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Abstract

Achieving carbon neutrality has become a central policy objective for emerging economies,
particularly the BRICS countries-BRICS (Brazil, Russia, India, China, and South Africa) which
collectively account for a substantial share of global carbon emissions and energy consumption. The
transition toward green energy, rapid technological innovation, and the expansion of green finance
mechanisms are increasingly viewed as critical drivers of sustainable development and
environmental improvement. However, empirical evidence integrating these three dimensions
within a unified analytical framework for BRICS remains limited. This study assesses the contribution
of green energy transition, technological innovation, and green finance to achieving carbon neutrality
in BRICS over the period 1990-2024. The novelty of this research lies in its comprehensive modeling
approach that simultaneously captures long-run dynamics, cross-sectional dependence, and
heterogeneity among countries. Advanced panel econometric techniques, including second-
generation unit root tests, panel cointegration analysis, and the pooled mean group ARDL model, are
employed to ensure robust and reliable estimates. The findings reveal that green energy transition
and technological innovation significantly reduce carbon emissions in both the short and long run,
while green finance enhances environmental quality by facilitating low-carbon investments.
Moreover, bidirectional causality is observed between green finance and technological innovation,
indicating a reinforcing mechanism. Policy implications suggest that BRICS nations should
strengthen green financial markets, promote clean energy technologies, and enhance regulatory
frameworks to accelerate progress toward carbon neutrality. Coordinated regional cooperation and
targeted innovation incentives are essential for sustainable and inclusive low-carbon growth.

Keywords: green energy transition; technological innovation; green finance; carbon neutrality;
BRICS; environmental sustainability; panel econometrics
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1. Introduction

Conceptual Background

The long term survival of human society is seriously threatened by the environmental instability
brought on by climate change worldwide. Its consequences such as rising sea levels, changed weather
patterns, and a decline in agricultural productivity pose serious risks to both ecological and economic
systems. The only realistic way to significantly slow down global warming is to reduce carbon
dioxide (CO2) emissions. To achieve this goal it requires significant technological advancements and
an increase in the adoption of clean technologies that increase energy efficiency in a sustainable
manner (Hermwile et al., 2017; Hsiang & Kopp, 2018; Legg, S. 2021; Raghutla & Chittedi 2023;
Raghutla & Chittedi 2023). Furthermore, in this context we should also priortize carbon neutrality

which may reduce CO2 emissions and enhance environmental conditions. Accordingly, these
initiatives should receive more attention from both developed and developing countries.
Policymakers, researchers, and industry leaders are also increasingly emphasizing the energy
transition as an essential foundation for an environmentally sustainable future, highlighting the need
for immediate action. Therefore, carbon neutrality is not only essential for environment but it is also
a significant socioeconomic opportunity (Ahmad et al., 2025).

The BRICS Nation with a population of more than two billion, a third of the global GDP, and a
fifth of the global energy consumption, are currently among the fastest-growing economies in the

world (Dai et al., 2025; Jana 2022). However they are also the major contributors of carbon polluters

and have a significant large ecological footprints (Zahid et al., 2025). The expansion of these large

ecological footprints in these countries is positively correlated with increasing carbon emissions,
raises concerns about two factors i.e. intensified land use pressure and environmental degradation,
(Kayani et al., 2024). Among them, China has set one of the most ambitious climate goals, promising

to eliminate the production of carbon before 2030 along with neutrality in carbon emissions by 2060.
(Tang et al., 2025). This transition is supported by technological advancements, environmental
adaptability and the effective utilization of all renewable resources (Lu et al., 2022). In recent years,
due to trade openess and economic integration, the emerging economies have significantly

accelerated their growth and higher living standards. While international trade fuels an expansion of
manufacturing activities due to increased demand for goods on the global market, often leading to
higher consumption of non-renewable energy and consequently greater carbon emission (Liu et al.,
2023; Nanda et al., 2023). However, an alternative viewpoint suggests that trade openness can reduce

carbon emissions through knowledge spill overs, technological transfer and to promote cleaner
production (Aldieri & Vinci, 2020). In order to achieve carbon neutrality, green funding also plays an

important role by promoting environmentally sustainable investmentis (Xiao & Xiao, 2025; Hunjra &
Goodell, 2024). Through a range of financial instruments, including carbon financing, green bonds,
green stocks, green insurance, and green credit, it promotes to the transition towards a low carbon
economy (Fan & Shahbaz, 2023; Fu et al., 2023; Zhang, 2024; Yang & Cui, 2025). This was further
supported by the main findings of (Xu et al., 2023)

which indicated that the issuance of green bonds and the growth of the green economy in the

sector might accelerate the pace of green economic development in agriculture. Further, Empirical
evidence in BRICS economies, a 1% growth in green-related finance has resulted in a 0.72% shrinkage
in ecological footprint (Sahoo et al., 2024; Khan et al., 2025). Governments can further promotes green
finance by establishing comprehensive regulatory frameworks that encourages investment in
sustainable (Wang et al., 2024). Additionally, the development of Industry 4.0 technologies, such as
blockchain, big data, artificial intelligence (Al), and the Internet of Things, is also altering how
companies develop and carry out their business goals. (Jia et al., 2025 ; Iansiti & Lakhani, 2020).

Together, Emission levels have significantly decreased as a result of the development of the
renewable energy, technological innovation and green econmic policies (Liza, et al., 2024).

Achieving carbon neutrality has emerged as a central objective in global environmental policy,
particularly in the context of accelerating climate change and rising greenhouse gas emissions (Allan,
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et al, (2023). The BRICS economies, Brazil, Russia, India, China, and South Africa collectively account
for a substantial share of global carbon emissions, making them critical to the success of international
climate mitigation efforts (Dong et al., 2019; Khan et al., 2020). In this regard, the roles of green energy

transition, technological innovation, and green finance have received growing attention in the
empirical literature (Shahbaz et al., 2012; Shahbaz et al., 2020; Zhang et al., 2021). Existing studies
have examined the impact of renewable energy consumption and financial development on

environmental quality. For instance, Shahbaz et al. (2020) highlight the mitigating effect of renewable

energy on carbon emissions, while Zhang et al. (2021) emphasize the importance of green finance in

promoting sustainable development. Similarly, Paramati et al. (2017) and Acheampong (2018) report

that financial development and technological innovation contribute to environmental sustainability.
However, the extant literature largely focuses on these factors in isolation or within limited empirical
frameworks (Balsalobre-Lorente et al., 2019; Danish et al., 2019). A critical gap persists in the absence

of a comprehensive analysis that simultaneously incorporates green energy transition, technological
innovation, and green finance within a unified framework, particularly for BRICS countries.
Moreover, many prior studies rely on first-generation econometric techniques that fail to account for
cross-sectional dependence and slope heterogeneity, potentially leading to biased and inconsistent
estimates (Pesaran, et al., 2004; Pesaran, 2007; Pesaran, 2012). Against this backdrop, the present study

makes several novel contributions. First, it integrates green energy transition, technological
innovation, and green finance into a single empirical model to assess their combined impact on
carbon neutrality. Second, it employs advanced second-generation panel econometric techniques to
address issues of cross-sectional dependence and heterogeneity. Third, it provides updated empirical
evidence for BRICS economies, thereby offering a more comprehensive and policy-relevant analysis.

Based on the existing literature, the following research questions arise from this study:

RQ1: Does the BRICS countries transition to green energy help them become carbon neutral?

RQ2: What role does increasing technological innovation play in helping the BRICS countries
become carbon neutral?

