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Abstract

Over the last few decades, environmental deterioration has accelerated significantly. Environmental degradation has been
a subject of research across the world because of its impact on billions of people. However, there has been no international
agreement on lowering the utilization of energy and CO, emissions (CO,), while demand for fossil fuels grows in emerging
economies. On the other hand, the recent COP26 summit brought all parties together to accelerate action toward reach-
ing the goals of the Paris Agreement and the UN Framework Convention on Climate Change. Although previous research
shows that international trade promotes positive socioeconomic outcomes, other experts argue that it contributes to natu-
ral resource shortages and ecological deterioration. Thus, the current research considers the effect of international trade,
renewable energy use and technological innovation on consumption-based carbon emissions (CCO,), coupled with the role
of financial development and economic growth in the BRICS economies between 1990 and 2018. Moreover, this research
utilizes the common correlated effects mean group (CCEMG), augmented mean group (AMG) and Dumitrescu and Hurlin
(2012) causality methods to assess these interrelationships. The study findings reveal that renewable energy use, exports and
technological innovation mitigate CCO,, whereas economic growth and imports trigger CCO, in the BRICS economies. The
panel causality outcomes also reveal that all the variables except financial development can predict CCO, emissions. Based
on the study findings, we recommend the adoption of policies, regulations and the development of legislative frameworks
that promote technological innovation and the shift toward sustainable energy.
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Abbreviations CSD Cross-sectional dependence
AMG Augmented mean group GDP Economic growth
BRICS Brazil, Russia, India, China and South Africa GHGs Greenhouse gas emissions
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CCEMG Common correlated effects mean group FD Financial development
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REC Renewable energy use
TEC Technological innovation
Introduction

Environmental deterioration is one of the most pressing
issues facing the world today, thus causing academics and
researchers to be keenly interested in the subject (Adebayo
and Acheampong 2021; Onifade et al. 2022; Alola et al.
2021). Air pollution is the most important driver of global
warming, despite the fact that there are numerous forms of
pollution. Greenhouse gas emissions (GHGs) are at the heart
of air pollution, which are largely propelled by carbon emis-
sions (CO,). Because CO, is seen as the greatest threat to the
environment, governments have established commitments
through the recent COP26 to further accelerate their efforts
toward achieving the objective of the Paris Agreement and
the UN Framework Convention on Climate Change, which is
to minimize the emission level. CO, emissions have become
the subject of numerous studies aimed at comprehending the
factors that drive it. The bulk of this research used the STIR-
PAT or Environmental Kuznets Curve (EKC) frameworks to
examine population and income, concluding that these eco-
nomic indicators are the primary cause of CO, emissions.
However, these studies are not completely helpful, consid-
ering that the ultimate objective of any study is to advise
policymakers on the implementation of relevant policies.
This is mainly because it would not be a good strategy sug-
gestion to propose that population and/or GDP trigger CO,
emissions and should thus be decreased to curb emissions.

In this context, one of the major problems related to the
implementation of policies and measures based on these inves-
tigations revolves on how to implement them and decrease CO,
without mitigating the quality of life across different countries.
In addition to population and GDP, numerous studies in the
environmental literature have explored additional demographic,
energy and social-economic indicators (Adedoyin et al. 2021;
Awosusi et al. 2022a; Alola et al. 2021; Oladipupo et al. 2021;
Adebayo et al. 2022a). Nevertheless, it is hard to claim that all
of these studies take into account other factors in order to be
relevant for CO, emission reduction policymaking. Further-
more, several studies have examined a collection of indicators
without offering a theoretical basis for doing so. For sustain-
able growth, it is imperative that renewable energy is mostly
employed for production activities, and the efficiency of this
energy is achieved through advancement of innovation from
the transfer of technology (trade). These factors are among the
considerations that motivated us to undertake this study.

In the present research, we incorporate technological inno-
vation and renewable energy usage into our model. They have
three primary benefits: theoretically, they are anticipated to lessen
CO, emissions, and they can also promote nations’ well-being.

