:' frontiers ‘ Frontiers in Environmental Science

’ @ Check for updates

OPEN ACCESS

Kentaka Aruga,
Saitama University, Japan

Esther M. Folarin,

Covenant University, Nigeria

Jaime Moll de Alba,

United Nations Industrial Development
Organization, Austria

Rimsha Arshad,
rimshaarshad313@yahoo.com

04 June 2025
21 July 2025
12 August 2025

Hao Q and Arshad R (2025) Exploring carbon
emission drivers in G5 economies: the interplay
of green technology, environmental
performance, energy intensity, and

economic growth.

Front. Environ. Sci. 13:1640946.

doi: 10.3389/fenvs.2025.1640946

© 2025 Hao and Arshad. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Environmental Science

Original Research
12 August 2025
10.3389/fenvs.2025.1640946

Exploring carbon emission drivers
in G5 economies: the interplay of
green technology, environmental
performance, energy intensity,
and economic growth

Qingdong Hao! and Rimsha Arshad?®*

'Department of Philosophy, School of Humanities, Xi‘'an Jiaotong University, Xi'an, China, 2Department of
Economics, Guangdong University of Science and Technology, Dongguan, China

This study investigates the impact of green technology (GT), energy intensity
(EIN), environmental performance (EPR), and economic growth (GDP) on carbon
emissions (CEM) across the G5 economies—Brazil, China, India, Mexico, and
South Africa—over the period 2000 to 2022. Unlike previous studies, this research
integrates these four variables in a unified framework using Method of Moments
Quantile Regression (MMQR) and panel Granger causality tests—an approach
rarely applied to emerging economies collectively. This allows for a deeper,
distribution-sensitive understanding of how technological, economic, and
environmental factors interact to shape emissions trajectories across high-
and low-emission contexts. Employing MMQR, we assess the heterogeneous
effects of these drivers across the carbon emission distribution, with particular
attention to the potential decoupling of economic growth from environmental
degradation. To further explore directional dynamics, the Dumitrescu and Hurlin
panel Granger non-causality test is applied. The empirical results reveal that
green technology development and economic growth are significantly
associated with reductions in carbon emissions, especially in higher emission
quantiles, indicating that environmentally sustainable growth is attainable
through targeted technological investments. In contrast, both energy intensity
and environmental performance indicators show a positive association with
emissions, suggesting that increased energy demand and limited effectiveness
of current environmental measures hinder mitigation efforts. Causality analysis
confirms that both GT and GDP Granger-cause carbon emissions, whereas EIN
and EPR do not exhibit statistically significant causal relationships. These findings
underscore the pivotal role of green technology in advancing low-carbon
transitions and support the design of integrated policy frameworks aimed at
enhancing energy efficiency, fostering innovation, and aligning with Sustainable
Development Goals (SDGs), particularly those related to climate action and
sustainable urban development. The study provides actionable insights for
policymakers in the G5 and other emerging economies striving to balance
economic growth with environmental sustainability.

environmental performance, carbon emissions, energy intensity, economic growth,
green grow
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1 Introduction

Climate change has emerged as one of the most urgent and
complex global challenges of the 21st century (Feulner, 2015). A
primary driver of this crisis is the persistent reliance on fossil fuels,
which has significantly contributed to environmental degradation
and an alarming rise in greenhouse gas emissions—particularly
carbon emissions (CEM) (Mehmood et al, 2024). Recognizing
threats posed by CEM to
development, and environmental integrity,
researchers, and international organizations have intensified their

the escalating sustainability,

policymakers,

focus on mitigation strategies (Raihan and Tuspekova, 2022).

Efforts to curb climate change remain constrained by the
carbon-intensive nature of economic development, energy use,
and trade, as well as the embeddedness of emissions in current
industrial and institutional systems (Sarkodie, 2021). The United
Nations’ Sustainable Development Goal (SDG) 13 explicitly calls for
urgent action to combat climate change and its impacts
(Department of Economic and Social Affairs, 2025). In this
context, reducing CEM while maintaining economic growth has
become a critical research and policy imperative (Dong and Yu,
2024; Ren and Zhu, 2025; Zhao et al., 2025).

This study examines the role of green technology (GT), energy
intensity (EIN), environmental performance (EPR), and economic
growth (GDP) in
G5 economies—Brazil, China,

emissions  across
and South
Africa—from 2000 to 2022. The analysis aims to offer actionable

carbon

shaping
India, Mexico,
insights for effective climate action plans by investigating how these
variables interact and influence emissions outcomes in rapidly
developing economies. While green investments and innovations
are widely promoted as tools for sustainable development, their
empirical effectiveness—particularly in emerging
economies—remains underexplored (Duan, 2025; Xia et al., 2025;
Xu et al., 2025).

In parallel, the deteriorating environmental performance in
some regions underscores the importance of institutional reforms
(Barra and Falcone, 2024; Feng et al., 2024; Tufail et al., 2021)
emphasize that improving fiscal decentralization, lowering the cost
of non-renewables, and strengthening institutional quality are
crucial to reversing environmental degradation. Meanwhile,
evidence suggests that increases in EIN and foreign direct
investment (FDI) may inadvertently escalate CEM (Lan et al,
2012). Their findings highlight the spatial spillover effects of EIN
reduction targets in China and suggest a nonlinear relationship
between GT innovation and CEM mitigation, dependent on
innovation thresholds.

This study aligns closely with multiple SDGs. SDG 7 emphasizes
the need for affordable and clean energy, and EIN is directly related
to energy consumption efficiency—a key indicator of sustainable
energy use. Lower EIN reflects improved energy efficiency,
contributing to reduced emissions (Tsvetkov et al, 2024).
Similarly, SDG 8 (Decent Work and Economic Growth) and
SDG 9 (Industry, Innovation, and Infrastructure) are addressed
through the analysis of GDP and its relationship with CEM,
underscoring the challenge of reconciling economic development
with environmental protection. Green technology—such as clean
energy innovations and patents for eco-efficient processes—are
essential levers in this transition (Dong et al., 2025).
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Further, SDG 12 advocates for sustainable consumption and
production patterns, which can lower EPR and ultimately
reduce CEM through improved industrial practices and
resource efficiency (Barbhuiya et al., 2024). The role of
international partnerships, as captured under SDG 17, is also
critical; collaboration in clean technology development and
financial mechanisms is necessary to support low-carbon
transitions (Weko and Goldthau, 2022). However, recent
SDG progress reports show that G5 countries are falling
short on key environmental targets, particularly those related
to climate action, clean energy, and sustainable production
(Sachs et al, 2022; Apergis, 2016) stress that scaling up
investments in renewable energy, restoring natural
ecosystems, and advancing GT are pivotal to achieving
carbon neutrality.