RQ3: How do carbon neutrality and green finance relate to each other in the BRICS countries

The study's structure is divided into multiple sections to deliver a broad analysis of the green
energy revolutions in the BRICS nations. The first part serves as an introduction, while the second
part examines pertinent research on the relationship between carbon neutrality, green energy
transition, technical innovation, and green finance. The data sources and empirical methodologies
are then described in the third segment. The outcomes are clarified in the section of discussion and
empirical findings. Finally, the last section provides a summary of the conclusions.

2. Literature Review

The effect of technical advancement, green financing, and the shift to green energy on carbon
neutrality has received a lot of attention lately. There is not much research on the BRICS nations,
despite the fact that numerous studies have examined this connection in diverse geographical areas.
The chief purpose of the study is to examine the body of existing literature while emphasizing
important discoveries and theoretical viewpoints.

2.1. Green Energy Transition and Carbon Neutrality

the concept of energy transition, which refers to the structural shift from fossil fuel-based energy
systems to low-carbon and renewable energy sources such as solar, wind, and hydropower. From a
theoretical standpoint, energy transition is essential for decoupling economic growth from carbon
emissions. Traditional growth models, particularly those based on fossil fuel dependency, assume a
direct and positive relationship between energy consumption and environmental degradation.
However, the transition toward renewable energy alters this relationship by enabling cleaner
production processes and reducing the carbon intensity of economic activities. According to
ecological modernization theory, technological progress and structural changes in the energy sector
can lead to environmental improvements without compromising economic performance. Thus,
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energy transition serves as a primary mechanism for achieving carbon neutrality by directly lowering
greenhouse gas emissions. Now day’s fighting with climate modification is the major challenge of the
nation. It is very essential to change the procedure of energy system to shrink pollution (Tshikovhi et
al., 2023; Singh, 2021; Igbal et al., 2011; Sims, 2004; Caineng et al. 2021). Renewable energy sources
must be used to produce little or no carbon emissions. For instance, Rabbi et al., (2022) focussed on

energy transition, energy efficiency, and energy security. The BRICS countries may shift to a clean
energy economy and reach carbon neutrality by identifying alternate clean energy supply sources,
reducing energy use, and developing renewable energy (Zhang et al., 2025). Shen et al., (2021)

employed sophisticated econometric techniques in their study and reached the conclusion that the
environmental Kuznets Curve hypothesis is accurate for the BRICS region.

Achieving carbon neutrality is aided by the generation of electricity from renewable resources.
CO2 emissions are decreased when electricity is generated from renewable sources (Mostafaeipour
et al., 2022; Xianyong & Zixuan, 2022. However, any attempt to speed up the energy transition

depends on accurately identifying the motives and their effects on the overall alteration because it is
difficult to comprehend how complicated the energy switch strings or cause are (De La Pena, 2022).

The years 2021-2030 are a crucial period in human history. There is a serious risk of irreparable harm
to the global environment if civilization locks in dirty, high-carbon capital (Raza et al., 2025; Stern &

Xie, 2020). Most researcher believe that the most crucial technological instrument and the cornerstone
for reaching the carbon neutrality goal is a power sector that is controlled by renewable energy. For
instance, stated that according to the majority of organizations and academics, Under the carbon
neutral scenario, the proportion of renewable energy in primary energy would increase from around
10% in 2020 to over 70% in 2060 (Zhao et al., 2022). Many businesses are making significant
investments in biofuels in an effort to quicken the world's energy transition. The energy needs of the

transportation sector in modern civilization are largely met by petroleum-based fuels (Khan et al.,
2021). However, the environment is harmed by greenhouse gas emissions produced when fossil fuels
are burned in engines. Most researcher agree that biofuels are a viable substitute for environmentally
friendly transportation and economic growth (Khan et al, 2021). Although biofuel vehicles can

reduce carbon emissions, they use more energy than gasoline-powered vehicles. Therefore, Chang et
al., (2017) confirmed through their studies that biofuel vehicles advocate for carbon neutrality yet,
better energy efficiency is necessary for complete sustainability. These days, solar, wind,
hydropower, nuclear, and hydrogen are the main new energy sources that help the power sector
achieve low carbon emissions (Elshkaki & Shen, 2022). The energy source of the future, "green

hydrogen," further aids in the reduction of carbon emissions in the industrial and transportation
sectors (Hassan et al., 2024). Developed countries are using their financial resources and well-

established infrastructure to design effective plans to cut carbon emissions (Ihemeson, 2023). On the

other hand, developing nations have to simultaneously manage energy security and address climate
issues.

Despite these obstacles, a number of developing countries show deliberate commitment by allocating
large funding to renewable energy projects (Ahmad et al., 2025; Falcone, 2023). In the meanwhile, the

least developed nations face the difficult challenge of coordinating climate policies with pressing
development requirements, frequently looking for creative ways to make sustainable progress.

H1: Green Energy transition significantly contributes to achieving carbon neutrality in BRICS countries

2.2. Technological Innovation and Carbon Neutrality

Technological innovation also plays an indirect role in strengthening the effectiveness of energy
transition. For instance, advancements in energy storage technologies, smart grids, and digitalization
improve the reliability and efficiency of renewable energy systems. Moreover, innovation reduces
the cost of clean technologies over time through learning-by-doing and economies of scale, thereby
accelerating their adoption. As a result, economies with higher levels of technological capability are
better positioned to achieve rapid decarbonization and progress toward carbon neutrality. The

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0886.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0886.v1

5 of 27

environment is improved by the consumption of clean energy. Technological advancements and the
consumption of non-energy resources hinder environmental quality. Economic growth positively
influences emissions and the ecological footprint (Raghutla and Chittedi, 2023). As global concern

over climate change grows, energy consumption and associated carbon emissions are gaining more
attention alongside the BRICS countries' growing economic growth. There are two different roles as
stated by Santra, (2017) that environmental policy might play in the economic process. Businesses
can either spend in R&D to create new "cleaner” technology or adopt or buy already-existing "cleaner"
technology. It is very crucial to promote environmentally friendly technological innovation along
with sustainable tourism to achieve sustainable development in BRICS nation. For instance, Ullah et
al., 2023 in their study has made use of contemporary methodology methods such as the panel data
unit root tests, Westerlund cointegration tests, and CS-ARDL tests, which concluded that carbon
dioxide emissions would increase by 1.79%, 0.15%, and 0.10%, respectively, for every 1% increase in
economic evolution, technological invention, and natural resources over the lengthy run. On the
other hand, carbon dioxide emissions would drop by 0.39% for every 1% rise in tourism. The
relationship between economic progress and carbon emissions is U-shaped in Brazil, India, and
China, whereas it is inverted in South Africa and Russia, according to the findings of Zhang's, (2021)
Environmental Kuznets Curve (EKC) test. Su et al., (2023) findings suggest a unidirectional causal
association between GDP growth and technological innovation and CO2 emissions investigates TI's
contribution to carbon emission mitigation. The results show that TI affects CO2 in both positive and
negative ways. The negative impact implies that TI is an effective approach for lowering CO2
emissions.

In contrast, however all the technology does not impact carbon emission in the same way. For
instance, fixed telephone lines, broad band services, high technological export and electric power
consumption enhances carbon emission. BRICS nation should use better technology and innovation
policies_(Su_et al., 2021). The ecological footprint of the BRICS economies from 1990 to 2017 was

confirmed to increase with economic expansion and technological innovation using panel quantile
regression. Causality experiments validated both unidirectional and bidirectional links, highlighting
the need for well-coordinated environmental measures (Behera et al., 2024; Awosusi, 2022).

Technological progress weakens sustainable economic growth because of excess production and
energy use. As industry expands progress of carbon neutrality slows down as stated by Andrew,
(2024). Hence Ma et al., 2022 confirmed that policymakers and environmentalists should consider the

effects of both positive and negative shocks when formulating their plans. In general, technological
innovation helps achieve the objectives of carbon neutrality and emission reduction.

