-
duction with negligible direct CO, emissions (Ilbahar et al. 2022;
Lu et al. 2025; Saidi and Omri 2020).

Moreover, empirical research conducted across various coun-
tries and regions provides robust evidence supporting the theo-
retical premise that renewable energy can effectively reduce CO,
emissions (Addis and Cheng, 2023; Budzianowski 2012; Saidi and
Omri 2020; Suman 2021; Yang et al. 2022; Zakarya et al. 2015).
This study focuses on the theoretical and empirical foundations
regarding the role of renewable energy in reducing CO, emissions
in the context of the Middle East and BRICS countries.

Data source. The study employed panel data spanning from 1995
to 2020, encompassing 12 Middle East and BRICS countries, to
examine the influencing factors of environmental pollution by
using CO, emissions as an indicator. The choice of variables and
data was guided by sustainable development indicators and eco-
nomic theories, all aimed at improving economic development,
energy efficiency, and environmental quality.

The selected timeframe and data were based on what was
available, with a focus on examining the causal relationships
between CO, emissions and renewable energy as well as other
econometric factors over a substantial period. Furthermore, the
chosen variables were aligned with economic theories and
sustainable development indicators, ensuring a comprehensive
evaluation of economic progress and environmental quality (Ali
et al. 2022; Dong et al. 2019, 2020; Kahia et al. 2019). The data
incorporated in this study were derived from reliable sources,
including the WDI (World Development Indicators) and Our
World in Data. Table 2 lists the sources of data for the variables
included in this study.

In this study, CO, emissions are identified as the dependent
variable because they are influenced by various factors, including
energy consumption, economic growth, renewable energy, trade
openness, and FDI inflows. Furthermore, CO, emissions have a
significant effect on environmental health, ecosystems, and
overall welfare (Hadipoor et al. 2021; Nunes 2023).

Figure 1 shows a comprehensive description of a conceptual
framework diagram that outlines the relationships among the key
variables, followed by explanations of the effects.

The conceptual framework connecting RE, EC, FDI, TO, and CO,
emissions reflects intricate interdependencies (Addis and Cheng,
2023; Xuan 2025). Renewable energy usage positively influences
energy consumption by reducing reliance on fossil fuels while
simultaneously decreasing CO, emissions, as renewables generate
minimal emissions (Igbal et al. 2023). Increased energy consumption
typically drives higher CO, emissions, particularly from fossil fuel
sources, and may impede further renewable energy adoption if
prioritized over cleaner alternatives (Addis and Cheng, 2023;
Alharthi et al. 2021). FDI often correlates positively with trade
openness, facilitating the exchange of goods and technologies that
can enhance energy consumption patterns (Menyari 2024; Xuan
2025). While FDI can bolster renewable energy infrastructure, it may
also divert attention towards fossil fuel projects based on investor
interests (Balli et al. 2023; Mahmood et al. 2023). Trade openness can
heighten energy consumption through increased import and export
of energy resources, potentially leading to greater emissions but also
fostering cleaner technologies (Khan et al. 2025). Generally, the
interactions among these variables underscore the need for coherent
policies that balance economic growth, foreign investment, and
environmental sustainability.

To achieve the study’s objectives and analyze the causal nexus
between the variables in the study across Middle Eastern and
BRICS nations, panel data analysis will be employed. This will
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Table 2 Variables and data sources.

Energy consumption

EC

Kg of oil equivalent per capita

Variables Symbols Units Source

CO, emissions CO, Metric tons per capita WDI (2023)
Renewable energy RE Percent of total final energy consumption WDI (2023)
Foreign direct investment FDI Net inflows (% of GDP) WDI (2023)
GDP per capita GDP per capita Current US$ WDI (2023)

Our World in Data (2023)

Trade openness TO Trade (% of GDP) Our World in Data (2023)
RE Step 1 Descriptive statistics -------------- Summaries
VIF &
Step2  —eeeeeeeees »  Diagnostic tests ===~ Correlation
matrices
EC CO, ¥
Step3 Cross-sectional // Pesara;\\
'''''''''''' Dependence (CD) ............,\\\ ‘_/
/ CIPS & Second-generation Step 4
< > CADF T | unit root test
TO < D FDI \\‘/// panel unit root tes
* . RN \\
€—0 Unidirectional causality ¢——> Bi-directional causality Sigps A , Second-generation /" Westerlund
panel cointegration Coint,egratiyh
Fig. 1 Conceptual framework diagram that outlines the relationships * o
among the key variables. This figure presents a conceptual framework that /{ffffﬁ
visually represents the relationships among the key variables in our study: \\calsality// """"""""" Panel causality test «------------- Step 6

Renewable Energy (RE), Energy Consumption (EC), Foreign Direct
Investment (FDI), Trade Openness (TO), and CO2 Emissions. The red
arrows indicate a directional causality, pointing to a one-way influence from
one variable to another, while the green arrows represent bidirectional
causality, suggesting that the relationships are reciprocal.

leverage established econometric techniques such as the Pairwise
Dumitrescu-Hurlin panel causality test to examine relationships
between economic indicators, the CIPS (Cross-sectionally
Augmented Im-Pesaran-Shin) and CADF (Cross-sectionally
Augmented Dickey-Fuller) unit root tests, an advanced panel
unit root tests, developed to tackle the challenge of cross-sectional
dependence (CD) within panel datasets (Pesaran 2007), the
Westerlund (2007) panel cointegration test is an advanced test
that specifically addresses CD and assesses the existence of a long-
term equilibrium relationship among nonstationary variables,
thus making it appropriate for heterogeneous panel studies, and
the Dynamic Ordinary Least Squares (DOLS) estimator is to
assess the robustness of the models and address the problems of
serial correlations and endogeneity. Figure 2 illustrates the
methodological framework employed in this study, outlining
the key components and processes involved in our research
approach in a diagrammatic manner.

Econometric techniques and model specifications. This study
adopted a mixed-methods approach that employs a series
of quantitative techniques, including the Pairwise
Dumitrescu-Hurlin panel causality test, and various panel
econometric techniques, such as the cross-sectional dependence
(CD) test, second generation panel unit root test (CIPS and
CADEF), second generation panel cointegration test (Westerlund
panel cointegration), and panel dynamic ordinary least squares
(DOLS) method. This comprehensive methodological framework
is increasingly recognized in the literature as an effective strategy

6
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CONCLUSION

Fig. 2 Methodological framework overview. The methodological framework
illustrated in this figure outlines the approach we employed to analyze the
impact of renewable energy on CO2 emissions within Middle Eastern and BRICS
economies. It delineates the steps taken throughout the analysis, including the
statistical methods and models applied. The flow of arrows indicates the
progression of analysis stages, while the orange boxes denote different phases
of the methodology. The gray sections highlight types of analysis carried out,
and the green area summarizes the study's conclusions. This framework serves
to clarify the comprehensive process followed in this paper.

for addressing complex research questions that span multiple
dimensions of data (Al-mulali 2011; Dong et al. 2019, 2020; Jalil
and Mahmud 2009; Kahia et al. 2019; Kostakis et al. 2023;
Magazzino et al. 2023; Naqvi et al. 2022; Ojekemi et al. 2023;
Pesaran 2007; Westerlund 2007; Zakarya et al. 2015).

The CADF test functions as an individual unit root test,
evaluating each cross-sectional unit within the panel. It enhances
the traditional Augmented Dickey-Fuller (ADF) regression by
incorporating cross-sectional averages of the lagged levels and the
first differences of the series, thereby addressing common factors
that may lead to cross-sectional dependence among the units
(Pesaran 2007). The equation for the CADF test applicable to
each cross-section “” is expressed as:

_ _ Pi
AY, =a;+BY; +x Y,y +6AY, +]¥1 ;AY;, + & (1)
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where: AY, is the first difference of the variable for unit i at time
t; Y,;,_, is the lagged level of the variable; Y,_; and AY, are the
cross-sectional averages of the lagged levels and first differences,
respectively, which capture the common factors; «; represent the
intercept for each cross-section; f3; indicate the coefficient of
interest; if B; = 0, a unit root is present; Zf‘zl(/)ij; AY;,_;arelagged
first differences included to ensure the residuals are white noise;
and ¢;, denotes the error term. For each cross-section, a t-statistic
for B; is obtained. The null hypothesis for the CADF test is that a
unit root exists for the individual series (Hy: B; =0)

In contrast, the CIPS test is a unit root test conducted across
the entire panel, aggregating the individual CADF statistics. It is
derived by calculating the simple average of the CADF t-statistics
for all cross-sectional units (Pesaran 2007). This study employed
the CIPS test statistic, which is determined as follows:

1N
CIPS = Ngl tcapr,i 2

Where: tc,pp; is the CADF t-statistic for the ith cross-section,
and N is the number of cross-sections.

Additionally, this study employed the Westerlund (2007) panel
cointegration test, a second-generation test, that consists of four
statistics. These statistics are based on the error-correction model
and test the null hypothesis of no cointegration. The general form
of the error-correction model for the Westerlund test is:

bi pi
AY; = ay;+ag + Bi(Yi g — X Xim1) +]§1 ’lxjAYi,r—j +J§) ‘V:‘jAXi,r—j + &

)
Where: AY;, and AX;, are the first differences of the dependent
and independent variables, respectively; ai is the error-correction
parameter, which measures the speed of adjustment to the long-
run equilibrium. If &; = 0, there is no cointegration. Y;, ; —
XiXi,_1 represents the error-correction term (ECT), which
captures the deviation from the long-run equilibrium.

This study also employed a statistical hypothesis test named
the Pairwise Dumitrescu-Hurlin (D-H) panel causality test,
developed by Dumitrescu and Hurlin (2012), to determine
whether one variable Granger-causes another in a panel data
context, where data is collected from several cross-sections over
time. The general form of the D-H panel causality test equation
for a specific pair of variables, say Y and X, for each individual i in
the panel is:

p p
InY;, =a;+ kz ﬁli,k InY;, ,+ kz Boipn X,y + e, (4)
: ~ — P2, :

P P
InX;, = a; + kZ BrixIn X, + kz Baik lnYi,t—k + &y ()
: ~ ~ Pai, :

In this context, Y, signifies the variable that is being predicted
(dependent), whereas X, indicates the predictor variable (inde-
pendent); p represents the count of previous time periods
(optimal lag length); ¢ indicates time; «; and «, are constant
terms; 1, B2, y1, and y, are coefficients for lagged terms; the In
indexed natural logarithm; and e; is the error term considered in
the model.

As noted by researchers, Egs. (4) and (5) are founded on the
concept that if variable Y Granger-causes variable X, and vice
versa, then past values of Y should provide insights that assist in
forecasting X (Dumitrescu and Hurlin 2012). This principle
underlies a well-established method frequently employed in
econometrics to investigate the connections between economic
indicators (Dumitrescu and Hurlin 2012; Shojaie and Fox 2022).

To examine the Granger causality of predictor variables, such
as RE (renewable energy), EC (energy consumption), FDI (FDI

inflows), and TO (trade openness), on environmental pollution
(CO, emissions), this study utilizes the panel Granger causality
test (Pairwise Dumitrescu-Hurlin) with a lag length of 1. This
approach focuses on the influence of the preceding period’s values
of these independent variables. Consequently, the study for-
mulates the following equation that represents the causal
relationships between the independent variables and CO,
emissions:

P P
InCO,; = o; + kzl BixInCOyy_y + kzl Xik InRE;,

» P P
+ kz 8;xInEC;,, + kz ¢, InFDI;,_; + kz ¢ InTO;, 4 +¢;,

=1 =1 =1
(6)

Where a: constant term; A: first difference; B, x, 8, ¢, and ¢: are
the coefficients for the lagged dependent and independent
variables for each cross-section; p: optimal lag length set at 1; i:
index countries; and e: serially uncorrelated error term. To
eliminate the potential existence of heteroscedasticity and data
volatility, this study employed the log-log functional form (Friedl
and Getzner 2003).

In Eq. (6), the study primarily assessed whether the past values
of each predictor variable significantly improve the forecasting of
CO, emissions. By applying the Pairwise Dumitrescu-Hurlin
panel causality tests to data from Middle Eastern and BRICS
countries, this study aims to uncover significant causal relation-
ships that adhere to the following outlined hypotheses:

H1: Testing whether RE homogeneously causes CO, emissions:

P P
InCOy;y = a; + kz BiixInCOy i + kz BrxInRE+¢;, (7)
: ~ P, : ~ Pai, :

Hoy: RE, i does not homogeneously cause CO,,;
H2: Testing whether EC homogeneously causes CO, emissions:

p p
InCOy, = a; + 1;;1 BrixInCOy i+ kz;l Byis I EC;,_y + &,
®)

Hy: EC,y does not homogeneously cause CO,
H3: Testing whether FDI homogeneously causes CO, emis-
sions:

p »
In €Oy, = a; + k; BiixInCOy g + 1;—:1 Bix In FDIL; . + ¢,
©)

HO: FDI;y does not homogeneously cause CO,;
H4: Testing whether TO homogeneously causes CO, emis-
sions:

» »
InCOyy = a; + kZ BrixInCOy g + kE BoixInTO; i + &,
(10)

Hy: TO¢ does not homogeneously cause CO,,

The null hypothesis (default assumption) for every examina-
tion is that the respective variable fails to homogeneously cause
CO, emissions.

To determine whether CO, emissions Granger-cause each
independent variable, the study performed separate tests for CO,
emissions against each independent variable. The hypothesis tests
and equations represent that CO, emissions Granger-cause each
independent variable, and the study analysis can be formulated as
follows:
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H5: Testing whether CO, emissions homogeneously cause RE:
P p
InRE;, = a; + kzl BiixInRE;, _ + kzl BaixInCOyy i + &5y
(1)

Hy: CO,, does not homogeneously cause RE,
Hé: Testing whether CO, emissions homogeneously cause EC:

p p
InEC;, = a; + k; PrixInEC;, i + 1;1 BaisIn COyp i + &
(12)

Hy: CO,, does not homogeneously cause EC, i
H?7: Testing whether CO, emissions homogeneously cause FDI:

P P
InFDI;, = a; + kz BrixInFDIL;,\ + kz BrixInCOy; i + &4
: >~ P, > Pai :

(13)

Hy: CO,, does not homogeneously cause FDI, i
H8: Testing whether CO, emissions homogeneously cause TO:

P ?
InTO;;, = a; + kz BrixInTO;,_y + kz ByixInCOy;y_y + &4
: >~ P, : - :

(14)

Hy: CO,, does not homogeneously cause TO,

To investigate the robustness of the model, this study
incorporated Panel DOLS. Panel DOLS is a statistical technique
employed to estimate relationships in panel data with dynamic
components (Addis and Cheng, 2023; Danish and Ulucak 2021;
Thi et al. 2023). This method is particularly valuable for assessing
the robustness of findings across different model specifications.