The G5 nations were selected for this study due to their
significant contributions to global economic activity and carbon
emissions, as well as their strategic importance in the climate
transition. Collectively, these countries represent more than 30%
of global carbon emissions and are among the top emerging
economies contributing to global GDP growth. Moreover, their
participation in key global forums such as the G20 and COP
climate negotiations highlights their central role in shaping
international environmental policies (Alomair et al, 2025; Jia
et al., 2024). These countries—Brazil, China, India, Mexico, and
South Africa—represent the world’s leading emerging economies
and are simultaneously key stakeholders in climate negotiations.
Their rapid industrialization, rising energy demands, and
heterogeneous policy responses provide a valuable context for
examining the complex trade-offs

environmental sustainability.

between growth and

Moreover, the geographical and developmental diversity among
G5 countries allows for a more nuanced understanding of how GT,
EIN, EPR, and GDP interact with emissions. Brazil and Mexico offer
insight into Latin America’s natural resource dynamics and
institutional responses. China and India, as Asia’s economic
giants, reflect the tensions between industrial growth and green
innovation. South Africa, as the leading economy in Africa,
exemplifies the challenge of decarbonizing economies heavily
reliant on fossil fuels.

Figure 1 illustrates the distribution of CEM across the
G5 nations over the study period. China exhibits the widest
range and highest median emissions, highlighting its sustained
industrial expansion. South Africa also displays a high median
with moderate variability. Mexico’s emissions are more stable,
while Brazil and India maintain the lowest medians—though
Brazil’s emissions show greater variability due to periodic surges.
These patterns reflect the developmental trajectories and policy
environments unique to each country.

By investigating the effects of GT, EIN, EPR, and GDP on carbon
emissions, this study contributes to the understanding of
environmental sustainability pathways in emerging economies. It
aims to inform policymaking, support international climate goals,
and offer a comparative framework for designing green growth
strategies in the Global South.

Although earlier works have examined aspects of these
relationships individually—such as the link between EIN and
CEM (Bashir et al., 2021), or the influence of GT on emissions
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Distribution of CEM by Country (2000-2022)
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Distribution of CEM values by country (2000-2022). The boxplot shows the range, median, interquartile range, and outliers for each country,
providing insights into the variability and central tendency of CEM within each region.

reduction (Luo et al,, 2024; Lv et al., 2024)—these studies typically
isolate variables rather than examining their combined and
interactive effects. Few studies have integrated GT, EIN, EPR,
and GDP into a unified empirical framework to assess their
collective impact on CEM. Moreover, emerging literature still
lacks the application of dynamic and distribution-sensitive
techniques, such as the MMQR method or the Westerlund
cointegration test, especially in multi-country studies focusing on
emerging economies (Machado and Santos Silva, 2019).

Additionally, longitudinal research examining the evolution of
GT’s impact on CEM over extended periods remains scarce. Most
studies provide only short-term snapshots or static assessments,
failing to capture the structural transformations and policy shifts
that occurred between 2000 and 2022—a period marked by
considerable regulatory and technological advancements (Chien
et al, 2023; Dhayal et al, 2025). These evolving dynamics are
crucial to understanding how sustainable transitions unfold in
emerging economies.

These research questions collectively aim to highlight the
technological advancements of the G5 nations in mitigating
CEM, particularly through the application of clean technologies,
environmental innovations, and renewable energy patents. The
study also evaluates whether economic expansion can occur
whether
of

environmental and
improvements in EPR can support
Sustainable Development Goals (SDGs).

To achieve these objectives, a comprehensive econometric

alongside sustainability,

the achievement

framework is employed. The Method of Moments Quantile
Regression (MMQR) developed by Machado and Santos Silva
(2019) is particularly appropriate for this study, as it captures the
heterogeneous effects of explanatory variables (GT, EIN, EPR, GDP)
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across different points in the carbon emissions distribution. This is
essential because the G5 countries differ significantly in their
emission profiles and policy contexts, which cannot be fully
addressed using mean-based models like OLS or traditional
fixed effects.

MMAQR allows for a nuanced understanding of how each factor
affects low-, medium-, and high-emission scenarios, aligning well
with our research goal of exploring decoupling between economic
growth and emissions at multiple intensity levels. This technique has
been increasingly applied in energy-environmental economics,
though its use in multi-country G5-focused studies remains
limited (Ulucak and Ozcan, 2020).

We complement MMQR with several panel diagnostics to
ensure robustness. The slope heterogeneity test (Hashem Pesaran
and Yamagata, 2008) addresses structural and institutional
differences across countries. The cross-sectional dependence test
accounts for potential spillover effects among countries—especially
relevant in the globally integrated context of energy and
environmental policy. The CIPS unit root test ensures that data
are stationary, while the Westerlund cointegration test verifies long-
run relationships among variables. This combination of tests
enhances both the credibility and depth of the analysis.

Additionally, panel Granger non-causality tests (Dumitrescu
and Hurlin, 2012) are used to assess the direction of influence
between variables, providing policy-relevant insights on whether, for
example, GT and GDP can predict emission trends.

Although our study does not develop a new technique, it offers a
novel methodological application by integrating MMQR with
cointegration and the context of
G5  countries—something previously  done this
combination. This integrative approach allows us to explore both

causality in

not

analysis
in
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CEM Trend by Country (2000-2022)
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FIGURE 2

Temporal trends of CEM across Brazil, China, India, Mexico, and South Africa from 2000 to 2022. The plot highlights country-specific changes over
time, with distinct trajectories indicating varying dynamics in CEM growth and fluctuation.

distributional impacts and temporal causality in a single framework,
advancing the methodological application of MMQR in comparative
environmental research.