H2: Higher technological innovation significantly leads to enhance carbon neutrality in BRICS countries

2.3. Green Finance and Carbon Neutrality

The third pillar of this theoretical framework is green finance, which provides the necessary
financial resources to support investments in renewable energy and green technologies. Green
finance encompasses a wide range of financial instruments, including green bonds, sustainable loans,
and climate funds, designed to promote environmentally sustainable projects. From a theoretical
perspective, green finance addresses market failures associated with environmental externalities and
information asymmetry. Traditional financial systems often underinvest in green projects due to their
high initial costs, long payback periods, and perceived risks. Green finance mechanisms help
overcome these barriers by channeling capital toward sustainable investments and incentivizing
environmentally responsible behavior. Scholars have conducted a great deal of study on the role that
green finance plays in achieving energy conservation and advancing the low-carbon economic
transition. Green credit incentives are particularly advantageous for China's three main economic
zones: the eastern, central, and western regions (Tang et al., (2025). It has been verified that CO2

emissions and GFN, fintech, are causally related in both directions (Jamel & Zhang, 2024). It is
recommended by Udeagha and Muchapondwa, (2023) studies that the BRICS nations should increase
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the capacity of banks and other financial institutions to offer green credit facilities and accelerate the
development of green financial products. The BRICS countries use green energy and green financial
innovation to lower CO2 emissions from transportation. Green logistics, green innovation, and
renewable resources are powerful motivators for implementing neutrality (Du et al., 2023; Tetteh et
al., 2025). FinTech and sustainable finance, help the BRICS countries overcome their challenges,
especially those pertaining to energy production and environmental degradation. According to Dai

et al., (2025), a mix of policy measures and financial innovation can promote the green energy
transition plan of the BRICS countries. Global carbon footprint (CF) reduction is one of GNF's most
significant effects. By providing funding to projects and programs that promote sustainable
development, energy from renewable sources, energy conservation, and other ecologically beneficial
endeavors, GNF accelerates the nation's transformation to a low-carbon economy (Amin et. al., 2025).

To examine the connection between financial technology, green finance, natural resource rent, and
economic growth in achieving environmental friendly goals, “the cross-sectionally augmented
autoregressive distributed lag approach was used”(Bel Hadj Miled, 2025 ; Ouni & Ben Abdallah,
2024) The findings demonstrate that fintech may effectively enhance green projects' financial aspects

while lowering carbon emissions. Jin et al., (2023) examines empirically how 38 OECD member states'
carbon neutrality targets, spanning the years 2013-2021, are impacted by green funding and
renewable energy sources. Based on the predicted results, the OECD would achieve more progress
toward the carbon neutrality aim if more green bonds were issued. However, environmental
deterioration in China is accelerated by urbanization and economic growth. To attain long-term
environmental sustainability, policymakers should support clean energy, innovation-based
development, and sustainable financing (Feng, 2022). Some researchers spoke about green finance is
better than brown and black funds for supporting and investing in zero carbon sustainable projects.
Using monthly data from 2011 to 2019, Ji et al., (2021) analyze “6519 actively managed mutual funds
in the BRICS after dividing them into black, brown, and green groups based on their investment
properties”. The green funds' performance adjusted for risk outperforms that of the brown and black
funds, offering strong evidence of the green equity funds' ability to predict volatility. The findings
support the idea of investing in zero-carbon projects. In China, green transportation, clean energy,
and pollution control are the main areas where green finance capital investments are concentrated.
By fostering the growth of green finance, according to Kong., (2022) new energy technologies can be
developed, which will help attain carbon neutrality targets. Many other studies uses common
correlated effect means group (CCEMG), to scrutinise the effects of financial growth and
environmental legislation on carbon emanations in the BRICS countries between 1995 and 2016
(Sarfraz et al., 2021; Zhakanova Isiksal, 2021) Which concluded that environmental rules are also

proven to impair the environment by increasing carbon emissions, the empirical data show that
financial development leads to carbon emissions (Baloch and Danish, 2022). Similarly environmental

degradation and green finance have a negative and strong correlation, indicating that green finance
is crucial for halting environmental degradation while simultaneously promoting economic growth.
To sum up, research done by Chin, (2022) BRI member states ought to keep pushing green finance by
putting in place incentive programs including lowering corporate taxes, creating a green credit
guarantee program, and subsidizing interest rates for green loans.

On the other hand, in contrast economic expansion and financial innovation raise carbon
emissions from transportation and worsen environmental conditions. (Umar et al., 2020; Du et al.,

2024). Hence many researchers strongly advise that policy proposals be made to implement a carbon
tax and promote innovation in green finance (Wu et al., 2025; Masoud, 2025)

H3: Green finance significantly promotes carbon neutrality in BRICS countries

The relationship between environmental sustainability and its economic determinants has been
widely explored in the literature (Grossman & Krueger, 1995; Stern, 2017). A growing number of
studies indicate that renewable energy consumption significantly reduces carbon emissions and
supports cleaner energy transitions (Bekun et al., 2019; Nathaniel and Khan, 2020). Similarly, green
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finance has been identified as a key mechanism for channeling investments toward environmentally
sustainable projects (Wang and Zhi, 2016; Ullah et al., 2022). In addition, technological innovation
enhances energy efficiency and contributes to emission reduction by promoting cleaner production
processes (Su and Moaniba, 2017; Razzaq et al., 2021). Despite these contributions, the literature
exhibits several limitations. Most studies focus on bilateral relationships, such as energy emissions
or finance environment linkages, without capturing the combined effects of multiple determinants
(Sadorsky, 2010; Acheampong et al, 2020). Moreover, limited attention has been given to
distinguishing green finance from conventional financial development, leading to conceptual
ambiguity in empirical analyses (Lee and Lee, 2022). Furthermore, many studies overlook cross-
country heterogeneity and interdependencies, particularly in the context of BRICS economies
(Pesaran, 2006; Baltagi et al., 2012). In light of these gaps, the present study adopts a multidimensional
framework that simultaneously incorporates green energy transition, technological innovation, and
green finance. This integrated approach provides a more comprehensive understanding of the
determinants of carbon neutrality and extends the existing literature by addressing methodological
constraints, data limitations, and variable-specific considerations, in addition to the geographical
scope, to provide a more comprehensive discussion.

3. Data and Methodology

This study utilizes annual data from the World Bank and the World Development Indicators
(WDI 2025) covering the period 1990-2024 for BRICS countries (Brazil, Russia, India, China, and
South Africa). The dependent variable is carbon emissions (CO,) as a proxy for carbon neutrality. The
key independent variables include green energy transition (renewable energy consumption),
technological innovation (green patents), and green finance. Control variables such as GDP and trade
openness are incorporated to avoid omitted variable bias. The study adopts a deductive research
approach using secondary data to test hypotheses derived from environmental and endogenous
growth theories. To ensure robust and reliable results, advanced panel econometric techniques are
applied, including cross-sectional dependence tests, panel unit root and cointegration analysis, PMG-
ARDL for long- and short-run dynamics, FMOLS, DOLS, and Dumitrescu-Hurlin panel causality
tests. Table 1 presents the variables, measurements, data sources, and expected signs, while Figure 1
illustrates the theoretical framework of the study.

Table 1. Variable Names and Description.