Drawing on the data presented and the arguments put forth by
several researchers (Addis and Cheng, 2023; Alam and Murad
2020; Liu et al. 2022), this study examines the robustness of the
study model. Similarly, this study conducted a thorough
examination of the long-term relationships between RE, EC,
FDI, TO, and CO, emissions in Middle Eastern and BRICS
countries from 1995 to 2020. A study leveraging Panel DOLS
estimation, which originated from academic contributions in the
early 1990s and later expanded (Saikkonen 1992; Stock and
Watson 1993; Kao and Chiang 2004), highlights this approach as
a useful corrective to the FMOLS technique (Mark and Sul 2003).
DOLS offers consistent estimations of standard errors (Addis and
Cheng, 2023; Kao and Chiang 2004; Ugrinowitsch et al. 2004).

Empirical results and discussions

Descriptive statistics. The descriptive statistics for economic
indicators are conducted for both Middle Eastern and BRICS
countries in Tables 3 and 4, respectively. The results for Middle
Eastern countries reveal notable trends and variations. The
average values indicate that LnTO is the highest (mean = 4.41),
while LnRE is the lowest (mean=1.12). Data variability is
moderate, with standard deviations ranging from 0.24 (LnEC) to
1.18 (LnCO,), suggesting substantial fluctuations in CO, emis-
sions and trade. Skewness values show that LnRE (0.95) and
LnFDI (0.75) are positively skewed, indicating a small number of
countries with high values, while LnTO exhibits extreme negative
skew (—8.76). Additionally, kurtosis values are significantly high
for LnEC (46.63) and LnTO (97.98), reflecting a pronounced peak
and concentration of values around the mean. The Jarque-Bera
test confirms significant deviations from normality (p < 0.001) for
all indicators, underscoring the complexity of the dataset, which

Table 3 Descriptive statistics of variables for Middle Eastern countries.
LnCO, LnRE LnEC LnFDI LnTO
Mean 2.056509 1119063 3.956040 2.494923 4.413669
Median 2.227392 0.832909 3.979561 2.436482 4.483089
Maximum 3.864029 2.541602 4.712741 3.676809 5.256831
Minimum —1.1759 0.6931 1.3873 1.6971 —3.8632
Std. Dev. 11827 0.5124 0.2387 0.2694 0.7349
Skewness —0.5321 0.9497 —4.5052 0.7540 —8.7569
Kurtosis 2.4509 2.5780 46.6271 49817 97.9822
Jarque-Bera 18.6437 49.2182 25798.75 80.6203 121268.7
Probability 0.0000 0.0000 0.0000 0.0000 0.0000
Sum 641.6308 349.1477 1234.2850 778.4159 1377.0650
Sum Sq. Dev. 435.0666 81.6839 17.7258 22.5802 167.9852
Observations 312 312 312 312 312
Table 4 Descriptive statistics of variables for BRICS countries.
LnCO, LnRE LnEC LnFDI LnTO

Mean 1.3495 2.7979 2.4937 0.5693 3.6905
Median 1.6808 2.8564 2.5547 0.6880 3.8213
Maximum 2.4748 3.9120 3.2961 1.6805 4.2397
Minimum —0.2676 11631 1.3226 —1.5841 2.7495
Std. Dev. 0.8726 0.9713 0.3482 0.7363 0.3484
Skewness —0.2502 —0.4598 —0.9333 —0.5995 —0.7428
Kurtosis 1.5948 1.7894 4.4493 2.5421 2.6355
Jarque-Bera 12.0523 12.5181 30.2529 8.9226 12.6757
Probability 0.0024 0.0019 0.0000 0.0115 0.0017
Sum 175.4450 363.7322 3241866 74.0095 479.7747
Sum Sq. Dev. 98.2272 121.7147 15.6415 69.94770 15.6663
Observations 130 130 130 130 130
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consists of 312 observations. These findings highlight the diverse
economic landscape in the region and the need for careful
interpretation in policy and economic planning.

The descriptive statistics for economic indicators in BRICS
countries reveal important insights into regional trends. The
average LnCO, stand at 1.35, while LnRE is higher at 2.80,
suggesting a reliance on renewables. LnFDI remains low at 0.57.
The median values generally align with the means, indicating a
symmetrical distribution. Standard deviations highlight variabil-
ity, particularly in LnRE (0.97) compared to the more stable
LnEC (0.35). Negative skewness across all variables suggests that
most countries exhibit below-average values, especially in LnEC
(—0.93) and LnFDI (—0.60). The kurtosis values indicate that
LnCO, and LnRE have flatter distributions, while LnEC shows a
peaked distribution. Finally, the Jarque-Bera test confirms
significant deviations from normality for all indicators
(p<0.05), emphasizing the complexity of the data. With 130
observations, these findings underscore the varied economic
landscape of the BRICS and the need for nuanced interpretation
in policy-making.

Furthermore, the analysis of average data from 1995 to 2020
for 17 countries in this study reveals substantial relationships and
trends among the examined variables. CO, emissions vary
remarkably across the countries examined, with Qatar ranking
highest at 3.666 metric tons, followed closely by Kuwait at 3.212
and Bahrain at 3.098. These nations’ heavy dependence on fossil
fuels for energy production is indicative of economies driven
primarily by the oil and gas sectors. In contrast, India has the
lowest CO, emissions at just 0.156 metric tons, reflecting a
relatively lower level of industrialization than other major
economies in the dataset. Brazil also has low CO, emissions at
0.649 metric tons, largely attributed to its significant reliance on
renewable energy sources, particularly hydropower. Figure 3
articulates how CO, emissions differ across BRICS and Middle
East countries.

The consumption of renewable energy varies considerably
among the countries studied, with Brazil leading at a renewable
energy share of 3.809, supported by extensive utilization of

4.000
3.500
3.000
2.500
2.000
1.500
1.000
0.500

0.000

hydropower and biofuels. India follows closely with a renewable
energy consumption figure of 3.691, highlighting its growing
investments in solar and wind energy projects. Conversely, Gulf
Cooperation Council (GCC) countries, including Qatar (0.725),
Kuwait (0.701), Oman (0.695), Saudi Arabia (0.695), and Bahrain
(0.693), demonstrate minimal reliance on renewable energy due
to their abundant fossil fuel reserves. Figure 4 presents the trend
of renewable energy usage from 1995 to 2020 for each country.

The per capita GDP serves as a critical indicator of economic
development levels across countries. High-income nations such as
Qatar (10.731), the UAE (10.515), Kuwait (10.266), and Israel
(10.222) dominate this category, displaying robust economic
metrics. In contrast, developing economies such as Yemen (6.665)
and India (6.799) report significantly lower per capita GDP
figures. Brazil’s per capita GDP of 8.781 positions it as an
emerging market economy, indicative of its ongoing development
trajectory. Figure 5 shows the trend of GDP per capita from 1995
to 2020 for each country.

Key observations from the data indicate that countries with
high CO, emissions, such as Qatar, Kuwait, the UAE, and Saudi
Arabia, generally exhibit low renewable energy usage but
maintain high per capita GDPs due to their dependence on fossil
fuels for economic growth. Brazil is distinguished by its
combination of low CO, emissions and high renewable energy
consumption, illustrating a more sustainable development model
than emerging economies such as India and China, which
contradicts the work of (Addis 2025). Furthermore, trade
openness is notably high among Gulf Cooperation Council
(GCC) nations, driven by hydrocarbon exports. While India is a
significant global economic player, its relatively low per capita
GDP underscores the potential for growth, particularly in the
realm of renewable energy adoption.

Diagnostic tests. This study utilized a correlation matrix along-
side the Variance Inflation Factor (VIF) test to investigate the
presence of multicollinearity among independent variables in a
multiple regression model (Kim 2019). Multicollinearity occurs
when two or more predictor variables exhibit a high degree of

B Average CO2 emissions

Fig. 3 Comparative CO, emissions: BRICS vs Middle East, (1995-2020). This clustered column chart compares CO2 emissions across BRICS countries
and selected Middle Eastern nations from 1995 to 2020. Each column represents the total CO2 emissions (measured in metric tons) for each country
during this period, providing a visual means to analyze both disparities and trends between these two regions.
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Fig. 4 Trends in renewable energy utilization, (1995-2020). This line chart illustrates the trends in renewable energy usage across BRICS nations
compared to selected Middle Eastern countries from 1995 to 2020. It enables a comparative analysis of the strategies adopted by these regions to embrace
renewable energy, reflecting a broader context of global energy transitions. The data highlights the differing rates of progress toward renewable energy

goals and their implications for sustainable development moving forward.

Brazil
Yemel2-000 Russia
UAE~"10000 India

Syria China
Saudi Arabia South Africa
Qatar Bahrain
Oman Iraq
Lebanon Israel
Kuwait Jordan

—e— GDP per Capita

Fig. 5 Trends in average GDP per capita, (1995-2020). This radar chart
portrays the average GDP per capita trends for BRICS countries in
comparison to selected Middle Eastern nations over the period from 1995
to 2020. Each axis of the chart corresponds to the average GDP per capita
(in USD) for the respective countries. This visualization allows for an
immediate comparison of economic performance across the two regions,
providing critical insights into their economic health, development policies,
and long-term sustainability challenges.

correlation, indicating a strong linear relationship that compli-
cates the isolation of each variable’s individual contribution to the
dependent variable (Gurung 2024; Mahmood 2024). Such inter-
correlation diminishes the unique informational value of these
variables within the regression analysis, potentially undermining
the integrity of the results. The presence of multicollinearity can
lead to unreliable and unstable estimates of regression coeffi-
cients, inflated standard errors, and diminished statistical power,
ultimately affecting the robustness of the study’s conclusions
(Kim 2019; Vatcheva et al. 2016).

10

Table 5 Correlation matrix for Middle East countries.

LnCO, LnRE LnEC LnFDI LnTO
LnCO2 1
LnRE —0.5324 1
LnEC 0.2451 —0.1379 1
LnFDI 0.1047 0.3169 0.0853 1
LnTO 0.2445 —0.1434 0.1286 0.2006 1

Table 6 Correlation matrix for BRICS countries.

LnCO, LnRE LnEC LnFDI LnTO
LnCO2 1
LnRE —0.9276 1
LnEC —0.3463 0.3632 1
LnFDI —0.0895 0.1863 01571 1

LnTO 0.6710 —0.7094 —0.1075 —0.1063 1

The correlation matrices shown in Tables 5 and 6 for Middle
Eastern and BRICS countries, respectively, provide insights into
the relationships among key economic and environmental
variables, highlighting both similarities and differences. In the
Middle East, LnCO, emissions are negatively correlated with
LnRE (—0.5324), indicating that increased renewable energy
adoption is associated with lower emissions. However, this
correlation is not as strong as the LnCO, emissions and
renewable energy relationship in the BRICS countries, where
the correlation is significantly stronger at —0.9276, suggesting a
robust inverse relationship (Addis and Cheng, 2023).

In the Middle East, LnCO, exhibits a positive correlation with
LnEC (0.2451), indicating that higher energy consumption may
drive emissions (Arouri et al. 2012; Menyari 2024), while BRICS
countries show a moderate negative correlation with LnEC
(—0.3463), suggesting more efficient energy use in relation to
emissions (Addis and Cheng, 2023).
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Table 7 Variance Inflation Factor (VIF) test results for Middle Eastern and BRICS countries.

Middle Eastern BRICS
Variable Coefficient variance Uncentered VIF Coefficient variance Uncentered VIF
LnRE 0.012879 1.046562 0.008960 1.216915
LnEC 0.005904 1.045685 0.004439 1.039049
LnFDI 0.010108 1.026676 0.001347 1154367
LnTO 0.001277 1.022887 0.013410 1.399616

Furthermore, LnFDI in the Middle East shows a weaker
correlation with LnCO, (0.1047) compared to the BRICS
correlation of —0.0895, which indicates minimal influence of
LnFDI on emissions in both regions. The study is supported by
(Addis and Cheng, 2023) and (Arouri et al. 2012). Trade
openness in the Middle East has a positive correlation with
LnCO, (0.2445) and a negative correlation with LnRE (—0.1434),
whereas in BRICS, LnTO is strongly positively correlated with
LnCO, (0.6710) and negatively correlated with LnRE (—0.7094).
Similar studies elsewhere corroborated this finding (Menyari
2024; Selmey et al. 2024). This indicates that increased trade is
associated with higher emissions in the BRICS context, potentially
due to fossil fuel reliance in trade activities. Generally, while both
regions demonstrate notable relationships between renewable
energy and emissions, the BRICS countries exhibit stronger
correlations, particularly emphasizing the effective role of
renewable energy in emissions reduction compared to the Middle
Eastern countries, where relationships are generally weaker and
more varied.

The VIF is a well-established diagnostic tool employed to
identify multicollinearity by quantifying the extent to which the
variance of a regression coefficient increases due to linear
dependence among independent variables (Kim 2019; Vatcheva
et al. 2016). The VIF results shown in Table 7 for both Middle
Eastern and BRICS countries demonstrate low multicollinearity
among predictor variables in their respective regression models.
In the Middle Eastern context, LnRE has a VIF of 1.0466, while
LnEC follows closely with a VIF of 1.0457. LnFDI is reported at
1.0267, and LnTO shows a VIF of 1.0229. All these values are well
below the threshold of 5, confirming the independence of the
variables, thus ensuring reliable interpretation of regression
coefficients.

In contrast, the BRICS countries display slightly higher VIF
values: LnRE stands at 1.2169, LnEC at 1.0390, LnFDI at 1.1544,
and LnTO at 1.3996. Although these values indicate low
multicollinearity, they are higher than those observed in the
Middle Eastern countries. Nevertheless, all BRICS VIF values
remain below the critical threshold, suggesting that, like in the
Middle East, the regression coefficients can be interpreted
reliably. This consistency across both datasets allows for
dependable assessments of the relationships among the predictor
variables within each economic context.