Figure 2 illustrates the temporal variation of carbon emissions
across G5 countries from 2000 to 2022. China shows a consistent
and steep upward trend in emissions until 2020, likely driven by
rapid industrialization and economic growth, followed by a visible
decline possibly attributable to recent policy shifts or global
disruptions. South Africa presents persistently high emission
levels with relatively stable trends, except for a mild dip in 2020.
Mexico and Brazil exhibit moderate emissions with fluctuations,
including observable declines around 2016-2020 in Brazil and in
2020 in Mexico. India demonstrates a steady upward trend,
corresponding with its gradual but continuous development
trajectory, with a slight decline after 2018 that may reflect the
effects of structural reforms.

These country-specific patterns reflect the diversity of economic
development pathways and the critical role of industrialization,
regulatory interventions, and external shocks in shaping CEM
trends. By contextualizing these dynamics within a robust
econometric analysis, this study offers valuable insights into
sustainable development strategies applicable to the broader
Global South.

The remainder of the paper is organized as follows. Section 2
presents the literature review on CEM, GT, EIN, EPR, and GDP,
along with the identified research gaps. Section 3 describes the data
sources and empirical methodology. Section 4 reports and interprets
the empirical findings. Section 5 concludes the study with policy
implications and recommendations.

Frontiers in Environmental Science

2 Review of literature

This section explores the theoretical and empirical linkages
(GT), intensity  (EIN),
environmental performance (EPR), economic growth (GDP), and

between green technology energy
carbon emissions (CEM), with a focus on how these variables
interact to support sustainability objectives, particularly in
emerging economies. GT has increasingly played a pivotal role in
the global reduction of carbon emissions. Green technology (GT)—
also referred to in the literature as environmental or clean
technologies—refer to innovations and practices that minimize
environmental harm by enhancing energy efficiency, reducing
emissions, and supporting sustainable resource use. These
technologies encompass a range of applications, including
renewable energy systems, energy-efficient industrial processes,
carbon capture technologies, and low-emission transportation
(UNCTAD, 2024). In this study, we use the term green
technology (GT) consistently and proxy it through the number
of environmental technology patents filed, in line with OECD and
WIPO classifications.

The role of GT in mitigating carbon emissions has been
emphasized in recent reports. The highlights that clean energy
innovation needs to triple by 2030 to meet global climate targets.
Similarly, the IPCC Sixth Assessment Report (IPCC, 2025) notes
that scalable low-carbon technologies are essential to achieving net-
zero transitions. GT has been linked to significant improvements in
environmental performance by decoupling economic activity from
emissions, particularly in emerging economies (Chen and Yang,
2024; Kashif et al., 2024).
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Several empirical studies support the role of GT in emissions
mitigation. For instance (Bilgili et al., 2016), found that renewable-
based GT significantly reduced emissions in OECD countries, while
(Chen et al., 2023) reported similar outcomes in BRICS nations.
Despite these insights, there remains limited evidence for multi-
country applications involving G5 countries, especially using robust
distributional techniques. Our study addresses this gap by
incorporating GT into a comprehensive panel framework
covering the years 2000-2022.

Rafei et al. (2022) found that economic complexity significantly
improves EPR, implying that advanced, diversified economies tend
to perform better environmentally. While numerous studies have
examined the relationship between economic growth and
environmental degradation, many have focused narrowly on
renewable energy use, often omitting the broader context of
innovation and institutional performance.

Technological innovation in renewable energy depends heavily
on R&D, requiring a robust and well-functioning financial system.
This study departs from prior research by examining the combined
effects of GT, EIN, EPR, and GDP on CEM, with a specific focus on
the G5 economies. (Zhang and Vigne (2021) investigated the effect
of EPR and CEM disclosures on firm value, using data from SRI-
KEHATT index-listed firms. Their findings suggest that while CEM
disclosure does not directly affect firm value, EPR and integrated
disclosure do have a positive effect.

Guo et al. (2023) provided further insight, indicating that
renewable energy development contributes more substantially to
reducing environmental pressure in low-income countries
compared to middle-income ones. Ulucak and Ozcan (2020)
analyzed OECD countries from 1980 to 2016 using the
augmented mean group (AMG) estimator. Their results showed
that renewable energy consumption helps mitigate environmental
degradation, while dependence on non-renewable sources
exacerbates it. These findings emphasize the need for countries to
shift toward cleaner energy pathways.

Regarding energy intensity, higher economic activity often
greater energy consumption, leading to increased
emissions. (2021) found that increased EIN
significantly contributes to higher CEM, while (Wen et al., 2022)

reaffirmed the critical role of energy efficiency technologies in

entails
Bashir et al

lowering environmental damage. Additionally (Xu et al, 2022),
demonstrated that improved EPR is associated with lower
ecological footprints, highlighting its relevance as a sustainability
indicator. Liu et al. (2024) emphasized the importance of policy and
financial support in fostering GT development, revealing that
countries with greater eco-innovation investments tend to
experience sharper declines in emissions.

The relationship between GDP and CEM is more complex when
green technology is factored in. Luo et al. (2024) explored the causal
links among GT, GDP, and CEM, and suggested that the
introduction of GT can decouple economic growth from rising
emissions. Their findings support the idea that investments in green
innovation can enable sustained development without exacerbating
environmental pressures.

Opverall, the existing literature confirms that GT, EIN, EPR, and
GDP all play significant roles in influencing CEM. Advancements in
energy efficiency and environmental governance are critical for
emission reductions. GT promotes the adoption of cleaner
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production methods and alternative energy sources, offering
promising solutions for climate change mitigation. By enabling
the decoupling of carbon emissions from economic growth, green
technology can contribute meaningfully to sustainable development.
This study aims to expand on this literature by empirically testing
these dynamics across the G5 economies using advanced panel
econometric techniques. The insights are intended to guide
policymakers in designing integrated strategies for climate
resilience and inclusive development.

2.1 Literature gap

The structure of this research is designed to offer substantial
insights into the complex interrelationships between carbon
emissions (CEM) and key determinants such as green technology
(GT), energy intensity (EIN), environmental performance (EPR),
and economic growth (GDP). While prior studies have explored the
role of GT in reducing emissions, significant gaps remain,
particularly concerning comprehensive and context-specific
assessments that integrate multiple variables using advanced
econometric techniques. For instance, existing research tends to
isolate GT or EIN without considering their interaction with
governance or macroeconomic factors in emerging economies
(Lv et al, 2024). In the context of the
G5 countries—Brazil, China, India, Mexico, and South
Africa—between 2000 and 2022, there is a noticeable lack of in-

depth empirical exploration using modern estimation strategies. In

specific

the specific context of the G5 countries—Brazil, China, India,
Mexico, and South Africa—between 2000 and 2022, there is a
noticeable lack of in-depth empirical exploration.