Acronym Variable Title Measurement Data Source
Co, Carbon Emissions CO; emissions (@etric tons per World Bank and World Development
capita) Indicator

CET Green Energy Transition Renewable energy consumption (% World Bank and World Development

of total final energy consumption) Indicator
I Technological Green patent applications World Bank and World Development
Innovation (residents) Indicator
. G'r cen creditis allocated to the World Bank and World Development
GF Green Finance private sector as a percentage of .
Indicator
GDP
World Bank World Devel
GDP Economic Growth ~ GDP per capita (constant 2015 US$) orld Bank and . orld Development
Indicator
TO Trade Openness Trade (% of GDP) World Bank and World Development
Indicator

3.1. Model Specifications

The empirical model is developed based on prior environmental and energy-growth literature
(e.g., Saidi and Hammami 2017; Dinh et al. 2019; Sahoo and Sethi 2021; Yusuf et al. 2020; Ali et al.
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2022; Igbal et al. 2020), with modifications aligned to the objective of assessing carbon neutrality in
BRICS countries (Brazil, Russia, India, China, and South Africa). In this study Equation (1) specifies
carbon neutrality conceptually defined as the achievement of net-zero carbon emissions, where total
greenhouse gas emissions are balanced by carbon removal or offset mechanisms as the dependent
variable. Due to the absence of consistent and comparable cross-country data on net carbon balance,
this study employs carbon emissions (CO, emissions, measured in metric tons per capita) as a proxy
to empirically capture progress toward carbon neutrality. The explanatory variables include Green
Energy Transition (GET), proxied by renewable energy consumption (% of total final energy
consumption); Technological Innovation (TI), measured by green patent applications (residents);
Green Finance (GF), proxied by green credit allocated to the private sector as a percentage of GDP;
Economic Growth (GDP), represented by GDP per capita (constant 2015 US$); and Trade Openness
(TO), measured as trade (% of GDP). Thus, while carbon neutrality and CO, emissions are not
conceptually identical, reductions in carbon emissions represent the most direct and measurable
pathway toward achieving net-zero targets. Accordingly, CO, emissions serve as a suitable empirical
proxy for carbon neutrality in the econometric framework. The basic functional form of the model is
expressed as follows:

€Oy = f(GET;, Tly, GFyr, GDP;y, TOf) .. . ... (1)

All variables are transformed into natural logarithmic form to reduce heteroscedasticity and
facilitate elasticity interpretation. The log-linear specification is presented as follows

LnCOZit =°C0+ ,BllnGETit + ﬁzlnTIit + ﬁ3lnGFit + ﬁ4lnGDPl-t + ,lenTOit + Eite (1)

Here, i denotes the country and t represents the time period. LNCO; is the natural logarithm of
carbon emissions, reflecting environmental pressure. LNGET represents renewable energy
consumption as a proxy for green energy transition. LNTI captures technological innovation,
measured through green patent applications. LNGF denotes green finance indicators (e.g., green
credit or climate-related financial flows). LNGDP reflects economic growth, and LNTO indicates trade
openness as a percentage of GDP. The term ¢ represents the stochastic error term

3.2. Methods of Estimation

This study applies panel data techniques to empirically examine the impact of Green Energy
Transition (GET), Technological Innovation (TI), and Green Finance (GF) on carbon emissions (CO.)
in BRICS countries (Brazil, Russia, India, China, and South Africa). Panel estimation is appropriate
due to limited time-series observations (1990-2024) and the presence of cross-country heterogeneity.
The empirical analysis follows a systematic five-step procedure: slope homogeneity test, cross-
sectional dependence test, panel unit root analysis, panel cointegration test, and long-run as well as
causality estimations.

3.3. Slope Homogeneity Test

To determine whether slope coefficients are homogeneous across BRICS countries, the Pesaran
and Yamagata (2008) slope homogeneity test is employed in equation 3. Given structural, economic,
and policy differences among BRICS economies, slope heterogeneity is expected in equation 4. The
test statistics are expressed as:

1, (1g
ASH = N1/2(2K) o (F8—K) v (3)

2K(T — K — 1)_1 /o (bs-x)

~ 1
AASH = N'/2
771
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3.4. Cross-Sectional Dependence (CSD) Test

To account for economic interlinkages among BRICS nations, the Pesaran (2015) CD test is

Considering possible cross-sectional dependence and heterogeneity, second-generation unit

applied in equation 5.

3.5. Panel Unit Root Test

root tests are employed. The Cross-Sectional Augmented Dickey-Fuller (CADF) and Cross-Sectional
IPS (CIPS) tests proposed by Pesaran (2007) are used. The CIPS statistic is equation 6.

N
1
CIPS = NZ ti (N, T) oo eve e e (6)
i=1

The Cross-sectionally Augmented Dickey-Fuller (CADF) regression equation is presented in
Equation (7). This specification extends the conventional ADF framework by incorporating cross-
sectional averages of both lagged levels and first differences of the series to account for cross-sectional
dependence among panel units. Here, J, represents the cross-sectional mean of the variable, while

A denotes the first difference operator. The inclusion of these additional terms improves the
reliability of unit root testing in the presence of cross-sectional dependence.

AYy = o+ GV + 6;Y, 4 + Z T AY g + Z 0i; AY; 1 + &g o . @)
= =

3.6. Panel Cointegration Test

To explore the long-run relationship between CO,, GET, TI, GF, GDP, and TO, Westerlund’s
(2007) cointegration test with bootstrap procedure is employed to address cross-sectional
dependence. The group-mean and panel-mean statistics are:

1 oN a’;

Ga = ; i=1 SE(a'L-) ....................... (8)
T 15
=y 1a‘21) .................... )
_ai
Po= s (10)
Po=Ta ... (11)

Equations (8) and (11) present the group-mean and panel-based test statistics used to examine long-
run relationships in the panel framework. Equations (8) and (9) capture cross-sectional heterogeneity
by averaging standardized coefficients across units, while Equations (10) and (11) assess individual
and panel-level statistical significance. Together, these statistics provide robust evidence on the
existence of cointegration by integrating both individual and aggregate panel dynamics.
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3.7. Long-Run and Robustness Estimation

After confirming cointegration, the Pooled Mean Group (PMG-ARDL) model is used to estimate
long- and short-run dynamics. For robustness, Fully Modified OLS (FMOLS) and Dynamic OLS
(DOLS) estimators are applied. Furthermore, to assess causal relationships among variables, the
Dumitrescu-Hurlin (2012) panel causality test is employed:

Equation (12) specifies a dynamic panel model in which the current value of the dependent
variable Z;;is determined by its own lagged values as well as the lagged values of the explanatory
variable Tj;. The inclusion of lag terms captures the dynamic adjustment process and temporal
dependencies across time.

Furthermore, the model allows for cross-sectional heterogeneity through individual-specific
intercepts ;, while the parameters ﬁl] and )/l-] measure the impact of past values of the dependent
and independent variables, respectively. This framework is commonly used in panel econometrics to
analyze both short-run dynamics and long-run relationships.

Equation (13) defines the hypothesis framework for testing causal relationships among
variables. The null hypothesis Hy: ,Bi(k) = 0 implies that there is no causal relationship from the
explanatory variable to the dependent variable across cross-sectional units. In contrast, the alternative

hypothesis H;: ﬁi(k) # 0 indicates the presence of unidirectional causality, meaning that changes in
the explanatory variable significantly influence the dependent variable.

H: ,Bi(k) =0 (No causality) (13)

H,: ﬁgk) # 0 (Unidirectional causality)

Hy: Bi(k) = 0 (no causality) ... .........(13)

Hy: Bi(k) # 0 (Unidirectionally causality)

This comprehensive estimation strategy ensures reliable inference regarding the contribution of
green energy transition, technological innovation, and green finance to achieving carbon neutrality
in BRICS countries.