Hydropower, solar energy and solar are the most common renew-
able energy sources. Furthermore, expanding consumption of
renewable energy, also known as energy transition (ET) toward
renewables, is a significant aspect of the plans of several coun-
tries. Energy transition (ET) is defined by IRENA! as a road-
map toward transforming the international energy industry from
fossil-fueled to carbon-free energy by the middle of this century.
The main distinctive characteristic of ET that renders it more
significant for countries is its capability to provide three primary
benefits: mitigation of pollution, green economic expansion and
energy security. The mitigation of pollution has garnered particu-
lar interest because of the global importance of the issue.
Furthermore, recognized energy organizations including
IRENA and IEA view technological innovation as one of the
primary drivers for reducing emissions (Adedapo et al. 2022;
Acheampong et al. 2019; Akadir1 et al. 2021; Adeshola et al.
2021). Finally, recognized institutions such as the UN envi-
ronmental programs, IRENA, UN Industrial Development
Organization and IRENA confirm that technological inno-
vation can help achieve other SDGs such as energy secu-
rity, health, economic expansion, water, food and poverty
reduction in addition to the sustainability of the environment
(Al et al. 2020). Furthermore, it is generally acknowledged
that technological innovation are critical for the growth of
countries’ energy and social-economic systems, as well as
for reducing emissions (Ozturk and Acaravci 2016; Adebayo
et al. 2022b; Shahbaz et al. 2018; Solarin et al. 2017; Olad-
ipupo et al. 2021). The United Nations considers innovation,
which is at the heart of technology advancement, to be a cru-
cial indicator in the Sustainable Development Goals (SDG).
The research objective is to use a theoretically grounded
framework to assess the influence of international trade, finan-
cial development, technological innovation , income and renew-
able energy on CCO, emissions as well as to make policy sug-
gestions that would be beneficial for reducing carbon emissions.
The BRICS countries are used as a case study in this
research. There are several reasons for utilizing these coun-
tries. Firstly, the BRICS nations account for 42% of the
world populace with over 3 billion people (World Bank,
2021). With such a massive population, international trade
and economic expansion have enormous potential. From
2008 to 2018, the BRICS nations’ economies grew at a rapid
pace, contributing 51.3% to the world economy (Adedoyin
et al. 2020; Dingru et al. 2021). Aside from economic devel-
opment, their share of overall international trade increased
from 11.8 to 16.4% between 2008 and 2018 (Fu et al. 2021).
Secondly, in 2018, the BRICS nations accounted for 40%
of world primary energy consumption. Furthermore, the
BRICS nations utilized 66.8% of coal, 30.8% of wind,
25.2% of oil, 24.4% of hydro and 19.5% of global natural
gas. Moreover, the BRICS nations also make a significant

! International Renewable Energy Agency.
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contribution to energy production. In 2016, the BRICS
accounted for 38.3% of overall world electricity genera-
tion, 63.7 of coal output, 21.7% of natural gas production
and 21.2% of oil production. In 2016, GHGs accounted for
41.3% of global emissions (Rahman, 2020). Renewable
energy, which is seen as a crucial element in reducing CO,
emissions, is growing rapidly across the BRICS nations.
Regarding renewable energy, the BRICS countries account
for 36% of the world’s total renewable energy, contributing
to a reduction in CO, emissions with a steady increase in
renewable energy projects (Ding et al. 2021; Hasanov et al.
2021). Furthermore, the BRICS nations have spent a total of
US$130 billion on renewable energy development (IEEFA,
2016). The BRICS nations reduce a significant amount of
CO, emissions as their investments in renewable energy
grow (IRENA 2016).

The following studies also focused their investigations on
the BRICS economies: Chien et al. (2021) employed carbon
emissions as the indicator for environmental degradation
without adjusting for international trade, although the effect
of financial development and economic growth was exam-
ined. Also, Sun et al. (2022) failed to adjust for international
trade even though the impact of renewable energy was exam-
ined. The study of Awosusi et al. (2022b) also employed
a different indicator for environmental degradation, while
Razzaq et al. (2021a) employed CCO, as the indicator for
environmental degradation but only examined the impact
of technological innovation on CCO, emissions, failing to
examine the effect of other indicators used in this study such
as renewable energy use, international trade and financial
development, different from the current research.