Although earlier works have examined aspects of these
relationships individually—such as the link between EIN and
CEM (Lv et al, 2024), or the influence of GT on emissions
reduction (Maasoumi et al., 2021)—these studies typically isolate
variables rather than examining their combined and
interactive effects.

Moreover, there is limited application of sophisticated
econometric methods in this domain. Most existing literature
tends to rely on traditional panel data or linear regression
models, which may overlook complex dynamics and cross-
country heterogeneities. Advanced techniques such as matrix
correlation,  slope  heterogeneity cross-sectional
(CSD), CIPS unit Westerlund

cointegration analysis, and the Method of Moments Quantile

testing,
dependence root testing,
Regression (MMQR) are rarely employed despite their capacity
to yield more robust and nuanced findings (Lin et al., 2015). The
failure to utilize these tools limits the depth of understanding about
how variables behave across emission quantiles and over time,
especially within heterogeneous groups like the G5.

Additionally, longitudinal research examining the evolution of
GT’s impact on CEM over extended periods remains scarce. Most
studies provide only short-term snapshots or static assessments,
failing to capture the structural transformations and policy shifts
that occurred between 2000 and 2022—a period marked by
considerable regulatory and technological advancements. These
evolving dynamics are crucial to understanding how sustainable
transitions unfold in emerging economies.
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Although a growing number of studies have explored the

individual relationships between green technology, energy
intensity, environmental performance, and economic growth with
carbon emissions, few have integrated these four dimensions into a
unified empirical framework. For instance, Ulucak and Ozcan
(2020) energy intensity and environmental
sustainability in OECD nations but did not incorporate
technological innovation. Han et al. (2022), Shahbaz et al. (2020)

analyzed GT and economic growth, yet omitted environmental

examined

performance and energy metrics. Similarly (Khezri et al., 2021),
focused on GT and emissions in Asia but did not explore the
moderating role of economic growth or energy structures. These
fragmented approaches limit the ability to understand systemic
interactions.

Our study addresses this gap by integrating GT, EIN, EPR, and
GDP in a single model across G5 economies, thereby providing a
multidimensional analysis of emission drivers. Using Method of
(MMQR),
distributional heterogeneity, which is typically neglected in

Moments Quantile Regression we account for
traditional models. This integrated, nonlinear approach allows us
to assess whether green technology have a greater impact in high- or
low-emission contexts, offering deeper insights than mean-based
regressions.

Furthermore, the translation of empirical insights into
actionable policy frameworks remains limited in the literature.
While (Ali et al,, 2022; Mohd Suki et al.,, 2022) provided policy
suggestions for BRICS based on GT investment patterns, and (Sheng
Yin and Hussain, 2021) emphasized energy efficiency in ASEAN
economies, these recommendations were largely descriptive and
lacked alignment with SDGs or

assessments.

cross-sectoral  feasibility

This study contributes by aligning findings with specific SDG
targets (7, 8, 9, 12, 13) and providing targeted policy guidance—e.g.,
emphasizing investment in renewable patents in high-emission
provinces or focusing on energy restructuring in lower-income
G5 countries. We go beyond simply identifying statistical
associations by offering a structured pathway for decision-makers
to integrate emissions, growth, and innovation into low-carbon
transition policies.

2.2 Theoretical framework

This study draws on principles from the Environmental

Kuznets  Curve (EKC)  hypothesis and  Ecological
Modernization Theory (EMT) to frame the relationship
between  economic  growth,  technological  progress,

environmental regulation, and carbon emissions. The EKC
suggests that as an economy grows, environmental degradation
initially worsens but improves after surpassing a certain income
threshold. EMT, on the other hand, argues that technological
innovation and institutional responses can decouple economic
development from ecological harm.

In this context, green technology (GT) are theorized to reduce
carbon emissions directly and indirectly through improved
efficiency and sustainable practices. Energy intensity (EIN)
reflects production and consumption efficiency—higher EIN
implies greater energy use per unit of GDP, thereby contributing
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FIGURE 3
Conceptual model of the study.

to more emissions. Environmental performance (EPR) captures a
country’s regulatory and policy-driven efforts, which can either
moderate or intensify emissions depending on enforcement and
design. Lastly, GDP reflects economic activity, which may increase
emissions  unless innovation or
regulatory controls.

A conceptual model illustrating these interrelationships is

accompanied by green

presented in Figure 3, providing a schematic view of the
hypothesized pathways linking these factors to carbon emissions
in the G5 economies.

3 Data and methodology

The study includes four main independent variables: green
(GT), energy (EIN),
performance (EPR), and economic growth (GDP), to investigate

technology intensity environmental
their effects on carbon emissions (CEM) in the G5 economies from
2000 to 2022.

This particular combination of variables offers a novel
multidimensional lens. While individual pairwise combinations
(e.g, GT and GDP, EIN and CEM) have been analyzed in prior
research (Ulucak and Ozcan, 2020), the joint integration of all four
variables using a quantile-based, long-run panel approach is rare,
especially in the G5 context.

All variable definitions are presented in Table 1, but are detailed
here for clarity:

« Carbon Emissions (CEM): Measured in metric tons per capita
(WDI, 2019).

o Green Technology (GT): Measured by the number of
environment-related patents filed, in line with OECD and
WIPO standards (OECD, 2020).

o Energy Intensity (EIN): Energy use per unit of GDP (M]J/USD
constant 2015), from WDI. It indicates production energy
efficiency—higher values imply inefficiency.

o Environmental Performance (EPR): Proxied by Ecological
Footprint per capita (Global Footprint Network, 2021).
This reflects the pressure a country places on ecological

Higher  EPR

environmental strain, thus this variable is positively

systems. values  represent  greater

associated with emissions.
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TABLE 1 Description of variables.