Figure 1 presents the comprehensive data analysis framework employed in this study. The
empirical strategy follows a structured panel data approach to examine the relationship between
carbon emissions and its key determinants over the period 1990-2024.
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Figure 1. Econometric framework (Alhashim, et al., 2024; Chishty et al., 2025; Shuaib, et. al., 2025).
4. Results and Discussion

4.1. Descriptive Statistics

Table 2 presents the descriptive statistics for the variables used in examining the contribution of
green energy transition, technological innovation, and green finance to carbon neutrality in BRICS
countries over the period 1990-2024. All variables are transformed into logarithmic form to ensure
consistency, reduce heteroskedasticity, and improve normality. The mean value of carbon emissions
(LNCOy) is 1.28, accompanied by a standard deviation of 0.96 and a maximum value of 2.64, reflecting
a moderate degree of variation among BRICS economies. This suggests that although the overall
emission levels are relatively balanced across countries, there remains a noticeable disparity, with
some economies exhibiting higher emissions due to variations in industrial development and energy
consumption structures. However, green energy transition (LNGET), proxied by renewable energy
consumption, has a mean of 3.02, a standard deviation of 0.74, and a maximum value of 3.97,
reflecting a gradual yet uneven adoption of renewable energy technologies among member countries.

Technological innovation (LNTI) reports an average value of 8.52, with a relatively high
standard deviation of 2.37 and a maximum of 14.36, indicating a substantial disparity in innovation
performance among BRICS nations. This heterogeneity is mainly driven by differences in R&D
investment, technological capabilities, and institutional support. For instance, China demonstrates
significantly higher patent activity due to its strong innovation ecosystem and policy support,
whereas India and other emerging economies exhibit relatively lower levels of green patent
development due to resource and infrastructure constraints

Green finance (LNGF) shows a mean value of -0.43, a relatively high standard deviation of 1.47,
and a maximum of 2.90, indicating substantial disparities in financial sector development and the
mobilization of sustainable finance across BRICS countries..

Economic growth (LNGDP) has an average of 8.07, with a standard deviation of 0.98 and a
maximum value of 9.48, reflecting relatively stable but differentiated income levels across BRICS
economies. This moderate variation is primarily driven by differences in economic size, industrial
structure, and growth trajectories.

Trade openness (LNTO) records a mean of 3.70, a low standard deviation of 0.32, and a
maximum of 4.19, suggesting relatively stable trade integration among BRICS countries
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Table 2. Summary Statistics and Correlation Matrix.

LNCO, LNGET LNTI LNGF LNGDP LNTO

Mean 1.28 3.02 8.52 -0.43 8.07 3.70
Maximum 2.64 3.97 14.36 2.90 9.48 4.19
Minimum -0.36 1.18 493 -4.34 6.28 2.74

Std. Dev. 0.96 0.74 2.37 1.47 0.98 0.32
Observations 145 145 145 145 145 145

4.2. Correlation Analysis

Table 3, reports the correlation coefficients among the variables. Carbon emissions (LNCO,) are
negatively correlated with green energy transition (-0.91), technological innovation (0.02), and green
finance (-0.44), suggesting that improvements in renewable energy use, innovation capacity, and
sustainable finance are associated with lower emission levels in BRICS countries.

Table 3. Correlation Matrix.

LNCO. LNGET LNTI LNGF LNGDP LNTO
LNCO; 1.00

LNGET -0.91 1.00
LNTI 0.02 0.09 1.00
LNGF -0.44 0.63 0.73 1.00
LNGDP 0.73 -0.74 0.22 -0.19 1.00
LNTO 0.58 -0.58 -0.11 -0.37 0.51 1.00

Conversely, economic growth (0.73) and trade openness (0.58) show positive correlations with
emissions, indicating that expansion in economic and trade activities may increase environmental
pressure. The correlation values remain below 0.95, confirming the absence of severe
multicollinearity among the explanatory variables. Weak correlations close to zero (e.g., between
trade openness and technological innovation, -0.05) indicate limited direct association between these
variables.

4.3. Slope Homogeneity Test

The slope homogeneity test confirms the presence of significant heterogeneity across BRICS
countries, indicating that the impact of explanatory variables on carbon emissions varies substantially
among member economies. This heterogeneity reflects differences in economic structure, energy mix,
institutional quality, and the level of technological and financial development. In particular, the
emission reduction effect of green energy transition is not uniform across countries. Economies with
a higher share of renewable energy in their energy mix tend to experience stronger emission
reductions, while countries with continued reliance on fossil fuels exhibit relatively weaker effects.
Similarly, the effectiveness of technological innovation varies depending on the orientation of
innovation activities—whether they are directed toward green technologies or conventional
industrial expansion. Green finance also demonstrates heterogeneous impacts across BRICS countries
due to variations in financial market maturity, regulatory frameworks, and the scale of sustainable
investments. In economies where green financial systems are more developed, the allocation of
capital toward environmentally friendly projects is more efficient, resulting in stronger
environmental outcomes. In contrast, countries with emerging or less developed green finance
frameworks experience limited short-term benefits. Trade openness further contributes to
heterogeneous outcomes through differing compositions of trade and industrial specialization.
Countries exporting cleaner technologies or less energy-intensive goods may benefit from reduced
emissions, whereas those specializing in resource- or energy-intensive exports may experience
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increased environmental pressure. These heterogeneous patterns are consistent with existing
literature. Acemoglu et al. (2012) emphasize that the environmental impact of technological change
depends on its direction and policy support. Stern (2007) highlights that structural and institutional
differences across countries significantly influence the effectiveness of climate mitigation strategies.
Additionally, Frankel and Rose (2005) argue that the environmental effects of trade openness vary
depending on country-specific economic characteristics.

Tables 4 and 5, the study examines the stationarity properties of the selected variables after
establishing the presence of cross-sectional dependence (CSD) and slope heterogeneity. Accordingly,
the CIPS, CADF and Levin et al. (2002 unit root tests are employed, as both tests yield reliable and
consistent results in the presence of CSD and heterogeneous slopes.

Table 4. Slope Heterogeneity Test.

Test Statistics Coefficient p-value
A test 2.56** 0.06
A adj 3.43*** 0.00

Note: ***, ** and * indicate significance at 1%, 5%, and 10% levels, respectively.

Table 5. Cross-Sectional Dependence (CSD) Test Results.

Variables CD Statistic p-value Decision
LNCO, 5.51%** 0.00 Cross-sectional dependence
LNGET 10.38*** 0.00 Cross-sectional dependence
LNTI 5.59%** 0.00 Cross-sectional dependence
LNGF -3.07%** 0.00 Cross-sectional dependence
LNGDP 16.86*** 0.00 Cross-sectional dependence
LNTO 6.927%** 0.00 Cross-sectional dependence

Note: ***, *, and * represent significance at 1%, 5%, and 10% levels.

4.5. Panel Unit Root Test

To determine the order of integration of the variables, second-generation panel unit root tests
are applied in Table 6, considering slope heterogeneity and cross-sectional dependence among BRICS
countries (Brazil, Russia, India, China, and South Africa). The Cross-Sectionally Augmented IPS
(CIPS), Cross-Sectionally Augmented Dickey-Fuller (CADF), and Levin et al. (2002) tests are
employed. The null hypothesis assumes that the variables are non-stationary.

Table 6. Panel Unit Root Test Results.

(A) Cross-Sectionally (CIPS)
Variable Level (Stat.) Prob. First Diff. (Stat.) Prob. Decision

LNCO, -0.11 0.45 -3.83** 0.00 I(1)
LNGET -0.43 0.33 -3.33*** 0.00 I(1)
LNTI 1.12 0.87 -4.60*** 0.00 I(1)
LNGF -16.93%** 0.00 -15.19%** 0.00 1(0)
LNGDP 1.64 0.85 -3.82%** 0.00 I(1)
LNTO -2.49%** 0.00 -11.45*** 0.00 1(0)

Note: ***, *, and * indicate significance at 1%, 5%, and 10%, respectively.