Cross-sectional dependence (CD) test. The CD test indicates
interdependence among cross-sectional units in a dataset, which
is crucial when studying various econometric variables that could
influence one another. Assessing CD before unit root and coin-
tegration tests is vital for accurate statistical analysis (Addis and
Cheng, 2023; Pesaran 2004; Tugcu 2018). CD tests help ensure
reliability and validity, which are pivotal in panel data analysis. It
detects cross-sectional correlations in regression errors, high-
lighting interdependence across regions or variables with social,
environmental, or economic spillover effects (Menegaki 2020).
Understanding CD aids in choosing appropriate panel unit root

Table 8 Results of the CD test for Middle Eastern and BRICS
countries.

Middle Eastern BRICS
Test Statistic d.f. P-value Statistic d.f. P-value
Breusch-Pagan  175.9248 66 0.0000 95.1653 10 0.0000
IE’,;/laran scaled 9.5677 0.0000 19.043 0.0000
|F_’,<\e/laran CcD —3.3241 0.0009 —3.2066 0.0013

tests, factoring in variables such as geographical spillovers and
omitted factors. The presumption is that the residuals from the
panel data regression lack interdependence (Chandio et al. 2022).
Researchers have identified strong and weak forms of CD,
emphasizing its impact on cross-country studies (Deistler et al.
2010).

Three popular CD tests were conducted in this study, and these
tests are designed to determine whether the error terms over
numerous units are correlated, which might have major
implications for the validity of statistical inference and model
estimation. For example, (i), the Breusch-Pagan Lagrange multi-
plier (LM) test, is a typical test for determining the presence of
CD (Breusch and Pagan 1980). It uses likelihood ratio assessment
to ascertain whether the error components in a regression model
are associated among different cross-sectional units. A significant
Breusch-Pagan LM test statistic indicates the presence of CD.

(ii) The Pesaran scaled Lagrange multiplier (LM) test serves as
a modification of the Breusch-Pagan LM test that tackles
heteroskedasticity and autocorrelation potential issues (Pesaran
2004). To accommodate these difficulties, it adjusts the test
statistic by scaling the residuals, resulting in a more robust test for
CD. When the Pesaran adjusted LM test statistic is significant, it
suggests the existence of CD. (iii) The Pesaran CD test, which
integrates the Breusch-Pagan LM test with the Pesaran-scale LM
test into a single statistic, is a prominent test for CD (Pesaran
2004). It is derived from the combination of the Breusch-Pagan
LM test statistic and the Pesaran scaled LM test statistic. Because
it considers both the presence of cross-sectional reliance and
possible concerns with heteroskedasticity and autocorrelation,
this combined statistic provides a stronger test for CD. If the
Pesaran CD test result is significant, it implies that the CD exists.

Therefore, these three popular tests were conducted to
summarize the CD test results for all the variables examined in
the study from 1995 to 2020 for both Middle Eastern and BRICS
countries, as presented in Table 8. The null hypothesis for the CD
tests asserts that there is no CD (correlation) among the residuals,
indicating that they are independent of one another. Conversely,
the alternative hypothesis suggests that a CD exists within the
residuals.

Table 8 illustrates that the null hypothesis is decisively rejected
for all variables, according to the calculated p-values. This
indicates significant evidence of interdependence among the

| (2026)13:194 | https://doi.org/10.1057/541599-026-06492-w 1



ARTICLE

Table 9 Results of the CIPS and CADF Unit Root Tests (Second Generation) for Panel Data in Middle Eastern and BRICS
Countries.

Middle Eastern BRICS
Test CIPS CADF CIPS CADF

t-statistic t-statistic t-statistic t-statistic t-statistic t-statistic t-statistic t-statistic
Variables 1(0) Q) 1(0) Q)] 1€0) Q) 1€0) Q)
LnCO, 1176 —-3.921* 1.076 —9.924** —0.552 —2.403** -0.574 —3.495***
LnRE 1124 —2.551** 0.568 —4.752** —1.672** —1.737*** -1.693** —3.422***
LnEC —7.461* —1.571** —6.763* —2.689*** —4.445* —3.413** -3.909 —5.885**
LnFDI —3.913* —1.632** —3.721* —2.771** —2.460 —2.548** —3.477* —3.329***
LnTO -1.671** —2.827* —1.441 —2.324*** —0.151 —2.906*** -0.074 —2.681**
Note: *, **, and *** indicate the significance levels of 1%, 5%, and 10%, respectively.

Table 10 Westerlund panel cointegration test result.

Middle Eastern BRICS
Statistics Value P-value Value P-value
LnRE —1.4470 0.0000 —0.6216 0.0000
LnEC 0.0372 0.8822 0.0474 0.7881
LnFDI 1.2009 0.0042 01371 0.0820
LnTO 0.1212 0.4937 0.7848 0.0000

variables across countries. This phenomenon can be attributed to
various factors, including external shocks, economic ties, or
common policies. Consequently, any unexpected change in
Middle Eastern or BRICS nations may influence the behavior of
member countries, highlighting a possible interconnectedness in
their environmental or economic dynamics.

The study results are consistent with those of Al-mulali (2011)
in Middle Eastern nations and Author (2023b) and Baloch et al.
(2022) in BRICS countries. Consequently, this study can advance
with assessment and estimation methods that consider CD,
including the panel data unit root test. It can be used in
conjunction with CD tests to obtain more robust results and
better control for potential biases arising from CD.

Panel unit root test. After conducting the CD test, the next step
is to perform a panel data unit root test to evaluate the statio-
narity of the variables involved. This study identified the presence
of CD; failing to account for it may result in biased outcomes and
erroneous conclusions in panel unit root tests (Naqvi et al. 2022).
When CD is identified in panel data, traditional first-generation
unit root tests, such as the LLC (Levin-Lin-Chu) (Levin et al.
2002), (IPS) Im-Pesaran-Shin (Im et al. 2003), (ADF) augmented
Dickey-Fuller (Dickey and Fuller 1979), and (PP) Fisher chi-
square tests (Phillips and Perron 1988) tests, which rely on the
assumption of cross-sectional independence, may yield unreliable
results. Consequently, it becomes essential to employ second-
generation panel unit root tests that are explicitly designed to
address the effects of CD (Pesaran 2007). Notable examples of
these advanced tests include Pesaran’s Cross-sectionally Aug-
mented IPS (CIPS) test and the Cross-sectionally Augmented
Dickey-Fuller (CADF) test, both developed by Pesaran (2007).
These methodologies enhance the robustness of the analysis by
appropriately modeling the dependence across cross-sections,
thereby improving the accuracy of inference in panel data con-
texts (Rana et al. 2024).

Unit root analysis is essential for identifying whether a variable
is stationary or nonstationary (Tugcu 2018). The results shown in
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Table 9 revealed nonstationarity at levels, but stationarity at first
differences, indicating no unit root. Consequently, the regression
analysis can proceed at first differences, demonstrating that the
model’s first differences for both country groups are stationary.

The CIPS test results show that in BRICS, LnRE and LnEC are
the only significant variables at level, while in the Middle East,
only LnEC, LnFDI, and LnTO are significant. CADF test results
indicate that most variables have insignificant p-values, except for
specific cases in both regions. Notably, all variables have
significant t-statistics at the first difference. The study observed
that both tests yielded similar results at the first difference, while
at the level, they produced differing conclusions regarding
stationarity. Generally, the findings from both tests present a
mixed picture of stationarity for the entire panel, prompting a
transition to the next phase of analysis, which involves panel
cointegration.

Panel cointegration test. The panel cointegration analysis is
based on the notion of cointegration introduced by econome-
trician (Engle and Granger 1987). It aims to identify cointegrating
relationships among the variables across different cross-sectional
units, allowing conclusions to be drawn about the long-term
equilibrium connections among variables (Granger 1986). Coin-
tegration methods have garnered significant interest for assessing
the presence of long-term equilibrium relationships among
nonstationary time series variables (Addis and Cheng, 2023;
Pedroni 2001; Westerlund 2007). In other words, if multiple
variables exhibit cointegration, it implies a stable long-run nexus
among them, despite potential short-run trend differences.

This study conducted the Westerlund panel cointegration test,
a second-generation panel cointegration tests. It is a robust
method used to determine if a long-run equilibrium relationship
exists among nonstationary time series data in a panel setting.
Unlike first-generation panel cointegration tests like Pedroni
residual cointegration test (Pedroni 2004), Kao residual coin-
tegration test (Kao 1999), and Johansen Fisher panel cointegra-
tion test (Johansen 1988), the Westerlund test (Westerlund 2007),
accounts for cross-sectional dependence, which is a common
feature in macroeconomic panel data. Table 10 illustrates the
Westerlund panel cointegration test results for Middle East and
BRICS countries.

The Westerlund panel cointegration test results for the key
variables—RE, EC, FDI, TO, and CO, emissions—reveal
important differences between the Middle Eastern and BRICS
regions. Both regions show significant cointegration for renew-
able energy, with statistics of —1.4470 (p-value 0.0000) for the
Middle East and —0.6216 (p-value 0.0000) for BRICS, suggesting
that renewable energy strongly influences other economic
indicators (Balli et al. 2023; Igbal et al. 2023). Conversely, energy
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Table 11 Pairwise Dumitrescu-Hurlin panel causality tests for Middle Eastern and BRICS countries (1995-2020).
Null hypothesis Middle Eastern BRICS
W-Stat. Zbar-Stat. Prob. W-Stat. Zbar-Stat. Prob.

LNRE does not homogeneously cause LNCO, 47986 3.057 0.0022 7.6694 4.829 1.E-06
LNCO, does not homogeneously cause LNRE 3.7072 1.755 0.0792 1.4095 —0.734 0.4630
LNEC does not homogeneously cause LNCO, 2.2369 0.002 0.9985 2.0228 —-0.189 0.8502
LNCO, does not homogeneously cause LNEC 2.0776 —0.188 0.8508 4.9665 2.428 0.0152
LNFDI does not homogeneously cause LNCO, 2.7257 0.585 0.5587 2.8487 0.545 0.5856
LNCO, does not homogeneously cause LNFDI 6.0679 4.570 5.E-06 3.3197 0.964 0.3351
LNTO does not homogeneously cause LNCO, 9.1987 8.304 0.0000 2.5611 0.289 0.7721
LNCO, does not homogeneously cause LNTO 3.4554 1.455 0.1457 7.9878 513 3.E-07

consumption lacks significance in both regions, indicating a weak
relationship with the other variables (Balli et al. 2023). FDI shows
significant cointegration in the Middle East, but only hints at a
relationship in BRICS (p-value 0.0820) (Ahmad et al. 2020;
Doytch et al. 2024). Studies elsewhere corroborated this finding
(Azam and Haseeb 2021; Balli et al. 2023). Additionally, trade
openness reveals contrasting effects, being insignificant in the
Middle East while exhibiting strong significance in BRICS (Ofori
et al. 2024). These findings highlight the necessity for region-
specific policies focused on renewable energy and FDI to foster
sustainable economic growth.

Panel causality test. Before performing the panel causality ana-
lysis, it is crucial to first verify the findings of a panel data unit
root test to ensure that the study data meet stationarity require-
ments and do not contain any unit roots at first differences. This
step helps eliminate potential issues with autocorrelation and
skewness in the analysis. Findings from the panel cointegration
and unit root tests indicate that the model shows the presence of
long-term equilibrium relationships, is free from unit roots, and is
stationary. Consequently, this study can confidently proceed with
the necessary testing and estimation methods required for panel
causality analysis, specifically Pairwise Dumitrescu-Hurlin panel
causality tests, to further understand the causal associations
between CO, emissions and the relevant variables under con-
sideration. Its test outcomes are described in terms of p-values
and confidence intervals, which indicate the statistical significance
and strength of the relationships among the variables.

Table 11  summarizes the results of pairwise
Dumitrescu-Hurlin panel causality tests conducted on logarith-
mic transformations of economic and environmental variables for
the Middle Eastern and BRICS countries from 1995 to 2020. In
Middle Eastern countries, the analysis reveal significant findings
regarding the causal links among these variables. Firstly, the tests
indicate a significant unidirectional causality from LnRE to
LnCO,, with a W-statistic of 4.7986 and a p-value of 0.0022. This
strong relationship suggests that increasing renewable energy
consumption in Middle Eastern countries contributes to a
reduction in CO, emissions, supporting the hypothesis that
transitioning to renewable energy is an effective strategy for
mitigating environmental impacts. Consequently, the study
hypothesis that LnRE does not homogeneously cause LnCO,
(i.e., H1) can be rejected based on the significant unidirectional
causality observed in the results (Addis and Cheng, 2023).
Specifically, the tests indicate strong evidence that increasing
renewable energy utilization effectively reduces carbon emissions,
especially pronounced in the BRICS nations (Zakarya et al. 2015).

Conversely, the causality from LnCO, to LnRE is not robustly
established, with a W-statistic of 3.7072 and a marginal p-value of
0.0792, indicating a weak potential influence of carbon emissions

on renewable energy consumption decisions. The second part of
this hypothesis (H5), that LNCO, does not homogeneously cause
LnRE, is supported by the findings showing significant causality
in Middle East: 0.0792, but not significant in BRICS: 0.4630. This
indicates that fluctuations in CO, emissions do not significantly
influence decisions around renewable energy consumption,
revealing a one-directional relationship where renewable energy
efforts primarily affect CO, emissions rather than being driven by
them.

Moreover, the results indicate no significant causal relationship
between LnEC and LnCO,, as shown by a p-value of 0.9985 and
0.8502 in Middle East and BRICS, respectively. This suggests that
fluctuations in energy consumption do not significantly impact
carbon emissions in either region. The study’s result contradicts
the findings of Al-mulali (2011) for Middle Eastern and
supported by Selmey et al. (2024) in BRICS countries. The
hypothesis (H2) that LnEC does not homogeneously cause
LnCO, was not rejected. The second part of this hypothesis (H6),
that LNCO, does not homogeneously cause LnEC, shows
significant causality in BRICS (0.0152), supported by (Ofori
et al. 2024; Selmey et al. 2024), but not in the Middle East
(0.8508), which contradict (Akadiri and Akadiri 2020; Gorus and
Aydin 2019).

In the BRICS countries, analysis found no significant causal
relationship between LnFDI and LnCO,, with p-values of 0.5856
and 0.3351 (Shaari et al. 2014). In contrast, data from Middle
Eastern nations indicated a strong unidirectional causality from
LnCO, to LnFDI, with a p-value of 5.0E—06. This suggests that
higher CO, emissions deter FDI, implying that investors may
avoid markets with significant pollution (Gok et al. 2024).
Moreover, FDI does not appear to directly affect CO, emissions,
likely due to investor preferences for non-environmentally
impactful sectors. Factors such as the type of FDI, the host
country’s economic development, and existing environmental
regulations also play critical roles. The hypothesis (H3) suggesting
that LnFDI does not causally influence LnCO, is supported across
both regions. However, H7 shows that LnCO, significantly
negatively impacts LnFDI in the Middle East, indicating that
environmental concerns influence investment decisions more
strongly in that region compared to BRICS. This underscores the
need for effective regulatory frameworks to mitigate emissions
and foster investment.