10.3389/fenvs.2025.1640946

Variable Measurement Data source

CEM CO, emissions (metric tons per capita) World Development Indicators (WDI)
EPR Ecological footprint Global Footprint Network

EIN Energy use (kg of oil equivalent per $1,000 GDP, constant) World Development Indicators (WDI)
GDP GDP per capita (constant US$) World Development Indicators (WDI)
GT Clean technology innovation (registered patents in environment-related technologies) OECD Statistics

o Economic Growth (GDP): Measured as GDP per capita
(constant 2015 USD), from WDI.

The use of ecological footprint (EF) as a proxy for EPR is based
on its ability to capture broad environmental pressure (biocapacity
use vs. availability), widely used in studies like (Ha et al., 2022;
Sarkodie, 2021). This provides a holistic indicator beyond single-
pollutant measures.

The analytical methods employed include Method of Moments
Quantile Regression (MMQR), Westerlund cointegration tests, and
Dumitrescu-Hurlin causality analysis. MMQR is particularly
appropriate for this analysis because it detects how the
relationship between predictors and emissions varies at different
emission quantiles, reflecting cross-country heterogeneity. This is
critical for the G5, whose economies vary widely in emissions levels
and development.

Cointegration analysis ensures that the long-term relationships
among non-stationary variables are valid, while the panel Granger
causality test examines directionality and policy relevance of
relationships (e.g., whether GT “causes” lower emissions).

The chosen period, 2000-2022, is based on data availability and
policy relevance. This period captures the rollout of major global
environmental initiatives (Sun et al., 2022), sharp technology
transitions, and rising climate governance in emerging
economies. Although data for some variables (e.g., patents or EF)
are not yet available for 2023 across all G5 countries, 2022 offers the
most recent complete year.

Limiting the analysis to 2000-2022 ensures that the findings
reflect the full evolution of green innovation and emission intensity
policies in the 21st century, while minimizing inconsistencies caused
by incomplete data.

MMQR technique regarding this research is given in Equation 1.

Qcem (1 | GT, EPR, EIN,GDP) = 3, (1) + 3, (1) - GT + 8, (1)
-EPR+ f3,(1) - EIN + 3, (7)
-GDP +¢(71)
1)

Where, Qccg (7| -) illustrates the 7-th quantile of conditional
distribution of CEM.

B; (1) (fori=0,1,...,4) shows the quantile-specific coefficients
that vary with 7, and observes the various effects of independent
variables at different points of CEM distribution.

Error term is denoted by e(7) for the quantile 7-th.

It takes into consideration the heterogeneous impacts across
several quantiles, the MMQR technique has the advantage of
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offering a comprehensive knowledge of how each independent
variable affects the dependent variable (CEM) throughout its
distribution, as opposed to only at the mean. This is especially
helpful for studies on CEM, as different factors may have various
impacts at different levels of CCE metrics.

CEMit =a; + ﬁliGT” + ﬁZiEPRit + ﬁ3iEINit + ﬁ4,‘GDPit (2)

Equation 2 depicts the summarization of Slope heterogeneity
(Pesaran, 2006) test.

Where, «; is the individual-specific intercept, 3,; are the slope
coefficients that can be varied across individuals and error term is
denoted by €.

However, to find out if panel data exhibits cointegration, the
(Westerlund and Edgerton, 2008) test has also been conducted
before MMQR analysis. A long-term equilibrium relationship
between the dependent variable and one or more independent
variables is indicated by cointegration. It is based on the error
correction model depicted in Equation 3. Where y; manifests the
dependent variable, x;; denotes the independent variable and A
represents the first difference. o; is the adjustment coefficient
whereas, /3,

1
test statistics are created by Westerlund to evaluate cointegration

is the vector of long-run coefficients. Four distinct

in panel data: G,G,P;, and P,. The purpose of these test statistics,
which come from the panel error correction model (ECM), is to
ascertain whether the variables in the panel have an equilibrium
connection over the long-run.

Ay = ai(yi,t—l - ﬂ:‘xi,t—l) + ijl y,-jAyi,t—j + Zj’:o 8iiji,t—j + €ir
(3)

Equation 4 given below is supposed to be used when
incorporating the Westerlund test in the situation where CEM is
the dependent variable and GT, EPR, EIN and GDP are the
independent variables:

CEM,'[ =a; + ﬁ]GTit + ﬁzEINit + [%EPR,} + ‘B4GDP,'L» + € (4)

Dependent variable for the cross-section i at time ¢ is CCEj.
Individual-specific intercept has been shown by «;. While
B1> By Bs, B, are the slope coefficients and € is the error term.

An extensive and reliable method for managing complicated
data is provided by econometric analysis, which makes use of matrix
correlation, slope heterogeneity, cross-sectional dependence tests
such as the CIPS unit root test, Westerlund cointegration analysis,
and MMQR. Figure 4 is showing the flowchart of test techniques.
Moreover, Matrix correlation offers a comprehensive understanding

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1640946

Hao and Arshad

10.3389/fenvs.2025.1640946

Cross-
sectional
dependence

Matrix
correlation

Slope
heterogeneity

\

FIGURE 4
Flowchart of methodology.

of interdependencies by assisting in the identification of
correlations between various variables. Slope heterogeneity
improves the precision of model estimations by acknowledging
that various cross-sectional units may display a range of
behavioural tendencies. Besides, the validity of panel data
results is ensured by cross-sectional dependence tests,
including the CIPS unit root test, which address potential
correlations between units. Strong techniques for identifying
provided by

Westerlund’s cointegration tests, even in the presence of cross-

long-term  equilibrium  relationships are
sectional dependence or structural fractures. Furthermore,
MMQR offers a refined comprehension of the correlation
between variables across several quantiles, hence identifying
heterogeneity in the response variable distribution and
When

combined, these techniques improve the econometric findings’

facilitating more customized policy implications.
depth, dependability, and applicability.

While MMQR is suitable for capturing distributional effects
across quantiles, we also employed complementary techniques such
as Westerlund cointegration and Dumitrescu-Hurlin causality tests
to verify long-run equilibrium and directionality. These methods,
when used together, reduce model misspecification risk and enhance
the robustness of findings. Moreover, the dataset passed key
diagnostics such as cross-sectional dependence and slope
heterogeneity tests, confirming the appropriateness of applying
advanced panel estimators over simpler pooled or fixed effects
regressions.