(B) Cross-Sectionally (CADF)
Variable Level (Stat.) Prob. First Diff. (Stat.)  Prob. Decision
LNCO, 12.39 0.25 33.81*** 0.00 I(1)
LNGET 8.84 0.54 34.01*** 0.00 I(1)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0886.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0886.v1

14 of 27

LNTI 7.40 0.68 47.83%% 0.00 1(1)
LNGF 21.51%% 0.00 20.82%** 0.00 1(0)
LNGDP 7.92 0.63 35.02%% 0.00 1(1)
LNTO 27.13%* 0.00 69.30%** 0.00 1(0)

Note: ***, *, and * indicate significance at 1%, 5%, and 10%, respectively.

(C) Levin et al. (2002)

Variable Level (Stat.) Prob. First Diff. (Stat) Prob. Decision
LNCO, -0.85 0.19 -3.82%** 0.00 I(1)
LNGET -1.53 0.06 -1.49%* 0.00 I(1)

LNTI -0.86 0.19 -2.98*** 0.00 I(1)
LNGF -34.52%** 0.00 -33.21%** 0.00 1(0)
LNGDP -1.66*** 0.00 -3.97%** 0.00 I(1)
LNTO -2.38*** 0.00 -14.00*** 0.00 1(0)

Note: ***, *, and * indicate significance at 1%, 5%, and 10%, respectively.

Table 6, The results of the CIPS, CADF, and Levin et al. (2002) tests indicate that all unit root tests
using a consistent specification based only on the individual intercept become stationary at both level
and first differences. This suggests that the variables are integrated of mixed order, implying the
possible existence of a long-run cointegration relationship among them.

4.6. Westerlund (2007) Panel Cointegration Test

Following the application of unit root tests, the study proceeds to investigate the presence of
long-run cointegration. Accordingly, the Westerlund cointegration test is employed, and the
estimated results are reported in Table 7. The findings indicate that all variables are cointegrated in
the long run, as evidenced by both the panel and group statistics.

Table 7. Westerlund Cointegration Test Results.

Statistics Value Z-value P-value Outcome
Gt 4.87 3.96"** 0.00 Cointegration
Ga -3.28*** -4.52** 0.02 Cointegration
Pt -4.51%%* -5.67*** 0.00 Cointegration
Pa -1.19** -2.63* 0.06 Cointegration

Note: ***, ** and * denote significance at 1%, 5%, and 10%, respectively.

the Gt and Ga statistics test cointegration at the individual country level, while Pt and Pa test
cointegration at the panel level under the null hypothesis of no cointegration. The majority of
statistics reject the null hypothesis, confirming the presence of a long-run equilibrium relationship
among the variables. The confirmation of cointegration implies that green energy transition,
technological innovation, and green finance have a stable long-term association with carbon
emissions in BRICS countries. Consequently, the PMG-ARDL approach is employed to estimate long-
run and short-run dynamics. The selection of PMG-ARDL is justified by its suitability for small
sample sizes and its ability to handle mixed integration orders while allowing short-run
heterogeneity across countries. The long-run estimation results are presented in Table 8.

Table 8. Pooled Mean Group Autoregressive Distributed Lag (PMG-ARDL) Results. Long-Run and Short-Run

Estimates.

Variables Long Run Coef. Std. Error  Short Run Coef.  Std. Error
LNGET -0.45*** 0.18 -5.65** 2.60
(-0.25) (-2.17)
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LNTI -0.17% 0.05 2.45 2.38
(-3.40) 1.02
LNGF -0.10** 0.12 -3.49 278
(-2.33) (-1.25)
LNGDP 0.43*%* 0.18 7.43 473
2.38 1.63
LNTO -0.87* 0.25 433 3.43
-3.48 1.26
ECT(-1) -0.76* 0.89
(-0.85)

Note: ***, ** and * denote significance at 1%, 5%, and 10%, respectively.

4.7. PMG-ARDL Long Run Analysis

PMG-ARDL results for BRICS countries, using D(LCO2) as the dependent variable over the
period 1990-2024 (145 observations), with the optimal lag structure selected based on the Akaike
Information Criterion (AIC). The ARDL(1,1,1,1,1) model is identified as the preferred specification,
incorporating LNGET, LNTI, LNGF, LNGDP, and LNTO with one lag each along with a constant
term, ensuring a parsimonious and well-fitted framework.

In the long run, Green Energy Transition (LNGET) has a negative and statistically significant
coefficient (-0.45) at the 1% level. This implies that a 1% increase in renewable energy consumption
reduces carbon emissions by approximately 0.45%, confirming the crucial role of renewable energy
in achieving carbon neutrality. The empirical findings indicate that Green Energy Transition
(LNGET) has a negative and statistically significant impact on carbon emissions in the long run,
suggesting that an increase in renewable energy consumption contributes to environmental
improvement. From a theoretical perspective, this result supports the ecological modernization
theory, which argues that technological innovation and cleaner energy systems can reduce
environmental degradation while sustaining economic development. It also aligns with the energy
transition framework, which emphasizes the gradual shift from fossil-fuel-based energy systems
toward renewable and sustainable energy sources to achieve carbon neutrality. Several studies have
documented a negative relationship between renewable energy consumption and carbon dioxide
emissions. Increasing the share of renewable energy significantly reduces environmental pollution
and promotes sustainable development (Huang et al., 2021; Polat & Kizilkan, 2022; Hasnisah et al.,
2019). While some empirical studies report a positive relationship between renewable energy
consumption and carbon dioxide emissions, particularly in developing economies where fossil fuels
still dominate the energy mix and renewable energy adoption remains limited (Sadorsky, 2009;
Apergis & Payne, 2010; Zhang & Cheng, 2009; Pata, 2018).

However The long-run coefficient of technological innovation (LNTI) is negative and statistically
significant (-0.17), indicating that a 1% increase in technological innovation leads to a 0.17% reduction
in carbon emissions in the long run. This finding suggests that technological progress plays a crucial
role in improving environmental quality by promoting energy efficiency and facilitating the adoption
of cleaner production techniques. The negative relationship explained by the technological
innovation enhances the development and diffusion of low-carbon technologies, such as renewable
energy systems, energy-efficient industrial processes, and carbon capture mechanisms. Over time,
these innovations reduce reliance on fossil fuels and lower overall emissions. However, the impact
of technological innovation is typically observed in the long run rather than the short run, as it
requires time for research and development, commercialization, and large-scale adoption. These
findings are consistent with prior studies that highlight the role of innovation in environmental
sustainability. For instance, Aghion et al. (2016) argue that green innovation is essential for achieving
sustainable growth and reducing emissions. Similarly, Wang, et. al., (2019) find that technological
advancements significantly contribute to carbon emission reduction in emerging economies.
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Similarly, The long-run coefficient of green finance (LNGF) is negative and statistically
significant (-0.10), indicating that a 1% increase in green finance leads to a 0.10% reduction in carbon
emissions in the long run. This result suggests that green financial development plays a vital role in
promoting environmental sustainability by channeling investments toward environmentally friendly
projects.

The negative relationship can be explained by the fact that green finance facilitates funding for
renewable energy projects, energy-efficient technologies, and sustainable infrastructure. Over time,
such investments help reduce dependence on fossil fuels and improve environmental performance.
However, the impact of green finance is more pronounced in the long run, as financial markets
require time to mature, and green investments often have delayed environmental returns.