Additionally, in Middle Eastern countries, a strong causal
relationship exists between LnTO and LnCO,, with a p-value of
0.0000. This indicates that increased trade openness correlates
with rising carbon emissions, reflecting the environmental costs
associated with expanding trade activities (Gava et al. 2025;
Menyari 2024). Conversely, the reverse causation from LnCO, to
LnTO is not significant (p-value: 0.1457), suggesting that carbon
emissions do not directly influence trade openness in this context.
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Fig. 6 Pairwise Dumitrescu-Hurlin panel causality findings and
hypothesis testing with their p-values for Middle Eastern countries. This
panel showcases the findings from the Dumitrescu—Hurlin causality test
applied to assess the causal relationships between COzemissions and
several economic variables in Middle Eastern countries. The investigated
variables include Renewable Energy (RE),Energy Consumption (EC),
Foreign Direct Investment (FDI), and Trade Openness (TO). Results are
depicted alongside theircorresponding for each hypothesis tested.
Significant (typically p < 0.05) suggest a causal relationship, while
nonsignificant indicate a lack of such evidence. This clear presentation of
hypotheses and outcomes provides meaningfulinsights into the interplay
between CO2 emissions and the selected economic factors, highlighting
potential areas for policy intervention and further investigation.

In BRICS nations, LnCO, is found to cause LnTO, with a
significant p-value of 3.E—07. This relationship suggests that
rising CO, emissions may prompt changes in trade policies,
reflecting how these countries could adapt to environmental
challenges (Zhou et al. 2025). This finding was corroborated by
(Addis and Cheng, 2023). No significant causality was observed
from LnTO to LnCO, (p-value: 0.7721), challenging the findings
of (Chhabra et al. 2023).

Hypothesis H4, positing that LnTO does not causally influence
LnCO,, is rejected for Middle Eastern countries due to the
demonstrated significant association. This suggests that expand-
ing trade may lead to increased carbon emissions, potentially
indicating a lack of environmental consideration in trade policies
(Menyari 2024). The weaker causation in BRICS necessitates
further investigation, as varied economic structures may affect the
environmental impact of trade. Additionally, hypothesis
H8 shows significant causality from LnCO, to LnTO in BRICS,
further indicating that increased emissions may drive trade
adjustments (Chhabra et al. 2023; Selmey et al. 2024).

Figures 6 and 7 illustrate the results of the panel causality
analysis and hypothesis testing conducted for both Middle
Eastern and BRICS nations.

Robustness check. Before conducting the robustness checks, this
study ensures that the study data are stationary to reduce the risk
of autocorrelation. It is crucial to confirm the order of integration,
which is typically I(1), as this is crucial for developing robust
econometric models, particularly when the DOLS estimation
method is employed. Once the study has confirmed the existence
of cointegration among the variables related to the Middle East
and BRICS nations, it focuses on estimating the long-term
interactions among these key variables.

Table 12 presents the outcomes of the panel cointegration
analyses obtained through the panel DOLS weighted estimation
technique for Middle Eastern and BRICS countries. The results of
the Panel DOLS estimation of Middle Eastern countries,
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Fig. 7 Pairwise Dumitrescu-Hurlin panel causality findings and
hypothesis testing with their for BRICS nations. This summarizes the
outcomes of the Dumitrescu—Hurlin causality test, analyzing eight
hypotheses that investigate the causalrelationships between CO2 emissions
and several economic variables in BRICS nations. The key variables
scrutinized includeRenewable Energy (RE), Energy Consumption (EC),
Foreign Direct Investment (FDI), and Trade Openness (TO). Each
hypothesis islisted alongside its corresponding, allowing for easy
identification of significant relationships. A significant (p < 0.05) indicates
evidence of a causal relationship, whereas a non-significant suggests a lack
of such evidence. This overviewfacilitates straightforward comparison of
the causal dynamics among the examined variables, offering crucial insights
forpolicymakers and scholars interested in energy and economic
interdependencies within BRICS countries.

Table 12 DOLS estimation model for Middle Eastern and
BRICS countries.

Middle Eastern BRICS
Variable Coefficient P-value Coefficient P-value
LnRE —0.2206 0.0019 —0.6644 0.0000
LnEC 0.5052 0.0121 0.1150 0.4567
LnFDI 0.1596 0.0107 0.0897 0.0067
LnTO —0.1153 0.2636 0.3302 0.0005
R-squared 0.9923 0.9914
Adjusted R-squared  0.9816 0.9786

presented in Table 12, reveal that RE is significantly associated
with CO, emissions. In particular, a unit increase in RE leads to a
reduction in CO, emissions of 0.220%, underscoring the efficacy
of renewable energy investments in combating climate change.
Similar studies elsewhere supported this finding (Alharthi et al.
2021; Kahia et al. 2019). In contrast, elevated levels of EC and FDI
inflows are linked to significant increases in CO, emissions of
0.505% and 0.159%, respectively, indicating the need for more
sustainable and efficient energy practices.

Despite the insignificance, TO negatively impacts CO,
emissions at 0.115%, and the analysis suggests that environmental
considerations should be integrated within economic schemes to
ensure stability between economic development and environ-
mental preservation. Encouraging green investments and adopt-
ing eco-friendly trade policies could serve as avenues to diminish
the negative implications of economic activities on the climate.

The findings for BRICS countries, shown in Table 12, reveal
that all the examined variables, excluding EC, significantly
influence CO, emissions, validating their long-term associations.
Notably, a modest increase in RE causes a notable decline in CO,
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emissions of 0.664%, indicating its effectiveness in combating
environmental pollution. Results from this study were corrobo-
rated by studies elsewhere (Mehta and Shah 2024). Conversely, a
unit increase in FDI inflows and trade openness is linked to
higher CO, emissions by 0.089% and 0.33%, respectively,
underscoring the environmental costs of economic activities
and globalization. Energy consumption, although its value is not
significant, positively influences CO, emissions, and policymakers
should interpret it cautiously.

The findings from the panel DOLS evaluation for Middle
Eastern and BRICS countries highlight critical policy recommen-
dations focused on reducing CO, emissions and addressing the
climate crisis. A primary recommendation is the urgent
advancement and implementation of sustainable energy strate-
gies, complemented by initiatives to improve energy efficiency
and decrease total energy consumption. Additionally, ensuring
that FDI inflows comply with environmental sustainability
principles and that trade policies favor green practices are
essential steps toward achieving sustainable development goals in
both regions.

While the panel DOLS results indicate promising pathways for
minimizing the carbon footprint through the adoption of
renewable energy, it remains crucial to assess and refine
regulatory frameworks concerning FDI inflows and trade policies
in both Middle Eastern and BRICS countries. This ongoing
evaluation is vital for effectively adapting and optimizing
pollution mitigation strategies. Overall, the findings from the
robust model align well with those from the baseline models, with
one notable exception: trade openness is not statistically
significant in Middle Eastern countries, whereas energy con-
sumption is not significant in BRICS countries.

Conclusions

This study undertakes a comparative analysis of Middle Eastern
and BRICS countries to investigate the influencing factors of
environmental pollution and the relationships among CO,
emissions, renewable energy, FDI inflows, energy consumption,
and trade openness. The study uses panel data methods, includ-
ing the Westerlund panel cointegration test, the pairwise
Dumitrescu-Hurlin panel causality test, robustness checks with
DOLS model estimations, and other supportive statistical meth-
ods. This covers the period from 1995 to 2020. To address
country-specific differences and biases, we use various econo-
metric approaches. These include CD tests, CIPS tests, and CADF
unit root tests. This framework improves the reliability of our
findings. It ensures that the analysis accurately reflects the
underlying dynamics across Middle Eastern and BRICS countries.

This study elucidates the distinct relationships between
renewable energy and CO, emissions in the BRICS and Middle
Eastern countries, finding stronger correlations in the BRICS
nations. In particular, the findings of this study indicate that a
unit increase in renewable energy leads to a 0.22% decrease in
CO, emissions in the Middle East and more pronounced to
reduction of 0.66% in BRICS. The disparity in reduction rates
highlights varying levels of effectiveness, which could be attrib-
uted to several factors, including the existing energy infra-
structure, the scale of renewable energy adoption, economic
structure, and the specific economic and environmental policies
in place within each region.

Additionally, although the BRICS countries show slightly
higher VIF values than the Middle Eastern countries, both sets of
values stay below the critical limit (threshold). This indicates that
multicollinearity is not a major issue in our analysis, as both
groups display low levels of dependence among the independent
variables, ensuring the reliability of regression coefficient

interpretations. Moreover, the findings of the CD test indicate
persistent long-run influences among member countries, neces-
sitating the use of advanced second-generation panel unit root
tests like the CIPS and CADEF tests to avoid potential biases in
unit root outcomes.

The results from the CIPS and CADF tests confirm the sta-
tionarity of variables, prompting an examination of long-term
equilibrium relationships through the Westerlund panel coin-
tegration test. Significant cointegration was observed in both
regions for renewable energy, supporting its crucial role in
influencing economic indicators (Alharthi et al. 2021; Tukhta-
murodov et al. 2024). In contrast, energy consumption showed a
weak correlation and was statistically insignificant, while FDI
relationships differed between the regions (Tukhtamurodov et al.
2024). Tailored policy interventions focusing on renewable
energy and FDI are vital for achieving sustainable economic
growth.

The subsequent pairwise Dumitrescu-Hurlin panel causality
tests reveal significant unidirectional causality from renewable
energy consumption to CO, emissions in the Middle East,
underscoring the environmental benefits of renewable energy
adoption. Notably, fluctuations in energy consumption and FDI
showed minimal impact on emissions, while higher emissions
were found to deter FDI (Pham et al. 2025). Additionally,
increased trade openness correlates positively with emissions,
while the reverse relationship is negligible, indicating complex
dynamics that necessitate further investigation (Gava et al. 2025;
Pham et al. 2025).

The panel DOLS estimation results illustrate the relationships
between CO, emissions, renewable energy, trade openness, FDI
inflows, and energy consumption in the BRICS and Middle
Eastern countries. In the BRICS context, all variables, except
energy consumption, significantly influence CO, emissions, with
a slight increase in renewable energy linked to reduced emissions
(Addis and Cheng, 2023). Conversely, FDI inflows and trade
openness are associated with increased emissions, reflecting the
environmental costs of economic growth (Balli et al. 2023; Ofori
et al. 2024). The study results indicate that increased investment
may lead to higher emissions due to a focus on carbon-intensive
sectors. For Middle Eastern nations, a statistically significant
negative relationship between renewable energy and CO, emis-
sions exists, although its impact (0.220%) is weaker than in the
BRICS (Balli et al. 2023; Igbal et al. 2023). Notably, both energy
consumption and FDI correlate with substantial emissions
increases, highlighting the urgent need for sustainable energy
practices.

Both regions underscore the critical role of renewable energy in
mitigating emissions (Addis and Cheng, 2023; Kahia et al. 2019).
However, findings indicate that energy consumption has a more
significant effect on CO, emissions in the Middle East than in
BRICS countries due to its heavy reliance on fossil fuels for
energy production (Balli et al. 2023; Tukhtamurodov et al. 2024).
These findings underscore the vital importance of renewable
energy in reducing emissions and highlight the differing envir-
onmental challenges faced by each region.

Policy recommendation and future research direction

This study findings highlight critical policy implications for
reducing CO, emissions in Middle Eastern and BRICS econo-
mies, underscoring the pivotal role of renewable energy (RE), and
the nuanced effects of energy consumption, trade openness, and
foreign direct investment (FDI).

Prioritizing and promoting renewable energy investments. The
literature is teeming with evidence that renewable energy
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consumption has a negative effect on CO, emissions in BRICS
and the Middle East (Akram et al. 2020; Khattak et al. 2020;
Naqvi et al. 2022; Xu and Hussain 2023). In particular, the
findings of this study indicate that a unit increase in renewable
energy leads to a 0.22% decrease in CO, emissions in the Middle
East and more pronounced to reduction of 0.66% in BRICS. This
contrast implies different degrees of efficiency, perhaps influenced
by energy infrastructure, policy environment, or the magnitude of
renewable energy usage. Therefore, regional governments must
develop robust policies that facilitate the accelerated deployment
of renewable energy sources by implementing comprehensive
financial incentives, including targeted subsidies, green credit
mechanisms, and regulatory frameworks that support the devel-
opment and integration of solar, wind, and hydropower projects,
thereby contributing to emissions reductions and energy security
(Jiang and Yuan 2025).

Additionally, policymakers should prioritize renewable energy
investments while closely monitoring energy consumption
patterns to improve energy efficiency. Given the weak correlation
between FDI and CO, emissions, it is essential to attract
investments in sustainable technologies and promote environ-
mentally responsible industrial practices. Additionally, trade
policies must incorporate environmental criteria, establishing
import standards and incentivizing sustainable products in trade
agreements.

The interactions among these variables underscore the need
for cohesive policies that integrate economic growth, FDI, and
environmental sustainability (Altouma et al. 2024; Cai et al.
2024). Governments should consider implementing carbon
taxes, emissions trading systems, and renewable energy
subsidies to facilitate the transition to cleaner technologies
and reduce emissions (Zhang et al. 2023). Additionally,
enhancing energy efficiency through building renovations and
technological innovation is crucial for decreasing energy
consumption and emissions (Jia et al. 2024). To achieve these
goals, it is also important to adopt proactive resilience strategies
that foster sustainable ecosystems in both digital and energy
sectors. Furthermore, international cooperation and technology
transfer initiatives are essential to assist developing countries in
their shift to sustainable energy systems (Cheng et al., 2023;
Ahmad et al. 2024). By aligning economic development with
sustainability efforts, regions can work toward a cleaner, more
resilient future.