4 Results and discussions

This section presents the empirical results of the study. Table 2
provides the descriptive statistics for the study variables, while
Table 3 displays the correlation matrix. The descriptive statistics
indicate variability across countries and time, which underscores the
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heterogeneity in economic and environmental profiles within
the G5 nations.

The skewness and kurtosis as indicated by the Jarque-Bera
statistics show that most variables deviate from normality,
supporting the use of non-parametric quantile regression methods.

Table 3 presents the correlation matrix among the key variables.
Carbon emissions (CEM) are strongly and positively correlated with
energy intensity (EIN) at 0.7032, indicating that countries with
higher energy intensity tend to emit more carbon. In contrast, CEM
is moderately and negatively correlated with environmental
—-0.3746,
environmental governance is associated with lower emissions.

performance (EPR) at suggesting that improved
Additionally, green technology (GT) are positively associated
with both EPR (0.5443) and GDP (0.4503), underscoring their
dual environmental and economic relevance.

The strong statistical association between environmental
performance (EPR) and carbon emissions may reflect overlapping
constructs, particularly since ecological footprint per capita captures
a broad spectrum of environmental pressures—land use, carbon
absorption, and resource demand. However, ecological footprint
remains one of the most comprehensive and globally comparable
metrics, used extensively in environmental sustainability research
(Li et al., 2023). Tt reflects not only emissions but also the systemic
capacity of a country to sustain its ecological demand. Nonetheless,
we caution that part of the correlation observed may stem from
structural overlap with the dependent variable and encourage future
research to triangulate EPR with multidimensional indices, such as
Performance Index (EPI)
boundaries framework.

the Environmental or planetary

Table 4 presents the results of the cross-sectional dependence
(CSD) test. All
dependence, with p-values below 0.01. This implies that shocks

variables show significant cross-sectional
or policy changes in one G5 country are likely to influence the
others, validating the need to account for interdependencies in panel

estimations.
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TABLE 2 Descriptive statistics of the variables.
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Variable Jarque-Bera statistic P-value
CEM 4.1256 2.4804 0.8837 8.4467 11.4939 0.0032
GT —2.78E-08 1.0000 -1.9866 1.9525 4.9002 0.0863
EPR 3.17E+11 7.03E+11 0.7450 2.62E+12 115.4830 0.0000
EIN 133.4144 55.8541 71.3406 227.7869 14.5537 0.0007
GDP 2.52E+12 3.70E+12 1.29E+11 1.80E+13 331.9760 0.0000
TABLE 3 Correlation matrix. TABLE 6 CIPS unit root test results.
CEM GT EPR EIN GDP Variable I (0) I (1)
CEM 1.0000 CEM ~2.842 5,043+
GT 0.1799 1.0000 GT -2.924 —5.099%%*
EPR -0.3746 0.5443 1.0000 EPR 1917 _3.760%%*
EIN 0.7032 0.1940 —0.4554 1.0000 EIN -2.877 4,876+
GDP 0.2820 0.4503 —0.0811 0.3291 1.0000 GDP ~1.970 4140+
(*Note: ***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively.).
TABLE 4 Cross-sectional dependence analysis.
Variable Test statistic (CSD) P-value TABLE 7 Westerlund cointegration test.
CEM 576 0.000 Statistic Value Z-Value P-value
GT 11.19 0.000 Gt -5.253 -6.575 0.000
EPR 311 0.002 Ga -13.333 -0.110 0.006
EIN 396 0.000 Pt -12.118 -6.752 0.000
GDP 12.32 0.000 Pa -14.879 ~1.644 0.050
mix. These heterogeneous dynamics imply that policy

TABLE 5 Slope heterogeneity test.

Statistic

Delta 15.722 0.000

Adjusted Delta 18.435 0.000

Table 5 reports the slope heterogeneity test results. Both the
Delta and Adjusted Delta statistics are highly significant (p < 0.01),
confirming that the slope coefficients vary across the G5 countries.
This heterogeneity reinforces the choice of quantile regression to
capture differential effects across emission levels and nations.

The slope heterogeneity test (Hashem Pesaran and Yamagata,
2008) confirmed statistically significant differences in slope
coefficients across countries. This suggests that the relationships
between variables—particularly between GT and CEM or EIN and
CEM—are not uniform across G5 economies. For instance, the
effect of green technology may be more pronounced in
technologically advanced countries like China, while energy
intensity may matter more in South Africa’s coal-heavy energy
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implications must be country-specific and caution should be
exercised when generalizing findings to other economies without
accounting for contextual factors such as industrial structure,
institutional capacity, and policy enforcement.

Table 6 provides the results of the CIPS unit root test.
The findings reveal that all variables are non-stationary at levels
[I (0)] but become stationary after first differencing [I (1)]. This
justifies the use of cointegration analysis to examine long-term
relationships.

The results of the Westerlund cointegration test are shown in
Table 7. Three of the four test statistics (Gt, Ga, Pt, and Pa) indicate
significant cointegration, particularly Gt and Pt, which have p-values
of 0.000. This confirms the existence of a stable long-term
equilibrium relationship among CEM, GT, EIN, EPR, and GDP.

The preliminary diagnostics confirm that the panel data are
characterized by  cross-sectional dependence and slope
heterogeneity, and the variables are integrated of order one with
evidence of cointegration. These results validate the application of
MMQR for estimating the differential impact of the independent
variables on CEM across its conditional distribution, which will be
discussed in the subsequent section.
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TABLE 8 MMQR estimation results (dependent variable: CEM).

10.3389/fenvs.2025.1640946

Variable 0.25 quantile 0.50 quantile 0.75 quantile 0.90 quantile
GT —0.150*** —0.128** —0.137*%* —0.121**

EPR 0204+ 0.170%% 0.150%% 0.010%

EIN 0.023* 00334+ 0.029%%* 0035+

GDP -0.147 -0.172 -0.247 -0.329

(*Note: ***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively.).

The Method of Moments Quantile Regression (MMQR) results
are reported in Table 8, which captures the differential effects of
independent variables—green technology (GT), environmental
performance (EPR), energy intensity (EIN), and economic
growth (GDP)—on carbon emissions (CEM) across various
quantiles (0.25, 0.50, 0.75, and 0.90). This approach provides a
more nuanced understanding of the emission dynamics across low-,
medium-, and high-emission scenarios.