This research adds to the ongoing studies in numerous
ways. Firstly, by providing the first analysis on the influence
of technological innovation, renewable energy use and finan-
cial development on CCO, emissions in the BRICS nations,
this research adds to the energy and environment literature.
Secondly, this research adds to previous research (Adebayo
and Rjoub 2021; S. Ali et al. 2020; Ding et al. 2021) by
incorporating financial development as a significant driver
of CCO, emissions for the BRICS countries from 1990 to
2018. Thirdly, as international trade expands, particularly
among the BRICS nations, it is critical that the impact of
international trade on CCO, emissions is assessed. Previous
research, as well as studies in the BRICS economies, have
taken into account the effect of trade openness in their inves-
tigations. However, as a composite measure, trade openness
does not enable the distinct effects of imports and exports on
CO, emissions to be isolated. As a result, we include imports
and exports as distinct indicators in the research (Ding et al.
2021; Mikayilov, et al. 2018a, b). Moreover, as one of the
primary channels of globalization, international trade expan-
sion makes it necessary to account for the degradation of
the environment. As a result, CCO, emissions, which is
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the international trade-adjusted emission metric, must be
considered. The literature, on the other hand, has mostly
concentrated on CO, emissions according to the region.
According to recent research, it is preferable to examine
CCO, emissions rather than territorial-based CO, (Ade-
bayo and Kirikkaleli 2021; Ding et al. 2021; Khattak et al.
2020). Fourthly, unlike several other studies, this research
considers cointegration, integration, and heterogeneity and
cross-country interdependence in panel data. Furthermore,
recent econometric approaches are used, including the cross-
sectional test (Westerlund, 2007), cointegration test, slope
heterogeneity test, augmented mean group (AMG) methods
and common correlated effects mean group (CCEMG).

The subsequent sections of this paper are as follows:
Section 2 presents a synopsis of relevant studies, which is
accompanied by theoretical framework, data and methods in
Section 3. Section 4 discloses the findings and discussion,
while Section 5 concludes the research.

Summary of studies

A large body of research has examined the factors that
influence CO, emissions in particular groups of countries,
regions and countries. Previous studies have highlighted sev-
eral determinants of CO, emissions such as international
trade, inequality income, urbanization, globalization, stock
market, agriculture, renewable energy, technological innova-
tion (TEC), consumption of energy, natural resource rent and
financial development (Su et al. 2021; Acheampong et al.
2019; Kirikkaleli et al. 2022; Agboola et al. 2021; Alola,
2019; Bekun et al. 2019; Gyamfi et al. 2021; Kirikkaleli
and Adebayo 2021; Orhan et al. 2021; Pata 2021a; Sarkodie
and Adams, 2018; Wang et al. 2021). The literature review
has been broken down into five segments to give a more
reasonable insight into the determinants of CO, emissions.
The following presents a summary of the selected literature:

Economic growth effect on CO, emission

Regarding the connection between economic expansion
(GDP) and CO, emissions, a plethora of studies have been
conducted to inform both policymakers and the public about
this interconnection (Alola et al. 2021; Fatima et al. 2021;
Lietal. 2021; Pata 2021b; Solarin et al. 2018). For instance,
using a dataset between 1965 and 2019, Awosusi et al.
(2021) scrutinized the growth-emissions connection utiliz-
ing wavelet tools in South Korea. Their findings indicated
the existence of a positive coherence between CO, and GDP,
which illustrates that South Korea’s GDP is not green. Simi-
larly, the study of Akinsola et al. (2021) on the GDP-CO,
emissions connection in Indonesia between 1965 and 2018
using ARDL approach disclosed that an increase in GDP
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causes an increase in CO, emissions. Likewise, the research
of Zhang et al. (2021) on the CO, and GDP nexus using a
dataset from 1971 and 2018 unveiled a positive GDP-CO,
association. Likewise, the research of Alola et al. (2019) and
Bekun et al. (2019) reported a positive emissions-growth
interconnection. Furthermore, Odugbesan et al. (2021) scru-
tinized the emissions-growth linkage in Brazil from 1965
to 2019. Their study outcomes affirmed that an increase in
GDP causes an increase in CO,. Similarly, using Italy as
a case study, Ali and Kirikkaleli (2021) investigated the
influence of GDP on CO, emissions using nonlinear ARDL
between 1990 and 2018. Their empirical outcomes unveiled
that a positive (negative) shock in GDP increases (decreases)
emissions of CO,. Moreover, the research of Lin et al. (2021)
on the CO,-growth interrelationship reported that economic
expansion triggers CO, emissions.