Addressing the dynamics of energy consumption. In BRICS
nations, energy consumption is strongly influenced by CO,
emissions, meaning that an increase in emissions will stimulate
energy demand, either for energy mitigation options or as a result
of increased industrial activity that requires more energy (Akram
et al. 2020; Khan et al. 2021). Such unidirectional causality is also
a call for the decoupling of economic expansion from carbon-
dependent energy consumption in which energy efficiency
improvement and non-fossil fuel-based energy substitution
should be the key solutions. In the case for Middle Eastern
countries, this study reveals that there is no significant impact of
energy consumption on CO, emissions and vice versa. This
indicates that energy consumption is currently mainly non-fossil
fuel based or that the size of energy consumption is not sufficient
to cause an increase in CO, emissions, which is unlikely in this
oil-producing region (To et al. 2019). Policy makers in both
regions should continue to encourage efficiency to stretch
resources and hedge against future changes in energy demand.
Implementing stricter regulations on energy consumption in
high-emission sectors in both regions is critical to fostering
energy efficiency and technological advancement.
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Re-evaluating the environmental impact of trade openness
and FDI. The finding shows that trade openness has a uni-
directional effect on CO, emissions in both regions. This high-
lights that increased trade, likely due to higher transportation
and production, leads to higher emissions (Luo et al. 2022;
Shahbaz et al. 2017). Policymakers should incorporate environ-
mental impact assessments into trade agreements to promote
green trade practices and provide subsidies for the import and
export of eco-friendly technologies and goods, as corporate green
innovation is essential for advancing sustainable development
(Gao et al. 2025).

Moreover, the study finds that FDI shows no significant
predictive power for emissions levels in either Middle Eastern or
BRICS countries. This finding challenges the “pollution haven” or
“pollution halo” hypotheses, suggesting that the impact of FDI on
CO, emissions is not straightforward or uniformly negative or
positive in these contexts (Demena and Afesorgbor 2020).
Policymakers need to closely examine the types of FDI attracted,
ensuring that foreign investments align with SDGs and promote
green technologies instead of polluting industries. Encouraging
sustainable FDI through guidelines that favor green initiatives can
further reduce the environmental impact of industrial activities.
Furthermore, raising public awareness and education about the
benefits of renewable energy is crucial for gaining support for
sustainable policies among citizens and businesses.

This study has several limitations that should be acknowledged.
First, the analysis primarily relies on econometric data from
specific time periods (1995-2020), which may not capture
temporal variations and the full effects of contemporary policy
changes on renewable energy adoption and CO, emissions in the
Middle Eastern and BRICS economies. Second, the focus on
aggregate indicators may oversimplify the complexities of
regional dynamics and the interplay of other factors, such as
technological advancements and local economic conditions,
which can impact the effectiveness of renewable energy in
reducing emissions. Finally, the study is constrained by the
availability and quality of data, particularly in some Middle
Eastern countries where data transparency may be limited.

Therefore, future research should aim to address these
limitations by utilizing more granular data, including sector-
specific analyses that can illuminate the roles of various economic
sectors in emissions reduction efforts. Investigating the impact of
governmental policies and incentives on renewable energy uptake
across different regions would provide valuable insights into best
practices. Incorporating a broader range of economic indicators,
such as GDP growth, technological innovation, and energy
efficiency, could enhance the robustness of the findings. More-
over, longitudinal studies extending beyond the current time-
frame would help ascertain the long-term effects of renewable
energy on CO, emissions.

Data availability
All data generated or analyzed during this study are included in
this published article and its supplementary information files.

Received: 31 March 2025; Accepted: 5 January 2026;
Published online: 14 January 2026

References

Addis AK, Cheng S (2023) The nexus between renewable energy, environmental
pollution, and economic growth across BRICS and OECD countries: A
comparative empirical study Energy Rep 10:3800-3813

Addis AK (2025) Sustainability and efficiency analysis of 42 countries: Super SBM-
DEA model and the GML productivity index with undesirable outputs Ecol.
Indic 177:113767

| (2026)13:194 | https://doi.org/10.1057/s41599-026-06492-w



ARTICLE

Afifa, Arshad K, Hussain N, Ashraf MH, Saleem MZ (2024) Air pollution and
climate change as grand challenges to sustainability. Sci Total Environ 928:
172370. https://doi.org/10.1016/j.scitotenv.2024.172370

Ahmad M, Jan D, Ali S, Khan UU (2024) Empowering Asia’s sustainable future:
unraveling renewable energy dynamics with trade, carbon emission, gov-
ernance, and innovative interactions. Renew Energy 229: 120716. https://doi.
org/10.1016/j.renene.2024.120716

Ahmad M, Jiang P, Majeed A, Raza MY (2020) Does financial development and
foreign direct investment improve environmental quality? Evidence from belt
and road countries. Environ Sci Pollut Res 27(19):23586-23601. https://doi.
0rg/10.1007/s11356-020-08748-7

Akadiri S, Akadiri A (2020) Interaction between CO, emissions, energy con-
sumption and economic growth in the Middle East: panel causality evidence.
Int J Energy Technol Policy 16(2):105-117. https://doi.org/10.1504/IJETP.
2020.10026628

Akram R, Majeed MT, Fareed Z, Khalid F, Ye C (2020) Asymmetric effects of
energy efficiency and renewable energy on carbon emissions of BRICS
economies: evidence from nonlinear panel autoregressive distributed lag
model. Environ Sci Pollut Res 27(15):18254-18268. https://doi.org/10.1007/
s11356-020-08353-8

Alam MM, Destek MA, Haque A, Kirikkaleli D, Pinz6n S, Khudoykulov K (2024)
Can undergoing renewable energy transition assist the BRICS countries in
achieving environmental sustainability? Environ Sci Pollut Res
31(6):9700-9712. https://doi.org/10.1007/s11356-023-31738-4

Alam M, Murad W (2020) The impacts of economic growth, trade openness and
technological progress on renewable energy use in organization for economic
co-operation and development countries. Renew Energy 145:382-390.
https://doi.org/10.1016/j.renene.2019.06.054

Alharthi M, Dogan E, Taskin D (2021) Analysis of CO, emissions and energy
consumption by sources in MENA countries: evidence from quantile
regressions. Environ Sci Pollut Res Int 28(29):38901-38908. https://doi.org/
10.1007/s11356-021-13356-0

Ali N, Phoungthong K, Techato K, Ali W, Abbas S, Dhanraj JA, Khan A (2022)
FDI, green innovation and environmental quality nexus: new insights from
BRICS economies. Sustainability, 14(4):4. https://doi.org/10.3390/su14042181

Al-mulali U (2011) Oil consumption, CO, emission and economic growth in
MENA countries. Energy 36(10):6165-6171. https://doi.org/10.1016/j.energy.
2011.07.048

Alnour M, Kocak E (2025) The path to sustainable economies in the Middle East:
monitoring the spatial spillover effect of natural resources dependence and
geopolitical risk. Sustain Futures 9: 100454. https://doi.org/10.1016/j.sftr.
2025.100454

Altouma A, Bashir B, Ata B, Ocwa A, Alsalman A, Harsdnyi E, Mohammed $
(2024) An environmental impact assessment of Saudi Arabia’s vision 2030 for
sustainable urban development: a policy perspective on greenhouse gas
emissions. Environ Sustain Indic 21: 100323. https://doi.org/10.1016/j.indic.
2023.100323

Apergis N, Pinar M, Unlu E (2023) How do foreign direct investment flows affect
carbon emissions in BRICS countries? Revisiting the pollution haven
hypothesis using bilateral FDI flows from OECD to BRICS countries.
Environ Sci Pollut Res 30(6):14680-14692. https://doi.org/10.1007/s11356-
022-23185-4

Arouri MEH, Ben Youssef A, M’henni H, Rault C (2012) Energy consumption,
economic growth and CO, emissions in Middle East and North African
countries. Energy Policy 45:342-349. https://doi.org/10.1016/j.enpol.2012.02.042

Asif M, Li J-Q, Zia MA, Hashim M, Bhatti UA, Bhatti MA, Hasnain A (2024)
Environmental sustainability in BRICS economies: The nexus of technology
innovation, economic growth, financial development, and renewable energy
consumption. Sustainability, 16(16):16. https://doi.org/10.3390/sul6166934

Azam M, Haseeb M (2021) Determinants of foreign direct investment in BRICS-
does renewable and non-renewable energy matter? Energy Strategy Rev 35:
100638. https://doi.org/10.1016/j.esr.2021.100638

Balli E, Sigeze C, Ugur MS, Catik AN (2023) The relationship between FDI, CO,
emissions, and energy consumption in Asia-Pacific economic cooperation
countries. Environ Sci Pollut Res 30(15):42845-42862. https://doi.org/10.
1007/s11356-021-17494-3

Baloch MA, Danish, Qiu Y (2022) Does energy innovation play a role in achieving
sustainable development goals in BRICS countries. Environ Technol
43(15):2290-2299. https://doi.org/10.1080/09593330.2021.1874542

Barkat K, Alsamara M, Al Kwifi OS, Jarallah S (2024) Does trade openness mitigate
environmental degradation in Organisation for Economic Co-operation and
Development (OECD) countries? Implications for achieving sustainable
development. Natural Resources Forum. https://doi.org/10.1111/1477-8947.
12412

Baweja P, Kumar S, Kumar G (2020) Fertilizers and pesticides: their impact on soil
health and environment. In Giri B, Varma A (eds) Soil Health. Springer
International Publishing, pp. 265-285. https://doi.org/10.1007/978-3-030-
44364-1_15

Ben Cheikh N, Ben Zaied Y (2021) A new look at carbon dioxide emissions in
MENA countries. Clim Change 166(3):27. https://doi.org/10.1007/s10584-
021-03126-9

Beyene SD (2022) Human activities and environmental quality: evidence beyond
the conventional EKC hypothesis. Heliyon, 8:¢10756

Breusch TS, Pagan AR (1980) The lagrange multiplier test and its applications to
model specification in econometrics. Rev Economic Stud 47(1):239-253.
https://doi.org/10.2307/2297111

Briggs D (2003) Environmental pollution and the global burden of disease. Br Med
Bull 68(1):1-24. https://doi.org/10.1093/bmb/1dg019

Budzianowski WM (2012) Negative carbon intensity of renewable energy tech-
nologies involving biomass or carbon dioxide as inputs. Renew Sustain
Energy Rev 16(9):6507-6521. https://doi.org/10.1016/j.rser.2012.08.016

Cai A-Z, Guo R, Zhang Y-H, Wu J (2024) Status and trends of carbon emissions
research at the county level in China. Adv Clim Change Res 15(2):338-352.
https://doi.org/10.1016/j.accre.2024.03.003

Chandio AA, Shah MI, Sethi N, Mushtaq Z (2022) Assessing the effect of climate
change and financial development on agricultural production in ASEAN-4:
the role of renewable energy, institutional quality, and human capital as
moderators. Environ Sci Pollut Res 29(9):13211-13225. https://doi.org/10.
1007/s11356-021-16670-9

Chen C, Pinar M, Stengos T (2020) Renewable energy consumption and economic
growth nexus: Evidence from a threshold model. Energy Policy 139:111295

Chen Y, Wang Y, Zhou D, Luo X (2025) Regression-based predictive modeling of
summer urban microclimate: quantifying contributions from urban design
and urban heat emissions. Urban Clim 62: 102550. https://doi.org/10.1016/j.
uclim.2025.102550

Chen Y, Xu J (2022) Solar and wind power data from the Chinese State Grid
Renewable Energy Generation Forecasting Competition. Sci Data 9(1):577.
https://doi.org/10.1038/s41597-022-01696-6

Cheng S, Addis AK, Chen L, Zhu Z (2023) Sustainable development efficiency and
its influencing factors across BRICSand G7 countries: An empirical com-
parison. Frontiers in Energy Research, 11. https://doi.org/10.3389/fenrg.2023.
1115459

Chhabra M, Giri AK, Kumar A (2023) Do trade openness and institutional quality
contribute to carbon emission reduction? Evidence from BRICS countries.
Environ Sci Pollut Res 30(17):50986-51002. https://doi.org/10.1007/s11356-
023-25789-w

Cochrane L, Al-Hababi R (2023) Sustainable Qatar. In Cochrane L, Al-Hababi R
(eds) Sustainable Qatar, Vol. 9. Springer Nature Singapore, pp. 1-15. https://
doi.org/10.1007/978-981-19-7398-7_1

Danish, Ulucak R (2021) Renewable energy, technological innovation and the envir-
onment: a novel dynamic auto-regressive distributive lag simulation. Renew
Sustain Energy Rev 150:111433. https://doi.org/10.1016/j.rser.2021.111433

Deistler M, Anderson BDO, Filler A, Zinner CH, Chen W (2010) Generalized
linear dynamic factor models: an approach via singular autoregressions. Eur J
Control 16(3):211-224. https://doi.org/10.3166/ejc.16.211-224

Demena BA, Afesorgbor SK (2020) The effect of FDI on environmental emissions:
evidence from a meta-analysis. Energy Policy 138: 111192. https://doi.org/10.
1016/j.enpol.2019.111192

Dickey DA, Fuller WA (1979) Distribution of the estimators for autoregressive
time series with a unit root. ] Am Stat Assoc 74(366):427-431. https://doi.org/
10.2307/2286348

Dissanayake H, Perera N, Abeykoon S, Samson D, Jayathilaka R, Jayasinghe M,
Yapa S (2023) Nexus between carbon emissions, energy consumption, and
economic growth: evidence from global economies. PLOS One
18(6):€0287579. https://doi.org/10.1371/journal.pone.0287579

Dong K, Dong X, Dong C (2019) Determinants of the global and regional CO,
emissions: what causes what and where? Appl Econ 51(46):5031-5044.
https://doi.org/10.1080/00036846.2019.1606410

Dong K, Dong X, Jiang Q (2020) How renewable energy consumption lower global
CO, emissions? Evidence from countries with different income levels. World
Econ 43(6):1665-1698. https://doi.org/10.1111/twec.12898

Doytch N, Ashraf A, Nguyen CP (2024) Foreign direct investment and forest land:
a sectoral investigation. Environ Sustain Indic 22: 100353. https://doi.org/10.
1016/j.indic.2024.100353

Duan N (2025) The quest for balance: the journey of energy, environment and
sustainable development. Energy Environ Sustain 1(1):100001. https://doi.
0rg/10.1016/j.eesus.2024.12.001

Dumitrescu E-I, Hurlin C (2012) Testing for Granger non-causality in hetero-
geneous panels. Econ Model 29(4):1450-1460. https://doi.org/10.1016/j.
econmod.2012.02.014

Elalouf A (2023) The dilemma of growth: pollution and health impacts in the
BRICS countries (Brazil, Russia, India, China, South Africa). Braz ] Political
Econ 43(4):955-970. https://doi.org/10.1590/0101-31572023-3422