The MMQR results indicate that green technology have a
consistently negative and statistically significant effect on CEM
across all quantiles. The strongest effect is observed in the lowest
quantile (-0.150), suggesting that green technology adoption is
especially effective in reducing emissions in countries or periods
with relatively lower emission levels. This highlights the essential
role of GT in efforts varying
environmental contexts.

decarbonization across

Conversely, EPR shows a positive and significant relationship
with CEM across all quantiles, although the effect diminishes as
emissions increase. This counterintuitive result suggests that current
EPR indicators may not be fully capturing the effectiveness of
environmental policies, or that higher ecological footprints still
coexist with rising emissions in some G5 countries. It reflects the
possible gap between policy design and actual implementation.

Energy intensity (EIN) is also positively associated with CEM
across all quantiles, with the highest effect seen at the 0.90 quantile
(0.035). This finding reinforces the well-established link between
inefficient energy use and increased emissions and underscores the
urgent need for energy efficiency improvements, especially in high-
emission contexts.

Economic growth (GDP), although showing a negative
relationship with CEM, does not reach statistical significance at
any quantile. This suggests that while some decoupling between
growth and emissions may be occurring, it is not yet strong or
consistent enough across the G5 countries to yield robust results in
this model.

Figure 5 visually presents the quantile-specific impacts of GT,
EPR, EIN, and GDP on CEM, with marker symbols indicating the
level of statistical significance. The horizontal dashed line represents
the zero-impact threshold, clearly distinguishing variables with
mitigating versus exacerbating effects on emissions.

To validate the robustness of the MMQR findings, FMOLS and
DOLS estimations were performed. Table 9 summarizes the results.

The robustness checks confirm the primary findings from the
MMQR analysis. Both FMOLS and DOLS show that energy
intensity significantly increases carbon emissions, reaffirming the
need to reduce energy consumption per unit of economic output.
Similarly, environmental performance remains positively associated
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with emissions, although the magnitude is slightly lower in the
DOLS estimation. This again raises questions about the adequacy of
current environmental performance metrics in driving emission
reductions.

GDP shows a statistically significant negative relationship with
emissions in both models, indicating that structural economic
improvements may facilitate lower emissions in the long run.
Lastly, exhibit a negative
association with CEM, with stronger effects observed under the

green technology continue to
DOLS estimation, underscoring the strategic importance of
investing in clean technologies for long-term climate mitigation.

Figure 6 illustrates the relationships among variables using
DOLS and FMOLS trends, further reinforcing the directional
consistency of the results across methodologies.

In summary, the empirical results suggest that while energy
intensity and environmental performance continue to exert upward
pressure on emissions, green technology play a decisive role in
emissions reduction. The influence of GDP is more nuanced and
context-dependent, suggesting a potential shift toward green
growth. These findings underscore the need for more targeted
and integrated policies that not only promote clean technology
adoption but also enhance the effectiveness of environmental
performance  measures and  energy-use efficiency in
emerging economies.

To further investigate the directionality of relationships among
the variables, the (Dumitrescu and Hurlin, 2012) Panel Non-
Causality Test was conducted. The results, presented in Table 10,
reveal statistically significant causal effects from green technology
(GT), energy intensity (EIN), environmental performance (EPR),
and economic growth (GDP) toward carbon emissions (CEM). In
contrast, no evidence was found for reverse causality from CEM to
any of these predictors, suggesting a unidirectional causality pattern.

Specifically, GT Granger-causes CEM with strong significance
(p < 0.01), confirming that the expansion of green technology
significantly contributes to emissions mitigation across the
GDP

relationship with CEM, indicating that economic activities

G5 countries. Likewise, shows a significant causal
influence emissions trends—likely reflecting industrial structure,
energy usage patterns, and environmental policies. The causal
impact of EIN on CEM is also robust, supporting the argument
that energy intensity is a key driver of emissions. Finally, EPR
exhibits a weaker but still statistically significant causal relationship
with implying that
performance—although  imperfect—may
dynamics to some extent.

emissions, environmental

influence  emission

Opverall, these results underscore the importance of proactive
policy interventions that promote green technology deployment,
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FIGURE 5

Quantiles

The figure illustrates the relationship of Green Technology (GT), Environmental Performance (EPR), Energy Intensity (EIN), and Economic Growth

(GDP) with Carbon Emissions (CEM) across different quantiles (0.25, 0.50, 0.75, 0.90). Marker styles represent the statistical significance of the impact:
circles for high significance, squares for moderate significance, diamonds for low significance, and crosses for non-significant effects. The horizontal
dashed line indicates the threshold between positive and negative impacts.

TABLE 9 Robustness check: FMOLS and DOLS estimation results
(dependent variable: CEM).

Variable FMOLS DOLS
EIN 0.459** 0.758**
EPR 0.666** 0.424%
GDP ~0.211%% ~0.557+%*
GT —0.104*** -0.192*
improve energy efficiency, and strengthen environmental

performance frameworks to effectively reduce carbon emissions
in emerging economies.

5 Conclusion and policy implications
5.1 Conclusion

This study provides a comprehensive empirical analysis of the
determinants of carbon emissions (CEM) in G5 countries—Brazil,
China, India, Mexico, and South Africa—over the period 2000 to
2022. Employing the Method of Moments Quantile Regression
(MMQR) alongside robust techniques such as FMOLS, DOLS,
cointegration analysis, and Granger non-causality testing, the
research explores how green technology (GT), energy intensity
(EIN), environmental performance (EPR), and economic growth
(GDP) shape carbon emission patterns across varying levels
of emissions.

The findings consistently demonstrate that the adoption of
green technology significantly reduces carbon emissions across all
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FIGURE 6
Relationship among variables.

emission quantiles. This reinforces the critical role of clean
innovation and eco-friendly patents in facilitating the transition
to a low-carbon economy.

However, energy intensity is positively associated with carbon
emissions, suggesting that overdependence on energy-intensive

production  processes remains a substantial barrier to
decarbonization.  Environmental  performance, = somewhat
counterintuitively, also shows a positive correlation with
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TABLE 10 Results from Dumitrescu and Hurlin's (2012) panel non-causality test.