Hypothesis 1: Economic growth will increase CCO,
emissions.

International trade effect on CO, emission

International trade is commonly acknowledged as a signifi-
cant factor in CO, emissions (Ali and Kirikkaleli, 2021; S.
Ali et al. 2020). According to previous research, boosting
global trade stimulates the flow of products between nations,
therefore enhancing international production. Both the envi-
ronmental footprint and energy usage have risen as a result
of growing tendencies in worldwide trade and production.
Global trade entails the movement of polluting businesses to
nations that have less strict ecological legislation (Ding et al.
2021). To measure the influence of the international trade on
CO,, current research on the interrelationship between CO,
and foreign trade has split trade into imports and exports.
The majority of previous studies have examined the connec-
tion between CO, emissions and trade, while there are just a
few investigations on CCO, emissions (Ali and Kirikkaleli,
2021; Hasanov et al. 2021; Liddle, 2018; Mikayilov, et al.
2018a, b; Razzaq et al. 2021a, b).

Likewise, Knight and Schor (2014) conducted research
on the effect of international trade on CCO, emissions in 29
high-income countries from 1991 to 2008, and their findings
disclosed that imports trigger CCO,, while exports mitigate
CCO, emissions. Likewise, the study of Fernindez-Amador
et al. (2017) reported similar findings by confirming a posi-
tive connection between imports and CCO,. In addition,
exports influence CCO, emissions negatively. Moreover,
the research of Hasanov et al. (2018) on the determinants of
CCO, in oil-exporting countries established that the effect
of CCO, is negative, while the effect of imports on CCO,
is positive. The study of Ding et al. (2021) utilizing the G-7
nations as a case study established that imports affect CCO,
emissions, while exports’ impact on CCO, is negative. Using

a quarterly dataset from 1990 to 2018 and long-run estima-
tors (FMOLS, and DOLS), the study of Khan et al. (2020a)
established that exports curb CCO,, while imports increase
CCO, emissions. Based on the above discussions, the fol-
lowing hypotheses can be proposed:

Hypothesis 2: Exports will mitigate CCO, emissions;
therefore, there will be carbon neutrality.
Hypothesis 3: Imports will increase CCO, emissions.

Effect of financial development on CO, emissions

A thriving financial sector is critical for an economy’s eco-
nomic and human and growth, but also it is also critical to
assess the influence of FD on the environment. Although
research assessing the interrelationship between FD and eco-
logical deterioration is available, the conclusions are mixed
(Ahmad et al. 2021; Kihombo, et al. 2021; Razzaq et al.
2021a; Shahbaz et al. 2013). According to the first line of
evidence, FD greatly improves the quality of the environ-
ment by minimizing environmental degradation. For exam-
ple, using the BRICS, Tamazian et al. (2009) assessed the
FD-CO, interrelationship and found that FD aids in curbing
CO, emissions. Similarly, using the global economy, Kirik-
kaleli and Adebayo, 2021) scrutinized the influence of FD
on CO, from 1990Q1 to 2018Q1. The investigators applied
both FMOLS and DOLS, and their findings revealed a nega-
tive CO,-FD association. Moreover, the study of He et al.
(2021b) in Mexico between 1990 and 2018 on the CO,-FD
nexus disclosed that FD helps in abating CCO, emissions.
Similarly, using 23 economies and long-run estimators
(DOLS and FMOLS), Dogan and Seker (2016) scrutinized
the CO,-FD interconnection, and their findings uncovered
that FD plays a pivotal role in mitigating CO,.