Engle RF, Granger CW]J (1987) Co-integration and error correction: representa-
tion, estimation, and testing. Econometrica 55(2):251-276. https://doi.org/10.
2307/1913236

| (2026)13:194 | https://doi.org/10.1057/541599-026-06492-w 17


https://doi.org/10.1016/j.scitotenv.2024.172370
https://doi.org/10.1016/j.renene.2024.120716
https://doi.org/10.1016/j.renene.2024.120716
https://doi.org/10.1007/s11356-020-08748-7
https://doi.org/10.1007/s11356-020-08748-7
https://doi.org/10.1504/IJETP.2020.10026628
https://doi.org/10.1504/IJETP.2020.10026628
https://doi.org/10.1007/s11356-020-08353-8
https://doi.org/10.1007/s11356-020-08353-8
https://doi.org/10.1007/s11356-023-31738-4
https://doi.org/10.1016/j.renene.2019.06.054
https://doi.org/10.1007/s11356-021-13356-0
https://doi.org/10.1007/s11356-021-13356-0
https://doi.org/10.3390/su14042181
https://doi.org/10.1016/j.energy.2011.07.048
https://doi.org/10.1016/j.energy.2011.07.048
https://doi.org/10.1016/j.sftr.2025.100454
https://doi.org/10.1016/j.sftr.2025.100454
https://doi.org/10.1016/j.indic.2023.100323
https://doi.org/10.1016/j.indic.2023.100323
https://doi.org/10.1007/s11356-022-23185-4
https://doi.org/10.1007/s11356-022-23185-4
https://doi.org/10.1016/j.enpol.2012.02.042
https://doi.org/10.3390/su16166934
https://doi.org/10.1016/j.esr.2021.100638
https://doi.org/10.1007/s11356-021-17494-3
https://doi.org/10.1007/s11356-021-17494-3
https://doi.org/10.1080/09593330.2021.1874542
https://doi.org/10.1111/1477-8947.12412
https://doi.org/10.1111/1477-8947.12412
https://doi.org/10.1007/978-3-030-44364-1_15
https://doi.org/10.1007/978-3-030-44364-1_15
https://doi.org/10.1007/s10584-021-03126-9
https://doi.org/10.1007/s10584-021-03126-9
https://doi.org/10.2307/2297111
https://doi.org/10.1093/bmb/ldg019
https://doi.org/10.1016/j.rser.2012.08.016
https://doi.org/10.1016/j.accre.2024.03.003
https://doi.org/10.1007/s11356-021-16670-9
https://doi.org/10.1007/s11356-021-16670-9
https://doi.org/10.1016/j.uclim.2025.102550
https://doi.org/10.1016/j.uclim.2025.102550
https://doi.org/10.1038/s41597-022-01696-6
https://doi.org/10.3389/fenrg.2023.1115459
https://doi.org/10.3389/fenrg.2023.1115459
https://doi.org/10.1007/s11356-023-25789-w
https://doi.org/10.1007/s11356-023-25789-w
https://doi.org/10.1007/978-981-19-7398-7_1
https://doi.org/10.1007/978-981-19-7398-7_1
https://doi.org/10.1016/j.rser.2021.111433
https://doi.org/10.3166/ejc.16.211-224
https://doi.org/10.1016/j.enpol.2019.111192
https://doi.org/10.1016/j.enpol.2019.111192
https://doi.org/10.2307/2286348
https://doi.org/10.2307/2286348
https://doi.org/10.1371/journal.pone.0287579
https://doi.org/10.1080/00036846.2019.1606410
https://doi.org/10.1111/twec.12898
https://doi.org/10.1016/j.indic.2024.100353
https://doi.org/10.1016/j.indic.2024.100353
https://doi.org/10.1016/j.eesus.2024.12.001
https://doi.org/10.1016/j.eesus.2024.12.001
https://doi.org/10.1016/j.econmod.2012.02.014
https://doi.org/10.1016/j.econmod.2012.02.014
https://doi.org/10.1590/0101-31572023-3422
https://doi.org/10.2307/1913236
https://doi.org/10.2307/1913236

ARTICLE

Friedl B, Getzner M (2003) Determinants of CO, emissions in a small open
economy. Ecol Econ 45(1):133-148. https://doi.org/10.1016/S0921-8009(03)
00008-9

Gao H, Hsu P-H, Zhang J (2025) Pay transparency and inventor productivity:
evidence from state-level pay secrecy laws. RAND ] Econ 1-90. https://doi.
org/10.1111/1756-2171.70005

Gava E, Seabela M, Ogujiuba K (2025) The effect of trade openness on environ-
mental quality in southern african customs union (SACU) countries: the CS-
ARDL  approach.  Economies  13(8):233.  https://doi.org/10.3390/
economies13080233

Gielen D, Boshell F, Saygin D, Bazilian MD, Wagner N, Gorini R (2019) The role of
renewable energy in the global energy transformation. Energy Strat Rev
24:38-50. https://doi.org/10.1016/j.esr.2019.01.006

GOk A, Ashraf A, Jasinska E (2024) The role of carbon emissions on inward foreign
direct investment: a nonlinear dynamic panel data analysis. Sustainability
16(13):5550. https://doi.org/10.3390/su16135550

Gomes da Silva FJ, Gouveia RM (2020) Global population growth and industrial
impact on the environment. In: Cleaner production. Springer, Cham, pp.
33-75. https://doi.org/10.1007/978-3-030-23165-1_3

Gorus MS, Aydin M (2019) The relationship between energy consumption, eco-
nomic growth, and CO, emission in MENA countries: causality analysis in
the frequency domain. Energy 168:815-822. https://doi.org/10.1016/j.energy.
2018.11.139

Granger CW]J (1986) Developments in the study of cointegrated economic vari-
ables. Oxf Bull Econ Stat 48(3):213-228. https://doi.org/10.1111/j.1468-0084.
1986.mp48003002.x

Gurung DB (2024) Regression model in social science research: the issue of mul-
ticollinearity, detection method, and solution in SPSS. SXC J 1(1):22-29.
https://doi.org/10.3126/sxcj.v1i1.70871

Hadipoor M, Keivanimehr F, Baghban A, Ganjali MR, Habibzadeh S (2021)
Carbon dioxide as a main source of air pollution: prospective and current
trends to control. In Nufez-Delgado A (ed), Sorbents materials for con-
trolling environmental pollution. Elsevier, pp. 623-688. https://doi.org/10.
1016/B978-0-12-820042-1.00004-3

Hassan Q, Al-Hitmi M, Tabar VS, Sameen AZ, Salman HM, Jaszczur M (2023)
Middle East energy consumption and potential renewable sources: an overview.
Clean Eng Technol 12: 100599. https://doi.org/10.1016/j.clet.2023.100599

Hoa PX, Xuan VN, Thu NTP, Huong LM (2024) Nexus of innovation, foreign direct
investment, economic growth and renewable energy: new insights from 60
countries. Energy Rep 11:1834-1845. https://doi.org/10.1016/j.egyr.2024.01.050

Hunjra AL Bouri E, Azam M, Azam RI, Dai J (2024) Economic growth and
environmental sustainability in developing economies. Res Int Bus Financ 70:
102341. https://doi.org/10.1016/j.ribaf.2024.102341

Ilbahar E, Kahraman C, Cebi S (2022) Risk assessment of renewable energy
investments: a modified failure mode and effect analysis based on prospect
theory and intuitionistic fuzzy AHP. Energy 239: 121907. https://doi.org/10.
1016/j.energy.2021.121907

Im KS, Pesaran MH, Shin Y (2003) Testing for unit roots in heterogeneous panels.
J Econ 115(1):53-74. https://doi.org/10.1016/S0304-4076(03)00092-7

Igbal A, Tang X, Rasool SF (2023) Investigating the nexus between CO, emissions,
renewable energy consumption, FDI, exports and economic growth: evidence
from BRICS countries. Environ Dev Sustain 25(3):2234-2263. https://doi.org/
10.1007/s10668-022-02128-6

Isaifan RJ (2023) Air pollution burden of disease over highly populated states in the
Middle East. Front Public Health, 10. https://doi.org/10.3389/fpubh.2022.
1002707

Islam MT, Ali A (2024) Sustainable green energy transition in Saudi Arabia:
characterizing policy framework, interrelations and future research direc-
tions. Energy 5: 100161. https://doi.org/10.1016/j.nxener.2024.100161

Jalil A, Mahmud SF (2009) Environment Kuznets curve for CO, emissions: a
cointegration analysis for China. Energy Policy 37(12):5167-5172. https://doi.
org/10.1016/j.enpol.2009.07.044

Jia Z, Liu Y, Lin B (2024) The impossible triangle of carbon mitigation policy.
Energy Policy 189: 114107. https://doi.org/10.1016/j.enpol.2024.114107

Jiang S, Yuan X (2025) Does green credit promote real economic development?
Dual empirical evidence of scale and efficiency. PLOS One 20(8):e0326961.
https://doi.org/10.1371/journal.pone.0326961

Johansen S (1988) Statistical analysis of cointegration vectors. ] Econ Dyn Control
12(2):231-254. https://doi.org/10.1016/0165-1889(88)90041-3

Kahia M, Ben Jebli M, Belloumi M (2019) Analysis of the impact of renewable
energy consumption and economic growth on carbon dioxide emissions in 12
MENA countries. Clean Technol Environ Policy 21(4):871-885. https://doi.
0rg/10.1007/s10098-019-01676-2

Kao C (1999) Spurious regression and residual-based tests for cointegration in panel
data. J Econ 90(1):1-44. https://doi.org/10.1016/S0304-4076(98)00023-2

Kao C, Chiang M (2004) On the estimation and inference of a cointegrated
regression in panel data. In Advances in Econometrics (pp 179-222). https://
doi.org/10.1016/s0731-9053(00)15007-8

Karlilar Pata S, Balcilar M (2024) Decarbonizing energy: evaluating fossil fuel
displacement by renewables in OECD countries. Environ Sci Pollut Res
31(21):31304-31313. https://doi.org/10.1007/s11356-024-33324-8

Khan N, Khan A, Khan D, Riaz F, Farooq M, Hadi NU, Khan MI (2025) The
impact of digitalization and trade openness on energy efficiency: a com-
parative analysis across low, middle, and high-income countries. Energy
Convers Manag X 27: 101089. https://doi.org/10.1016/j.ecmx.2025.101089

Khan S, Khan MK, Muhammad B (2021) Impact of financial development and
energy consumption on environmental degradation in 184 countries using a
dynamic panel model. Environ Sci Pollut Res 28(8):9542-9557. https://doi.
0rg/10.1007/s11356-020-11239-4

Khan Y, Oubaih H, Hassan T (2024) Assessing the role of energy depletion and
energy import with carbon dioxide emissions in belt and road countries. J
Knowl Econ 15(2):7852-7872. https://doi.org/10.1007/s13132-023-01407-5

Khattak SI, Ahmad M, Khan ZU, Khan A (2020) Exploring the impact of inno-
vation, renewable energy consumption, and income on CO, emissions: new
evidence from the BRICS economies. Environ Sci Pollut Res
27(12):13866-13881. https://doi.org/10.1007/s11356-020-07876-4

Kim JH (2019) Multicollinearity and misleading statistical results. Korean J
Anesthesiol 72(6):558-569. https://doi.org/10.4097/kja.19087

Koch N (2023) Sustainability spectacle and ‘post-oil’ greening initiatives. Environ
Politics 33(4):708-731. https://doi.org/10.1080/09644016.2022.2127481

Kostakis I, Armaos S, Abeliotis K, Theodoropoulou E (2023) The investigation of
EKC within CO, emissions framework: empirical evidence from selected
cross-correlated countries. Sustain Anal Model 3: 100015. https://doi.org/10.
1016/j.samod.2023.100015

Kouyakhi NR (2022) CO, emissions in the Middle East: decoupling and decom-
position analysis of carbon emissions, and projection of its future trajectory. Sci
Total Environ 845(1):157182. https://doi.org/10.1016/j.scitotenv.2022.157182

Kumar. ] CR, Majid MA (2020) Renewable energy for sustainable development in
India: current status, future prospects, challenges, employment, and invest-
ment opportunities. Energy Sustain Soc 10(1):2. https://doi.org/10.1186/
s13705-019-0232-1

Le T-H, Chang Y, Park D (2016) Trade openness and environmental quality:
international evidence. Energy Policy 92:45-55. https://doi.org/10.1016/j.
enpol.2016.01.030

Levin A, Lin C-F, James Chu C-S (2002) Unit root tests in panel data: asymptotic
and finite-sample properties. ] Econ 108(1):1-24. https://doi.org/10.1016/
S0304-4076(01)00098-7

LiJ, Wang P, Ma S (2024) The impact of different transportation infrastructures on
urban carbon emissions: evidence from China. Energy 295: 131041. https://
doi.org/10.1016/j.energy.2024.131041

Liu F, Khan Y, Hassan T (2023) Does excessive energy utilization and expansion of
urbanization increase carbon dioxide emission in Belt and Road economies?
Environ Sci Pollut Res 30(21):60080-60105. https://doi.org/10.1007/s11356-
023-26701-2

Liu F, Zhang X, Adebayo TS, Awosusi AA (2022) Asymmetric and moderating role
of industrialisation and technological innovation on energy intensity: evi-
dence from BRICS economies. Renew Energy 198:1364-1372. https://doi.org/
10.1016/j.renene.2022.08.099

Liu M (2022) Environmental sustainability impact of environmental protection
regulations on the BRICS countries. ] Environ Public Health
2022(1):4626387. https://doi.org/10.1155/2022/4626387

Lu T, Li F, Liao N, Yang Z, Zhang H, He P (2025) How far does and how can a
city’s recyclable materials system reach the ultimate greenhouse gas reduction
potential? Energy Environ Sustain 1(4):100053. https://doi.org/10.1016/j.
eesus.2025.100053

Lu T, Sherman P, Chen X, Chen S, Lu X, McElroy M (2020) India’s potential for
integrating solar and on- and offshore wind power into its energy system. Nat
Commun 11(1):4750. https://doi.org/10.1038/s41467-020-18318-7

Luo J, Wang G, Li G, Pesce G (2022) Transport infrastructure connectivity and
conflict resolution: a machine learning analysis. Neural Comput Appl
34(9):6585-6601. https://doi.org/10.1007/s00521-021-06015-5

Maamoun N, Kennedy R, Jin X, Urpelainen J (2020) Identifying coal-fired power
plants for early retirement. Renew Sustain Energy Rev 126: 109833. https://
doi.org/10.1016/j.rser.2020.109833