Null hypothesis Lag (AIC) Z-bar tilde Direction of causation
GT # CEM 3 12.213 28.325°** (0.000) 5.1234*** (0.000) GT = CEM

CEM # GT 8 15.237 8.231 (0.218) 1.0452 (0.736) No Causality

GDP = CEM 14 28.480 16.524** (0.000) 32218 (0.002) GDP = CEM

CEM = GDP 14 10521 ~0.256 (0.971) ~1.4536* (0.067) No Causality

EIN # CEM 16 25.509 6369 (0.009) 0.7419°* (0.000) EIN = CEM

CEM # EIN 16 17.104 5.635 (0.224) 02411 (0.145) No Causality

EPR # CEM 16 2427 4.565* (0.045) ~0.1127% (0.051) EPR = CEM

CEM # EPR 16 17.921 1.002 (0.554) ~1.2034 (0.228) No Causality

emissions, which may indicate limitations in the effectiveness or
enforcement of environmental policies across the G5. In contrast,
GDP always
significant—relationship with CEM, implying that economic

shows a negative—though not statistically
growth may be decoupling from emissions, particularly in high-
growth contexts.

The panel Granger causality tests further support these findings,
showing unidirectional causal flows from GT, EIN, GDP, and EPR
to carbon emissions. These causal relationships confirm that
targeted interventions in technology deployment, energy use, and
policy enforcement can directly influence emissions outcomes.

Despite its strengths, the study has several limitations. First, the
geographic scope is limited to the G5 economies, which—while
diverse—do not fully represent other emerging regions such as
Southeast Asia or Sub-Saharan Africa. Thus, extrapolating these
findings should be done with caution. Second, although the time
period (2000-2022) captures important policy shifts, longer-term
structural dynamics may require extended datasets as they
become available.

Lastly, although the use of Granger causality adds robustness to
the directionality of relationships, endogeneity concerns cannot be
entirely ruled out, especially given the potential for reverse causality
or omitted variable bias in macroeconomic panel data. Future
studies may address this using instrumental variable techniques,

structural equation modeling, or dynamic panel GMM approaches.

5.2 Policy implications

This study yields several actionable insights for policymakers in
the G5 and beyond. The results highlight the nonlinear and
heterogeneous impacts of green technology (GT) and energy
intensity (EIN) on carbon emissions across different emission
quantiles. These findings reinforce the need for context-specific
and sector-sensitive strategies, as opposed to uniform policy
frameworks.

Country-specific recommendations for the G5 include:

o China and India, as high emitters with expansive industrial
and manufacturing sectors, should scale up sectoral green
R&D, especially in renewable energy, clean transportation,
and smart manufacturing. Expanding national green patent
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programs, enforcing emission-linked tax incentives, and
deploying low-carbon transition funds can accelerate
decarbonization. Stronger compliance mechanisms under
existing carbon markets (e.g., China’s ETS) should also be

considered.

Brazil should enhance policies that integrate sustainable

agriculture  technologies, reforestation schemes, and
payment for ecosystem services. Aligning agricultural
exports with environmental standards (e.g., through green
certifications and carbon labelling) could help reduce its
ecological footprint and fulfill SDG 12.

o Mexico should adopt targeted demand-side energy reforms,
encourage industrial energy audits, and incentivize clean
production through tax rebates. Supporting innovation hubs
focused on green technology in small and medium-sized

(SMEs)

emissions reductions.

enterprises could boost both employment and
o South Africa, constrained by energy poverty and infrastructure
gaps, should invest in grid decentralization, renewable mini-grid
deployment, and just transition programs for coal sector workers.
Regulatory reforms in energy procurement and capacity building

in local green industries are essential.

Beyond the G5, this integrated GT-EIN-EPR policy framework
offers transferable value to emerging regions such as Southeast Asia,
MENA, and Sub-Saharan Africa. By combining technology
adoption, resource efficiency, and environmental performance
metrics, countries can tailor their climate strategies based on
their unique development stages and institutional capacities.

Furthermore, this study’s quantile-based analysis supports
differentiated mitigation pathways: high emitters must pursue
aggressive innovation policies, while lower-emitting economies
can prioritize early-stage investments in green infrastructure and
resilience planning. Adopting ecological footprint indicators in
and

policymaking can improve cross-sector coordination

alignment with SDGs 7, 9, and 13.

5.3 Future research directions

Future research should disaggregate green technology into
sector-specific innovations—such as solar photovoltaics, carbon
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capture, energy-efficient circular
their

Moreover, studies could evaluate the effectiveness of major

machinery, or economy

practices—to  assess individual impact on emissions.
environmental policy reforms over time, such as green bond
frameworks, carbon pricing mechanisms, and green credit
guidelines. Longitudinal models or dynamic panel approaches
(e.g, GMM or panel VAR) may offer deeper insight into the
temporal effects of these interventions. Incorporating institutional
quality and governance effectiveness into such analyses can further

clarify how policy design influences the success of green transitions.

5.4 Limitations

The focus on the G5 countries limits the generalizability of the results
to other regions or countries with different economic and environmental
contexts. One key limitation of the study is the use of the
2000-2022 period, which, while not extremely short, may exclude
earlier dynamics. However, this time frame was deliberately selected
due to data availability constraints, especially for variables like green
technology patents and ecological footprint, which are not consistently
available prior to 2000 across all G5 countries. Moreover, the selected
period captures the most transformative era in climate policy and green
innovation—from the Kyoto Protocol’s implementation through to post-
Paris Agreement responses. Including older data may introduce
measurement inconsistencies and dilute the policy relevance of
the findings.

Another limitation is the generalizability of findings beyond the
G5 context. While the G5 countries represent diverse emerging
economies, policy applications in other regional blocs may require
recalibration based on local institutional and energy dynamics.

Nevertheless, this study offers three key contributions. First, it
integrates GT, EIN, EPR, and GDP into a unified empirical
framework, a rare approach in existing literature. Second, it applies
the MMQR estimator to assess how these variables influence carbon
emissions across quantiles, capturing heterogeneity in a way that mean-
based models cannot. Third, it aligns econometric findings with targeted,
SDG-linked policy implications, making it relevant for both researchers
and decision-makers.

These innovations address the literature gap concerning
multidimensional, country-level analyses of emission drivers
using robust econometric techniques within emerging economies.
Prior studies have tended to isolate variables or overlook
nonlinearity—limitations that this paper directly confronts.
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