The second segment of the study unveils a posi-
tive CO,-FD interconnection. For example, the study of
Boutabba (2014) on the CO,-FD nexus found a positive
CO,-FD interconnectedness, which shows that FD miti-
gates the quality of the environment in India. Moreover, the
research of Odugbesan and Adebayo (2021) between FD and
CO2 from 1971 to 2016 disclosed a positive CO,-FD inter-
relationship. Similarly, using a dataset between 1990 and
2018, the research of Kihombo et al. (2021) for the WEMA
nations reported that an upsurge in FD in WEMA nations
mitigates the quality of the environment. Likewise, the study
of Odugbesan et al. (2021) in Thailand established that FD
contributes to the degradation of the environment in Thai-
land. Moreover, using Malaysia as a case study, the research
of Charfeddine and Kahia (2019) for 25 African countries
over the period 1985-2015 reported a positive interrelation-
ship between CO, emissions and FD, suggesting that FD
contributes to CO, in the 25 African countries.
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In contrast, the third body of evidence shows that CO,
emissions are unaffected by FD. For example, Zhang et al.
(2021) evaluated the influence of FD on CO, in Malaysia
spanning the period between 1971 and 2017. Their finding
disclosed an insignificant CO,-FD interrelationship. Like-
wise, the study of Destek and Sarkodie (2019) on the CO,-FD
interrelation established an insignificant CO,-FD association.

Hypothesis 4: Financial development will mitigate/
increase CCO, emissions

Effect of technological innovation on CO, emissions

For several years, research on the effect of technological
innovation on CO, emissions has been dormant. However,
recent research has empirically established the eco-innova-
tion role in abating CO, emissions ( Cheng et al. 2021; Chen
and Lee, 2020; Hasanov et al. 2021). For instance, Ade-
bayo and Kirikkaleli (2021) assessed the CO,-TEC inter-
relationship in the global economy, and their study estab-
lished a negative CO,-TEC association. Utilizing a dataset
from 1990 and 2018 for a panel of G7 economies, Ali et al.
(2020) scrutinized the CO,-TEC relationship. Their findings
using the CS-ARDL approach disclosed that TEC mitigates
CCO, emissions in the short and long run. Using OECD
countries, the study of Mensah et al. (2018) reported that
TEC aids in curbing CO,. Similarly, utilizing France as the
study’s focus, Solarin et al. (2018) reported that a decrease
in CO, emissions is caused by TEC. Moreover, Cheng et al.
(2021) reported a negative interconnection between TEC
and CO, emissions, which implies that TEC helps in abat-
ing the emissions of CO,. Likewise, the study of Khan et al.
2020b) for China utilizing a dataset from 1990Q1 to 2018Q4
established that TEC helps in abating the emissions of CO,.
Similarly, Yii and Geetha (2017) investigated the intercon-
nectedness between CO, and TEC in Malaysia between
1971 and 2013. Their findings using the VECM approach
disclosed that eco-innovation mitigates CO,. Likewise, the
study of Fan and Hossain (2018), utilizing data from China
and India between 1974 and 2016, disclosed that TEC helps
in abating the emissions of CO,. Furthermore, the research
of Lin and Zhu (2019) in China reported that TEC helps in
abating the emissions of CO,.

Hypothesis 5: Technological innovation will mitigate
CCO, emissions; therefore, there will be carbon neutral-

ity.
Effect of renewable energy on CO, emissions
Renewable energy can help nations diversify their fuel sup-

pliers, reduce costs and generate a more stable energy sup-
ply. Furthermore, governments can enhance energy security,
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minimize reliance on imported oil and prevent fuel spills
by diversifying and ensuring dependable energy supply.
Over the years, significant works have been conducted to
inform the public and policymakers on the role of renewable
energy use in curbing CO, emissions. For instance, using
a panel of G20 economies, Paramati et al. (2017) assessed
the CO,-REC nexus. Their empirical outcomes disclosed
a negative CO,-REC interrelationship, which implies that
utilizing green energy mitigates the emissions of CO, in
the G20 economies. Similarly, Aliprandi et al. (2016) con-
ducted research on the effect of REC on CO, in selected
OECD nations from 1980 to 2018 and reported a negative
CO,-REC interrelationship. Moreover, the study of Khat-
tak et al. (2020) on the BRICS economies between 1980
and 2016 using the CCEMG approach reported a negative
effect of REC on CO,. This implies that renewable energy
can enhance the quality of the environment in the selected
OECD economies. Similarly, the investigation of Sulaiman
et al. (2020) using 27 European Union (EU) and a data-
set between 1990 and 2017 reported a CO,-REC negative
association. Moreover, using a dataset from 1990 to 2014,
the research of Anwar et al. (2021) unveiled a negative
CO,-REC connection in 15 Asian economies. Likewise,
Pata (2021a) reported a negative connection between CO,
and REC in the BRIC nations from 1971 to 2016. Similarly,
Adebayo and Kirikkaleli’s (2021) study on Japan between
1990Q1 and 2015Q4 disclosed that REC helps in curbing
CO, emissions. In summary, these researchers discovered
that REC helps in curbing the emissions of CO,.