Magazzino C, Mele M (2025) A new machine learning algorithm to explore the
CO, emissions-energy use-economic growth trilemma. Ann Oper Res
345(2):665-683. https://doi.org/10.1007/s10479-022-04787-0

Magazzino C, Mele M, Drago C, Kuskaya S, Pozzi C, Monarca U (2023) The
trilemma among CO, emissions, energy use, and economic growth in Russia.
Sci Rep 13(1):10225. https://doi.org/10.1038/s41598-023-37251-5

Magazzino C, Mele M, Morelli G (2021) The relationship between renewable
energy and economic growth in a time of Covid-19: a machine learning
experiment on the Brazilian economy. Sustainability 13(3):1285. https://doi.
0rg/10.3390/su13031285

Mahmood H, Saqib N, Adow AH, Abbas M (2023) FDI, exports, imports, and
consumption-based CO, emissions in the MENA region: spatial analysis.

| (2026)13:194 | https://doi.org/10.1057/541599-026-06492-w


https://doi.org/10.1016/S0921-8009(03)00008-9
https://doi.org/10.1016/S0921-8009(03)00008-9
https://doi.org/10.1111/1756-2171.70005
https://doi.org/10.1111/1756-2171.70005
https://doi.org/10.3390/economies13080233
https://doi.org/10.3390/economies13080233
https://doi.org/10.1016/j.esr.2019.01.006
https://doi.org/10.3390/su16135550
https://doi.org/10.1007/978-3-030-23165-1_3
https://doi.org/10.1016/j.energy.2018.11.139
https://doi.org/10.1016/j.energy.2018.11.139
https://doi.org/10.1111/j.1468-0084.1986.mp48003002.x
https://doi.org/10.1111/j.1468-0084.1986.mp48003002.x
https://doi.org/10.3126/sxcj.v1i1.70871
https://doi.org/10.1016/B978-0-12-820042-1.00004-3
https://doi.org/10.1016/B978-0-12-820042-1.00004-3
https://doi.org/10.1016/j.clet.2023.100599
https://doi.org/10.1016/j.egyr.2024.01.050
https://doi.org/10.1016/j.ribaf.2024.102341
https://doi.org/10.1016/j.energy.2021.121907
https://doi.org/10.1016/j.energy.2021.121907
https://doi.org/10.1016/S0304-4076(03)00092-7
https://doi.org/10.1007/s10668-022-02128-6
https://doi.org/10.1007/s10668-022-02128-6
https://doi.org/10.3389/fpubh.2022.1002707
https://doi.org/10.3389/fpubh.2022.1002707
https://doi.org/10.1016/j.nxener.2024.100161
https://doi.org/10.1016/j.enpol.2009.07.044
https://doi.org/10.1016/j.enpol.2009.07.044
https://doi.org/10.1016/j.enpol.2024.114107
https://doi.org/10.1371/journal.pone.0326961
https://doi.org/10.1016/0165-1889(88)90041-3
https://doi.org/10.1007/s10098-019-01676-2
https://doi.org/10.1007/s10098-019-01676-2
https://doi.org/10.1016/S0304-4076(98)00023-2
https://doi.org/10.1016/s0731-9053(00)15007-8
https://doi.org/10.1016/s0731-9053(00)15007-8
https://doi.org/10.1007/s11356-024-33324-8
https://doi.org/10.1016/j.ecmx.2025.101089
https://doi.org/10.1007/s11356-020-11239-4
https://doi.org/10.1007/s11356-020-11239-4
https://doi.org/10.1007/s13132-023-01407-5
https://doi.org/10.1007/s11356-020-07876-4
https://doi.org/10.4097/kja.19087
https://doi.org/10.1080/09644016.2022.2127481
https://doi.org/10.1016/j.samod.2023.100015
https://doi.org/10.1016/j.samod.2023.100015
https://doi.org/10.1016/j.scitotenv.2022.157182
https://doi.org/10.1186/s13705-019-0232-1
https://doi.org/10.1186/s13705-019-0232-1
https://doi.org/10.1016/j.enpol.2016.01.030
https://doi.org/10.1016/j.enpol.2016.01.030
https://doi.org/10.1016/S0304-4076(01)00098-7
https://doi.org/10.1016/S0304-4076(01)00098-7
https://doi.org/10.1016/j.energy.2024.131041
https://doi.org/10.1016/j.energy.2024.131041
https://doi.org/10.1007/s11356-023-26701-2
https://doi.org/10.1007/s11356-023-26701-2
https://doi.org/10.1016/j.renene.2022.08.099
https://doi.org/10.1016/j.renene.2022.08.099
https://doi.org/10.1155/2022/4626387
https://doi.org/10.1016/j.eesus.2025.100053
https://doi.org/10.1016/j.eesus.2025.100053
https://doi.org/10.1038/s41467-020-18318-7
https://doi.org/10.1007/s00521-021-06015-5
https://doi.org/10.1016/j.rser.2020.109833
https://doi.org/10.1016/j.rser.2020.109833
https://doi.org/10.1007/s10479-022-04787-0
https://doi.org/10.1038/s41598-023-37251-5
https://doi.org/10.3390/su13031285
https://doi.org/10.3390/su13031285

ARTICLE

Environ Sci Pollut Res 30(25):67634-67646. https://doi.org/10.1007/s11356-
023-27245-1

Mahmood SH (2024) Estimating models and evaluating their efficiency under
multicollinearity in multiple linear regression: a comparative study. Zanco ]
Hum Sci 28(5):264-277. https://doi.org/10.21271/zjhs.28.5.17

Mark NG, Sul D (2003) Cointegration vector estimation by panel DOLS and long-
run money demand. Oxf Bull Econ Stat 65(5):655-680. https://doi.org/10.
1111/j.1468-0084.2003.00066.x

Mehta D, Shah MA (2024) BRICS carbon emissions: asymmetric impact of energy
mix, financial development, and digitalization. Sustain Environ
10(1):2418162. https://doi.org/10.1080/27658511.2024.2418162

Menegaki A (2020) A guide to econometric methods for the energy-growth nexus,
Ist ed. London, UK: Academic Press

Meng Q, He Y, Hussain S, Lu J, Guerrero JM (2025) Day-ahead economic dispatch
of wind-integrated microgrids using coordinated energy storage and hybrid
demand response strategies. Sci Rep 15(1):26579. https://doi.org/10.1038/
541598-025-11561-2

Menyari YE (2024) The impact of tourism, foreign direct investment, trade, eco-
nomic growth, and renewable energy on carbon emissions: the case of
mediterranean countries. Int ] Eur Mediterranean Stud 17(2):313-337.
https://doi.org/10.70908/2232-6022/17.313-337

Mirziyoyeva Z, Salahodjaev R (2023) Renewable energy, GDP, and CO, emissions
in high-globalized countries. Front Energy Res 11: 1123269. https://doi.org/
10.3389/fenrg.2023.1123269

Naqvi SAA, Hussain B, Shah AA, Tariq MAUR, Usman M (2022) Influence of
economic growth, energy production, and subcomponents on the environ-
ment: a regional level analytical modeling. Sustainability, 14(22):22. https://
doi.org/10.3390/su142215446

Nasser Z, Salameh P, Nasser W, Abou Abbas L, Elias E, Leveque A (2015) Outdoor
particulate matter (PM) and associated cardiovascular diseases in the Middle
East. Int ] Occup Med Environ Health 28(4):641-661. https://doi.org/10.
13075/ijomeh.1896.00186

Nawsherwan, Khan SA, Mubarik S, Le Z, Akbar F, Wang Y (2024) Epidemiological
trends and age-period-cohort effects on cardiovascular diseases burden
attributable to ambient air pollution across BRICS. Sci Rep 14(1):11464.
https://doi.org/10.1038/s41598-024-62295-6

Naz F, Tanveer A, Karim S, Dowling M (2024) The decoupling dilemma: exam-
ining economic growth and carbon emissions in emerging economic blocs.
Energy Econ 138: 107848. https://doi.org/10.1016/j.eneco.2024.107848

Nkalu CN (2023) Dynamics of environmental pollution, socio-economic factors,
and total fertility rate in MENA, ECOWAS, and ASEAN regions. Health Care
Women Int 44(4):509-531. https://doi.org/10.1080/07399332.2021.1973472

Nunes LJR (2023) The rising threat of atmospheric CO,: a review on the causes,
impacts, and mitigation strategies. Environments, 10(4):4. https://doi.org/10.
3390/environments10040066

Ofori EK, Bekun FV, Gyamfi BA, Ali EB, Onifade ST, Asongu SA (2024) Prospect
of trade and innovation in renewable energy deployment: a comparative
analysis between BRICS and MINT Countries. Renew Energy 229: 120757.
https://doi.org/10.1016/j.renene.2024.120757

Ojekemi OS, Aga M, Magazzino C (2023) Towards achieving sustainability in the
BRICS economies: the role of renewable energy consumption and economic
risk. Energies 16(14):5287. https://doi.org/10.3390/en16145287

Opoku EEO, Acheampong AO, Dzator J, Kufuor NK (2022) Does environmental
sustainability attract foreign investment? Evidence from developing countries.
Bus Strategy Environ 31(7):3542-3573. https://doi.org/10.1002/bse.3104

Osipov S, Chowdhury S, Crowley N, Tadic I, Drewnick F, Borrmann S, Eger P,
Fachinger F, Fischer H, Predybaylo E, Fnais M, Harder H, Pikridas M,
Vouterakos P, Pozzer A, Sciare ], Ukhov A, Stenchikov GL, Williams J,
Lelieveld J (2022) Severe atmospheric pollution in the Middle East is attri-
butable to anthropogenic sources. Commun Earth Environ 3(1):1-10. https:/
doi.org/10.1038/543247-022-00514-6

Osuntuyi BV, Lean HH (2022) Economic growth, energy consumption and
environmental degradation nexus in heterogeneous countries: does edu-
cation matter? Environ Sci Eur 34(1):48. https://doi.org/10.1186/s12302-
022-00624-0

Padhan L, Bhat S (2024) Nexus between foreign direct investment and ecological
footprint in BRICS and Next-11: the moderating role of green innovation.
Manag Environ Qual: Int J 35(4):799-817. https://doi.org/10.1108/ MEQ-07-
2023-0204

Pedroni P (2001) Purchasing power parity tests in cointegrated panels. Rev Econ
Stat 83(4):727-731. https://doi.org/10.1162/003465301753237803

Pedroni P (2004) Panel cointegration: asymptotic and finite sample properties of
pooled time series tests with an application to the ppp hypothesis. Econom
Theory 20(3):597-625. https://doi.org/10.1017/S0266466604203073

Pesaran MH (2004) General diagnostic tests for cross section dependence in panels
[Working Paper]. Cambridge University; https://doi.org/10.17863/CAM.5113

Pesaran MH (2007) A simple panel unit root test in the presence of cross-section
dependence. ] Appl Econ 22(2):265-312. https://doi.org/10.1002/jae.951

Pham PMH, Nguyen TD, Nguyen M, Tran NT (2025) FDI inflows and carbon
emissions: new global evidence. Discov Sustain 6(1):432. https://doi.org/10.
1007/s43621-025-01292-9

Phillips PCB, Perron P (1988) Testing for a unit root in time series regression.
Biometrika 75(2):335-346. https://doi.org/10.1093/biomet/75.2.335

Rana F, Hussain B, Nassani AA, Hussain A, Haffar M, Naqvi SAA (2024) Con-
tribution of hydro energy production, economic complexity and technolo-
gical innovation in achieving an environmentally sustainable Asia. Geosci
Front 15(5):101876. https://doi.org/10.1016/j.gsf.2024.101876

Robiou du Pont Y, Meinshausen M (2018) Warming assessment of the bottom-up
Paris Agreement emissions pledges. Nat Commun 9(1):4810. https://doi.org/
10.1038/s41467-018-07223-9

Saidi K, Omri A (2020) Reducing CO, emissions in OECD countries: do renewable
and nuclear energy matter? Prog Nucl Energy 126: 103425. https://doi.org/10.
1016/j.pnucene.2020.103425

Schleussner C-F, Ganti G, Rogelj J, Gidden MJ (2022) An emission pathway
classification reflecting the Paris Agreement climate objectives. Commun
Earth Environ 3(1):1-11. https://doi.org/10.1038/s43247-022-00467-w

Selmey MGSG, Elkhodary YFY, Elsayed EFEM (2024) Economic policy uncer-
tainty, energy consumption, trade openness and CO, emissions: evidence
from BRICS countries. Int ] Energy Econ Policy 14(6):554-565. https://doi.
org/10.32479/ijeep.16885

Shaari M, Hussain N, Abdullah H, Kamil S (2014) Relationship among foreign
direct investment, economic growth and CO, emission: a panel data analysis.
Int J Energy Econ Policy 4(4):706-715

Shahbaz M, Nasreen S, Ahmed K, Hammoudeh S (2017) Trade openness—carbon
emissions nexus: the importance of turning points of trade openness for
country panels. Energy Econ 61:221-232. https://doi.org/10.1016/j.eneco.
2016.11.008

Sharif A, Bashir U, Mehmood S, Cheong CWH, Bashir MF (2024) Exploring the
impact of green technology, renewable energy and globalization towards
environmental sustainability in the top ecological impacted countries. Geosci
Front 15(6):101895. https://doi.org/10.1016/j.gs£.2024.101895

Shojaie A, Fox EB (2022) Granger causality: a review and recent advances. Annu Rev
Stat Appl 9:289-319. https://doi.org/10.1146/annurev-statistics-040120-010930

Sofuoglu E, Ay A (2020) The relationship between climate change and political
instability: the case of MENA countries (1985:01-2016:12). Environ Sci Pollut
Res 27(12):14033-14043. https://doi.org/10.1007/s11356-020-07937-8

Stock JH, Watson MW (1993) A simple estimator of cointegrating vectors in higher
order integrated systems. Econometrica 61(4):783. https://doi.org/10.2307/
2951763

Suman A (2021) Role of renewable energy technologies in climate change adap-
tation and mitigation: a brief review from Nepal. Renew Sustain Energy Rev
151: 111524. https://doi.org/10.1016/j.rser.2021.111524

Tazikeh S, Mohammadzadeh O, Zendehboudi S, Saady NMC, Albayati TM,
Chatzis I (2025) Energy development and management in the Middle East: a
holistic analysis. Energy Convers Manag 323: 119124. https://doi.org/10.
1016/j.enconman.2024.119124

Thi D, Tran VQ, Nguyen DT (2023) The relationship between renewable energy
consumption, international tourism, trade openness, innovation and carbon
dioxide emissions: international evidence. Int J Sustain Energy 42(1):397-416.
https://doi.org/10.1080/14786451.2023.2192827