These findings are supported by previous studies. For instance, Zetzsche, et al. (2022) highlight
the importance of green finance in supporting sustainable development and climate mitigation.
Likewise, Lee, (2020) emphasizes that green financial policies and instruments significantly
contribute to reducing carbon emissions by directing capital toward low-carbon sectors.

Conversely, The long-run coefficient of economic growth (LNGDP) is positive and statistically
significant (0.43), indicating that a 1% increase in GDP leads to a 0.43% increase in carbon emissions
in the long run. This result suggests that economic expansion in the sampled economies is associated
with higher environmental pressure, primarily due to increased energy consumption and industrial
activities.

The positive relationship explained by the fact that, in the early and middle stages of
development, economic growth is often driven by energy-intensive industries and fossil fuel
consumption. As production, urbanization, and infrastructure development expand, the demand for
energy rises, leading to higher carbon emissions. This phenomenon is consistent with the early phase
of the Environmental Kuznets Curve, which posits that environmental degradation increases with
economic growth before eventually declining at higher income levels.

These findings are supported by existing literature. For example, Grossman and Krueger (1995)
demonstrate that economic growth initially leads to environmental degradation. Similarly,
Muhammad et al. (2021) find that economic growth significantly increases carbon emissions in
developing and emerging economies due to reliance on conventional energy sources.

However, the long-run coefficient of trade openness (LNTO) is negative and statistically
significant (-0.87), indicating that a 1% increase in trade openness leads to a 0.87% reduction in carbon
emissions in the long run. This finding suggests that greater integration into the global economy
contributes to environmental improvement over time.

The negative relationship explained through the technology transfer and efficiency effect.
Increased trade openness allows countries to access advanced and cleaner technologies from
developed economies, which enhances production efficiency and reduces carbon intensity.
Moreover, exposure to international markets encourages firms to adopt environmentally friendly
standards and practices to remain competitive. Over time, this leads to a transition toward cleaner
production processes and lower emissions.

These results are supported by existing literature. For instance, Frankel and Rose (2005) argue
that trade openness improve environmental quality through income and technique effects. Similarly,
Copeland and Taylor (2004) highlight that international trade promotes cleaner technologies and
reduces pollution in the long run.

4.8. PMG-ARDL Short Run Analysis

In the short-run coefficient of green energy transition (LNGET) is negative and statistically
significant (-5.65), indicating that an increase in green energy transition leads to a substantial
reduction in carbon emissions in the short run. This result suggests that shifting from fossil fuels to
renewable energy sources has an immediate and direct impact on reducing environmental pollution.

The negative relationship explained by the fact that green energy transition involves the
replacement of carbon-intensive energy sources, such as coal and oil, with cleaner alternatives like
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solar, wind, and hydro energy. Unlike other variables, renewable energy adoption produces an
instantaneous effect on emissions, as it directly reduces the carbon intensity of energy consumption.
Therefore, even in the short run, increased reliance on clean energy significantly lowers CO,
emissions.

These findings are supported by previous literature. For instance, Stern, N. (2008) highlights that
transitioning to low-carbon energy systems is essential for immediate and long-term climate
mitigation. Similarly, Downie, C. (2020) emphasizes that renewable energy deployment leads to rapid
reductions in carbon emissions due to its direct substitution effect over fossil fuels.

However The estimated coefficient of technological innovation (TT) is 2.45, indicating a positive
but statistically insignificant relationship with carbon emissions in the short run. This suggests that a
1% increase in technological innovation is associated with an approximate 2.45% change in carbon
emissions; however, the lack of statistical significance implies that this effect is not robust in the short
term. This outcome to the fact that the environmental benefits of technological innovation are not
realized immediately, as they require sufficient time for development, diffusion, and effective
implementation (Zhang, 2010; Zhao et al., 2016; Li & Yue, 2024). Consequently, the impact of
technological innovation becomes more pronounced and statistically significant in the long run.

Moreover The short-run estimates reveal that green finance exerts a negative but statistically
insignificant effect on carbon emissions, with a coefficient of -3.49. This implies that a 1% increase in
green finance is associated with an approximate 3.49% reduction in carbon emissions; however, the
absence of statistical significance suggests that this effect is not robust in the short term. This finding
the underdeveloped nature of green financial markets and the time required for the effective
allocation and utilization of green funds in environmentally sustainable projects (Aghion et al., 2016;
Li & Yue, 2024). Consequently, the environmental benefits of green finance tend to materialize more
prominently in the long run.

Similarly, the short-run estimates indicate that a 1% increase in economic growth leads to a 7.43%
rise in carbon emissions; however, this effect remains statistically insignificant. This suggests that
although economic expansion tends to increase energy demand and emissions, its immediate
environmental impact is not sufficiently strong to yield a statistically robust relationship in the short
term. This may be due to structural adjustments, policy interventions, and transitional dynamics in
BRICS economies, where the scale effect of growth is partially offset by improvements in energy
efficiency and gradual adoption of cleaner technologies (Grossman & Krueger, 1995; Selden & Song,
1994). Consequently, the impact of economic growth on carbon emissions becomes more evident and
statistically significant over the long run as these structural effects fully materialize.

In the case of trade openness, the short-run results indicate that a 1% increase leads to a 4.33%
rise in carbon emissions; however, this relationship is statistically insignificant. This suggests that
while increased trade may initially contribute to higher emissions through the scale effect—by
expanding production and energy consumption—the immediate impact is not sufficiently strong to
establish statistical significance. In the short run, the environmental effects of trade openness remain
ambiguous, as the potential pollution-enhancing effects are often offset by efficiency gains, regulatory
adjustments, and gradual technology transfer processes in emerging economies such as the BRICS
countries (Grossman & Krueger, 1995; Bhagwati, 1993). Consequently, the impact of trade openness
on carbon emissions becomes more pronounced and statistically significant in the long run as
structural transformations and environmental policies take full effect.

In contrast, the error correction term (ECT-1 = —0.76**) implies that approximately 76% of the
short-run disequilibrium is corrected within a single period, indicating a strong speed of adjustment
toward the long-run equilibrium.

4.9. FMOLS and DOLS Robustness Test

Table 9, ensure the robustness of the long-run estimates, the study employs Fully Modified
Ordinary Least Squares (FMOLS) and Dynamic Ordinary Least Squares (DOLS) estimators. These
techniques effectively control for endogeneity and serial correlation, thereby providing reliable and

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0886.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0886.v1

18 of 27

efficient long-run coefficients. The empirical findings reveal a strong degree of consistency across
both estimators. Green Energy Transition (LNGET) exhibits a negative and statistically significant
impact on carbon emissions, with coefficients of —0.27 (p = 0.00) under FMOLS and -0.37 (p = 0.04)
under DOLS, confirming its effectiveness in reducing environmental degradation. Similarly,
Technological Innovation (LNTI) shows a negative relationship, with coefficients of —0.04 (p = 0.03)
in FMOLS and —0.09 (p =0.09) in DOLS, indicating that innovation contributes to emission reduction,
albeit with slightly weaker significance in the latter model. Green Finance (LNGF) also demonstrates
a consistent negative effect, with estimated coefficients of —0.02 (p = 0.02) in FMOLS and -0.12 (p =
0.08) in DOLS, highlighting its role in promoting environmental sustainability. In contrast, Economic
Growth (LNGDP) exerts a positive and statistically significant influence on emissions, with
coefficients of 0.64 (p = 0.08) and 0.49 (p = 0.01) in FMOLS and DOLS, respectively, suggesting that
higher economic activity is associated with increased carbon emissions. However, Trade Openness
(LNTO) presents mixed evidence. While it is positive and significant in the FMOLS model with a
coefficient of 0.69 (p = 0.04), it becomes statistically insignificant in the DOLS estimation (0.38, p =
0.14), indicating that its impact may be sensitive to model specification

Table 9. FMOLS and DOLS Robustness Test.