Hypothesis 6: Renewable energy use will mitigate CCO,
emissions; therefore, there will be carbon neutrality.

Theoretical underpinning, data
and methods

Theoretical underpinning

This section presents the theoretical underpinning of the
research. This research is built on the theoretical perspec-
tive of trade-adjusted carbon emissions and ecological
modernization theory (EMT). The theory of trade-adjusted
carbon emissions proposes that trade-adjusted carbon
emissions must be investigated, primarily in emissions
exporting nations, because export-oriented economies are
embedded with greater technology levels. The EMT con-
cludes that environmental issues raised by economic expan-
sion could be mitigated by enhancing resource efficiency
(renewable energy) through technological innovation. We
make connections between technological innovation and
consumption-based emissions considering the aforemen-
tioned assumptions.
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Consumption-based carbon emissions (CCO,) is a trade-
adjusted metric that accounts for the international trade
effect. This metric is modified to account for emissions
from imports and exports. This metric is computed by add-
ing import emissions to domestic use demand from the gov-
ernments and households and removing exports (Khan et al.
2020a; Ding et al. 2021; Razzaq et al. 2021a, b). Likewise,
it also accounts for inventory changes, overseas procure-
ments by local consumers and gross fixed capital formation.
Moreover, this metric also includes emissions consumed in
one nation and produced in another. As a result, this research
assesses the component-based impacts of international trade
using exports and imports individually, in accordance with
prior findings of Hasanov et al. (2018) and Udemba et al.
(2021).

Different components of the economy, such as net
exports, government expenditures, investment and invest-
ment, are included in the gross domestic product (GDP).
Domestic consumption accounts for a sizable percentage of
GDP. As a result, increasing domestic consumption can
result in a significant upsurge in CO, emissions. Therefore,
as the BRICS economies’ incomes increase, it is reasonable
to presume that the economies have imported emissions via
consumption and trade (Ahmad et al. 2020; Liddle, 2018;

Sarkodie and Adams, 2018). Therefore, GDP is anticipated
aCCo,
aGDP

Imports, according to these scholars, increase CO, emis-
sions, especially when a commodity is manufactured over-

seas and imported. Thus, it is anticisated that imports will

to trigger CCO,, i.e. (ﬁl =

«CCO,
P 0
the other hand, is exported abroad and utilized by customers

in the receiving nation. As a result of this scenario, domestic
CO, emissions fall while CCO, emissions rise in the receiver
nation ((Ding et al. 2021; Hasanov et al. 2018)). Based on
this, the effect of export on CCO, is expected to be negative,

. _ aCCo,
ie. (ﬁ3 =—p <0

Likewise, it is anticipated that the adoption of environmen-
tally friendly technology advancements and the use of renew-
able energy can assist in abating CCO, emissions via a variety
of routes. Firstly, renewable energy can help nations diversify
their fuel suppliers, reduce costs and generate a more stable
energy supply. Secondly, governments can enhance energy
security, minimize reliance on imported oil and prevent fuel
spills by diversifying and ensuring dependable energy supply.
As a result, because renewable energy generates no or mini-
mal greenhouse gases, it is projected to curb CCO, emissions.
Therefore, REC is anticipated to abate CCO,, i.e.