Thu NTP, Huong LM, Xuan VN (2022) Factors affecting environmental pollution
for sustainable development goals—evidence from asian countries. Sustain-
ability, 14(24):24. https://doi.org/10.3390/su142416775

Tian X, Sarkis J, Geng Y, Bleischwitz R, Qian Y, Xu L, Wu R (2020) Examining the
role of BRICS countries at the global economic and environmental resources
nexus. ] Environ Manag 262: 110330. https://doi.org/10.1016/j.jenvman.2020.
110330

To AH, Ha DT-T, Nguyen HM, Vo DH (2019) The impact of foreign direct
investment on environment degradation: evidence from emerging markets in
Asia. Int ] Environ Res Public Health 16(9):1636. https://doi.org/10.3390/
ijerph16091636

Tugcu CT (2018) Panel data analysis in the energy-growth nexus (EGN). In
Menegaki AN (ed) The Economics and Econometrics of the Energy-Growth
Nexus. Academic Press, pp. 255-271, https://doi.org/10.1016/B978-0-12-
812746-9.00008-0

Tukhtamurodov A, Sobirov Y, Toshalieva S, Ibrayimova D, Feruz M (2024)
Determinants of CO, emissions in the BRICS. A dynamic Panel ARDL
approach. BIO Web Conf 82:06002. https://doi.org/10.1051/bioconf/
20248206002

Udeagha MC, Muchapondwa E (2023) Achieving green environment in Brazil,
Russia, India, China, and South Africa economies: do composite risk index,
green innovation, and environmental policy stringency matter? Sustain Dev
31(5):3468-3489. https://doi.org/10.1002/sd.2597

Udeagha MC, Ngepah N (2023) The drivers of environmental sustainability in
BRICS economies: Do green finance and fintech matter? World Dev Sustain
3: 100096. https://doi.org/10.1016/j.wds.2023.100096

| (2026)13:194 | https://doi.org/10.1057/541599-026-06492-w 19


https://doi.org/10.1007/s11356-023-27245-1
https://doi.org/10.1007/s11356-023-27245-1
https://doi.org/10.21271/zjhs.28.5.17
https://doi.org/10.1111/j.1468-0084.2003.00066.x
https://doi.org/10.1111/j.1468-0084.2003.00066.x
https://doi.org/10.1080/27658511.2024.2418162
https://doi.org/10.1038/s41598-025-11561-2
https://doi.org/10.1038/s41598-025-11561-2
https://doi.org/10.70908/2232-6022/17.313-337
https://doi.org/10.3389/fenrg.2023.1123269
https://doi.org/10.3389/fenrg.2023.1123269
https://doi.org/10.3390/su142215446
https://doi.org/10.3390/su142215446
https://doi.org/10.13075/ijomeh.1896.00186
https://doi.org/10.13075/ijomeh.1896.00186
https://doi.org/10.1038/s41598-024-62295-6
https://doi.org/10.1016/j.eneco.2024.107848
https://doi.org/10.1080/07399332.2021.1973472
https://doi.org/10.3390/environments10040066
https://doi.org/10.3390/environments10040066
https://doi.org/10.1016/j.renene.2024.120757
https://doi.org/10.3390/en16145287
https://doi.org/10.1002/bse.3104
https://doi.org/10.1038/s43247-022-00514-6
https://doi.org/10.1038/s43247-022-00514-6
https://doi.org/10.1186/s12302-022-00624-0
https://doi.org/10.1186/s12302-022-00624-0
https://doi.org/10.1108/MEQ-07-2023-0204
https://doi.org/10.1108/MEQ-07-2023-0204
https://doi.org/10.1162/003465301753237803
https://doi.org/10.1017/S0266466604203073
https://doi.org/10.17863/CAM.5113
https://doi.org/10.1002/jae.951
https://doi.org/10.1007/s43621-025-01292-9
https://doi.org/10.1007/s43621-025-01292-9
https://doi.org/10.1093/biomet/75.2.335
https://doi.org/10.1016/j.gsf.2024.101876
https://doi.org/10.1038/s41467-018-07223-9
https://doi.org/10.1038/s41467-018-07223-9
https://doi.org/10.1016/j.pnucene.2020.103425
https://doi.org/10.1016/j.pnucene.2020.103425
https://doi.org/10.1038/s43247-022-00467-w
https://doi.org/10.32479/ijeep.16885
https://doi.org/10.32479/ijeep.16885
https://doi.org/10.1016/j.eneco.2016.11.008
https://doi.org/10.1016/j.eneco.2016.11.008
https://doi.org/10.1016/j.gsf.2024.101895
https://doi.org/10.1146/annurev-statistics-040120-010930
https://doi.org/10.1007/s11356-020-07937-8
https://doi.org/10.2307/2951763
https://doi.org/10.2307/2951763
https://doi.org/10.1016/j.rser.2021.111524
https://doi.org/10.1016/j.enconman.2024.119124
https://doi.org/10.1016/j.enconman.2024.119124
https://doi.org/10.1080/14786451.2023.2192827
https://doi.org/10.3390/su142416775
https://doi.org/10.1016/j.jenvman.2020.110330
https://doi.org/10.1016/j.jenvman.2020.110330
https://doi.org/10.3390/ijerph16091636
https://doi.org/10.3390/ijerph16091636
https://doi.org/10.1016/B978-0-12-812746-9.00008-0
https://doi.org/10.1016/B978-0-12-812746-9.00008-0
https://doi.org/10.1051/bioconf/20248206002
https://doi.org/10.1051/bioconf/20248206002
https://doi.org/10.1002/sd.2597
https://doi.org/10.1016/j.wds.2023.100096

ARTICLE

Ugrinowitsch C, Fellingham GW, Ricard MD (2004) Limitations of ordinary least
squares models in analyzing repeated measures data. Med Sci Sports Exerc
36(12):2144-2148. https://doi.org/10.1249/01.mss.0000147580.40591.75

Vatcheva KP, Lee M, McCormick JB, Rahbar MH (2016) Multicollinearity in
regression analyses conducted in epidemiologic studies. Epidemiology
6(2):227. https://doi.org/10.4172/2161-1165.1000227

Vega LP, Bautista KT, Campos H, Daza S, Vargas G (2024) Biofuel production in
Latin America: a review for Argentina, Brazil, Mexico, Chile, Costa Rica and
Colombia. Energy Rep 11:28-38. https://doi.org/10.1016/j.egyr.2023.10.060

Wang P, Liu D, Mukherjee A, Agrawal M, Zhang H, Agathokleous E, Qiao X, Xu
X, Chen Y, Wu T, Zhu M, Saikawa E, Agrawal SB, Feng Z (2023) Air
pollution governance in China and India: comparison and implications.
Environ Sci Policy 142:112-120. https://doi.org/10.1016/j.envsci.2023.02.006

Wang Q, Wang L (2021) How does trade openness impact carbon intensity? J
Clean Prod 295: 126370. https://doi.org/10.1016/j.jclepro.2021.126370

Wang Q, Wang L, Li R (2024) Trade openness helps move towards carbon neu-
trality—Insight from 114 countries. Sustain Dev 32(1):1081-1095. https://doi.
org/10.1002/sd.2720

Wang Q, Yang T, Li R, Wang X (2023) Reexamining the impact of foreign direct
investment on carbon emissions: does per capita GDP matter? Humanit Soc
Sci Commun 10(1):1-18. https://doi.org/10.1057/s41599-023-01895-5

Wang Q, Zhang F (2021) The effects of trade openness on decoupling carbon
emissions from economic growth — evidence from 182 countries. ] Clean
Prod 279: 123838. https://doi.org/10.1016/j.jclepro.2020.123838

Wang W, Hafeez M, Jiang H, Ahmad W, Badar H, Salahodjaev R (2023) Envir-
onmental factors and its influence on human health in BRICS: implications
for human development. Environ Sci Pollut Res 30(9):22509-22519. https://
doi.org/10.1007/s11356-022-23678-2

Westerlund J (2007) Testing for error correction in panel data. Oxf Bull Econ Stat
69(6):709-748. https://doi.org/10.1111/j.1468-0084.2007.00477.x

Wu Y, Wan ] (2024) The race between global economic growth and carbon
emissions: based on a comparative study of developed and developing
countries. Environ Sci Pollut Res 31(13):19226-19243. https://doi.org/10.
1007/s11356-024-32275-4

Xu D, Hussain J (2023) Globalization, institutions, and environmental quality in
Middle East and North African countries. Environ Sci Pollut Res
30(26):68951-68968. https://doi.org/10.1007/s11356-023-27348-9

Xuan VN (2025) Nexus of innovation, renewable energy, FDI, trade openness, and
economic growth in Germany: new insights from ARDL method. Renew
Energy 247: 123060. https://doi.org/10.1016/j.renene.2025.123060

Yang M, Magazzino C, Awosusi AA, Abdulloev N (2024) Determinants of Load
capacity factor in BRICS countries: a panel data analysis. Nat Resour Forum
48(2):525-548. https://doi.org/10.1111/1477-8947.12331

Yang Z, Zhang M, Liu L, Zhou D (2022) Can renewable energy investment reduce
carbon dioxide emissions? Evidence from scale and structure. Energy Econ
112: 106181. https://doi.org/10.1016/j.eneco.2022.106181

Yilanci V, Bozoklu S, Gorus MS (2020) Are BRICS countries pollution havens?
Evidence from a bootstrap ARDL bounds testing approach with a Fourier
function. Sustain Cities Soc 55: 102035. https://doi.org/10.1016/j.scs.2020.
102035

Yongsheng X, Yingquan L (2025) Global sustainable supply chain governance,
effectiveness of social responsibility, and performance in emergent markets:
an exploratory multiple case study. RAE Rev de Administracao de Empresas
65(6):€2024-0587. https://doi.org/10.1590/50034-759020250602

You J, Ha M, Wang S, Kang A, Lei X, Chen B, Chen R, Chai B (2025) Life cycle
assessment of sponge campus systems: Integrated analysis of stormwater,
carbon emissions, and economic performance. ] Clean Prod 524: 146503.
https://doi.org/10.1016/j.jclepro.2025.146503

Yusuf N, Abdulmohsen D (2023) Saudi Arabia’s NEOM project as a testing ground
for economically feasible planned cities: case study. Sustainability, 15(1):1.
https://doi.org/10.3390/sul5010608

20

Zakarya GY, Mostefa B, Abbes SM, Seghir GM (2015) Factors affecting CO,
emissions in the BRICS countries: a panel data analysis. Procedia Econ
Financ 26:114-125. https://doi.org/10.1016/52212-5671(15)00890-4

Zeng R, Abate M C, Cai B, Addis A K, Dereso Y D(2025) A systematic review of
contemporary challenges and debates on Chinese food security: integrating
priorities, trade-offs, and policy pathways Foods 14:1057

Zhang ], Ahmad M, Muhammad T, Syed F, Hong X, Khan M (2023) The impact of
the financial industry and globalization on environmental quality. Sustain-
ability 15(2):1705. https://doi.org/10.3390/su15021705

Zhao W, Hafeez M, Maqgbool A, Ullah S, Sohail S (2021) Analysis of income
inequality and environmental pollution in BRICS using fresh asymmetric
approach. Environ Sci Pollut Res 28(37):51199-51209. https://doi.org/10.
1007/s11356-021-14209-6

Zhou R, Guan S, He B (2025) The impact of trade openness on carbon emissions:
empirical evidence from emerging countries. Energies 18(3):697. https://doi.
org/10.3390/en18030697

Author contributions
AKA: Conceptualization, Methodology, Data Gathering, Data Curation, Software, Ana-
lysis, Validation, Original Draft, Writing-Reviewing, Proofreading.

Competing interests
The author declares no competing interests.

Ethical approval

This study does not involve human or animal subjects.

Informed consent
This study does not involve human participants.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1057/541599-026-06492-w.

Correspondence and requests for materials should be addressed to Amsalu K. Addis.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

@@@@ Open Access This article is licensed under a Creative Commons

AT Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if you modified
the licensed material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third party material
in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by-nc-nd/4.0/.

© The Author(s) 2026

| (2026)13:194 | https://doi.org/10.1057/541599-026-06492-w


https://doi.org/10.1249/01.mss.0000147580.40591.75
https://doi.org/10.4172/2161-1165.1000227
https://doi.org/10.1016/j.egyr.2023.10.060
https://doi.org/10.1016/j.envsci.2023.02.006
https://doi.org/10.1016/j.jclepro.2021.126370
https://doi.org/10.1002/sd.2720
https://doi.org/10.1002/sd.2720
https://doi.org/10.1057/s41599-023-01895-5
https://doi.org/10.1016/j.jclepro.2020.123838
https://doi.org/10.1007/s11356-022-23678-2
https://doi.org/10.1007/s11356-022-23678-2
https://doi.org/10.1111/j.1468-0084.2007.00477.x
https://doi.org/10.1007/s11356-024-32275-4
https://doi.org/10.1007/s11356-024-32275-4
https://doi.org/10.1007/s11356-023-27348-9
https://doi.org/10.1016/j.renene.2025.123060
https://doi.org/10.1111/1477-8947.12331
https://doi.org/10.1016/j.eneco.2022.106181
https://doi.org/10.1016/j.scs.2020.102035
https://doi.org/10.1016/j.scs.2020.102035
https://doi.org/10.1590/S0034-759020250602
https://doi.org/10.1016/j.jclepro.2025.146503
https://doi.org/10.3390/su15010608
https://doi.org/10.1016/S2212-5671(15)00890-4
https://doi.org/10.3390/su15021705
https://doi.org/10.1007/s11356-021-14209-6
https://doi.org/10.1007/s11356-021-14209-6
https://doi.org/10.3390/en18030697
https://doi.org/10.3390/en18030697
https://doi.org/10.1057/s41599-026-06492-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	The impact of renewable energy on CO2 emissions in Middle Eastern and BRICS economies
	Introduction
	Literature review
	Methodology
	Data source
	Econometric techniques and model specifications

	Empirical results and discussions
	Descriptive statistics
	Diagnostic tests
	Cross-sectional dependence (CD) test
	Panel unit root test
	Panel cointegration test
	Panel causality test
	Robustness check

	Conclusions
	Policy recommendation and future research direction
	Prioritizing and promoting renewable energy investments
	Addressing the dynamics of energy consumption
	Re-evaluating the environmental impact of trade openness and FDI

	Data availability
	References
	Author contributions
	Competing interests
	Additional information