Variable FMOLS Coefficient Prob. DOLS Coefficient Prob.

LNGET -0.27%%* 0.00 -0.37** 0.04
LNTI -0.04** 0.03 -0.09* 0.09
LNGF -0.02** 0.02 -0.12* 0.08

LNGDP 0.64* 0.08 0.49%** 0.01
LNTO 0.69** 0.04 0.38 0.14

Note: ***, ** and * indicate significance at 1%, 5%, and 10% levels, respectively.

4.10. Dumitrescu—Hurlin (DH) Panel Causality Test

Table 10, report the Dumitrescu—Hurlin panel causality results reveal important dynamic
interactions among the variables. There is unidirectional causality from Green Energy Transition to
carbon emissions, indicating that renewable energy policies actively drive emission reductions in

BRICS countries.
Table 10. Dumitrescu—Hurlin (DH) Panel Causality Test Results.

Null Hypothesis W-Stat Zbar-Stat.  Prob. Direction of Causality
tggf:;;gg; 21176;* _10(175 ggg Uni-directional causality from GET to CO,
IﬂgcT)i : I}:ﬁgi 4'13'1:* -?(’)1998 822 Uni-directional causality from TI to CO,
tggj:ﬁ\?g; 3285: _2021?:1 ggg Uni-directional causality from GF to CO,
IT:?C();iéPL;Ié\IIé:];)I: iigg*:** i?i 881 Bi-directional causality between GDP and CO,

E(\zgzo:lj\?% 323725* (1)23 832 Weak causality from CO, to TO

Notes: ***, **, * represent rejection of the null hypothesis at 1%, 5%, and 10% levels. The symbol # implies “does not

homogeneously cause.

Similarly, technological innovation Granger-causes emissions, confirming that innovation-led
environmental improvements play a decisive role in advancing carbon neutrality. Green finance also
demonstrates unidirectional causality toward emissions, implying that sustainable financial
mechanisms directly influence environmental performance. A bi-directional causality between
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economic growth and emissions is observed, reflecting the growth—environment nexus in BRICS
economies. Meanwhile, trade openness shows weak or insignificant causal influence on emissions.
Collectively, these findings emphasize that green energy transition, technological innovation, and
green finance are not only statistically significant determinants but also dynamic drivers of carbon
neutrality in BRICS countries.

5. Conclusion and Policy Implication

This study examines the contribution of green energy transition, technological innovation, and
green finance to carbon neutrality in BRICS countries (Brazil, Russia, India, China, and South Africa)
over the period 1990-2024. The dependent variable is carbon emissions (CO), while the key
independent variables include renewable energy consumption (as a proxy for green energy
transition), technological innovation (patent applications), and green finance (financial development
and green credit indicators). Control variables such as economic growth and trade openness are also
incorporated to avoid omitted variable bias. To ensure robustness, several econometric techniques
are employed. Cross-sectional dependence (CSD) tests are applied to account for interdependence
among BRICS economies. Stationarity properties are examined using second-generation unit root
tests, including CIPS and CADE. Long-run relationships among the variables are investigated using
Westerlund cointegration tests. The PMG-ARDL model is used to estimate both short-run and long-
run dynamics. While AMG estimates reveal significant heterogeneity in country-specific effects. the
Additionally, FMOLS and DOLS estimators are applied for robustness checks, while the Dumitrescu—
Hurlin panel causality test is conducted to determine causal linkages. The empirical findings confirm
along-run cointegration relationship among green energy transition, technological innovation, green
finance, and carbon emissions. The results reveal that renewable energy consumption, innovation in
technology, and green finance significantly reduce carbon emissions in the long run, supporting the
carbon neutrality objective. However, economic growth tends to increase emissions, reflecting the
scale effect in rapidly developing BRICS economies. The robustness results from FMOLS and DOLS
are consistent with the PMG-ARDL findings. The causality analysis indicates unidirectional causality
running from green energy transition, technological innovation, and green finance to carbon
emissions, while a bidirectional relationship exists between economic growth and emissions.

These findings provide important policy implications for BRICS countries. Policymakers should
accelerate the transition toward renewable energy by improving clean energy infrastructure,
reducing fossil fuel dependency, and enhancing investment in solar, wind, and hydro technologies.
Strengthening technological innovation—particularly green and energy-efficient technologies—
should remain a priority to enhance environmental performance. Moreover, expanding green finance
mechanisms such as green bonds, sustainable banking regulations, and climate-related financial
disclosure frameworks can mobilize capital toward low-carbon projects.

The study highlights that achieving carbon neutrality in BRICS economies requires an integrated
strategy combining green energy transition, innovation-driven growth, and sustainable financial
development. However, this research focuses only on BRICS nations; future studies may extend the
analysis to a broader group of emerging and developing economies. Additionally, variables such as
institutional quality, environmental regulations, R&D expenditure, and climate policy stringency
could be incorporated in future research to deepen understanding of the determinants of carbon
neutrality.
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Appendix I

Table 11, The Variance Inflation Factor (VIF) results indicate that all explanatory variables have
VIF values below the critical threshold of 10, with an average VIF of 4.49. Similarly, the tolerance
values (1/VIF) are all above 0.10, with a mean value of 0.246. These findings confirm that
multicollinearity is not a serious concern in the model, thereby ensuring the robustness and reliability
of the estimated coefficients.

Table 11. The Variance Inflation Factor (VIF).

Variable VIF 1/VIF
LnRE 3.21 0.311
LnTI 5.48 0.182
LnGF 412 0.243
LnGDP 6.75 0.148
LnTO 2.89 0.346
Means VIF and 1/VIF 4.49 0.246
Appendix II

The PMG-ARDL results provide average long-run relationships across BRICS economies;
however, in the Table 12, AMG estimates reveal significant heterogeneity in country-specific effects.
In particular, while green finance generally reduces carbon emissions in Brazil, India, and China, its
impact is found to be insignificant in South Africa, suggesting that the effectiveness of green finance
depends on country-specific institutional and financial structures.

Table 12. AMG estimation model.

Brazil Russia India China South Africa

COINTEQO1 -0.040***(0.00)  -0.06***(0.00)  0.03***(0.00)  -0.07***(0.00) -0.05%**(0.00)
D(GF) -0.08***(0.01) 0.06**(0.02) -0.05***(0.00) -0.11*%(0.02) -0.02(0.20)

D(LRE) -0.84***(0.00) -0.15¥%(0.00)  -0.51***(0.00)  -0.72***(0.00) -0.04***(0.00)

D(LTI) -0.054***(0.00)  -0.02***(0.00)  -0.08***(0.00)  -0.03***(0.00) -0.02***(0.00)

D(LGDP) 0.76***(0.00) 0.46***(0.00) 0.48***(0.00) 0.39***(0.00) 0.91***(0.00)
D(LTO) 0.06***(0.00) 0.04***(0.00) 0.10***(0.00) 0.07***(0.00) 0.01(0.28)

Note: ***, ** and * indicate significance at 1%, 5%, and 10% levels, respectively.

Similarly, trade openness shows a positive and significant effect on emissions in most countries,
but remains insignificant in South Africa, possibly due to differences in trade composition and
regulatory frameworks. These findings highlight that panel-average results may mask important
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cross-country variations, and heterogeneous estimators such as AMG offer more nuanced and
realistic insights (Eberhardt & Teal, 2013; Pesaran, 2006).
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