aC, 0). Thirdly, technological innovations that are

increase CCO,, i.e. <ﬂ2 = . Domestic output, on

b = “REc
eco-friendly substitute traditional energy-intensive manufac-
turing equipment with greener and more efficient technology,
thus lowering economic and environmental burdens. Hence,

the technological innovations effect on CCO, emissions is
aCCo, _
aTEC

From a theoretical standpoint, there are two opposing
viewpoints on the role of financial development in ecological
deterioration. First, by devoting more funding to renewable
energy and mobilizing the resources needed to invest in eco-
logically friendly infrastructure and ensuring its long-term
profitability, FD can help in abating the degradation of the
environment (Acheampong et al. 2020; Boutabba, 2014;
Tamazian et al. 2009). Financial development also allows
nations to employ modern technology for ecologically
friendly and green production, thus enhancing global and
regional environmental sustainability (Ahmad et al. 2021;
Bekhet et al. 2017; Charfeddine and Kahia, 2019). A larger
degree of FD, on the other hand, may result in ecological
damage. Financial development, according to Ahmad et al.
(2021), makes it easier for enterprises and people to obtain
low-cost financing, allowing them to establish a new firm or
expand an existing one. This increases the consumption of
energy, which has a negative influence on the quality of the
environment. Thus, FD is anticipated to mitigate CCO, if it

__ aCCO, .
P = aFD <0>’

( fo = % > 0) is not ecofriendly.

anticipated to be negative, i.e. ( fs =

is eco-friendly, i.e. otherwise,

Data

This research assessed the effects of renewable energy use
(REC), financial development (FD), technological innova-
tion (TEC), imports (IMP), economic growth (GDP) and
exports (EXP) on CCO, emissions for the BRICS economies
utilizing a dataset from 1990 to 2018. Consumption-based
carbon emissions (CCO,) is the dependent variable, which
is calculated in metric tons. The independent variables are
renewable energy consumption, which is estimated as the
percentage of total final energy consumed, financial develop-
ment (FD), which is measured as the financial development
index, technological innovation (TEC), which is measured
as patent resident and nonresident, and economic growth,
which is calculated as GDP per capita constant US$. Moreo-
ver, CCO,, FD and TEC data are gathered from the Global
Carbon Atlas (GCA, 2019), International Monetary Fund
(IMF) and World Bank database, respectively. Figure 1
shows the analysis flowchart, while Figs. 2 and 3 show the
trends of consumption-based carbon emissions and GDP per
capita for BRICS economies from 1990 to 2018, respectiv
ely.

Model construction
International trade is divided into imports and exports to

investigate the influence of international trade on CCO, for
the baseline model, a method that is similar to that used
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import high-energy-intensive commodities, which may add  nings. The baseline model is constructed as follows.
considerably to CCO,, might potentially be a reason for this Model 1: The base model.

approach. The base framework utilized in this investiga-
tion is shown in Model 1 below. The basic model was then

CCOy,; = BIMP,; + EXP,; + f;GDP,; + ¢,;

expanded with the consumption of renewable energy, finan-
cial development and technological innovation to provide
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four distinct models. Five models were developed based on
the reasons presented in this research’s theoretical underpin-
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Fig.2 Trends of consumption-
based carbon emissions for
BRICS economies

Fig.3 Trends of GDP per capita
for BRICS economies
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Model 2: We incorporate renewable energy consumption

(REC) into Model 1.

CCO,,; = ByIMP,; + BEXP, ; + p3GDP,; + B,REC,; + €,;

@

Model 3: We incorporate technological innovation (TEC)

into Model 1.

CCOy; = BIMP,; + BEXP,; + p3GDP,; + B, TEC,; + ¢,;

3

Model 4: We incorporate financial development (FD) into

Model 1.

CCOy,; = fIMP,; + B,EXP,; + B3GDP,; + B,FD,; + ¢,;

“
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Model 5: We incorporate both renewable energy use
(REC) and technological innovation (TEC) into Model 1.

CCO,,; = BIMP,; + B,EXP,; + p;GDP,; + B4REC, ; + BsTEC,; + €,;
&)
Heterogeneity, endogeneity and cross-sectional depend-
ence are connected to the cross-country regression esti-
mation. To overcome these econometric problems, vari-
ous different tests were used. The first step in the research
was to conduct the cross-sectional dependence and slope
homogeneity tests. Secondly, the CADF and CIPS tests
were employed in this investigation. With respect to cross-
sectional dependence and heterogeneity concerns, this test
outperforms conventional tests. Thirdly, the error-correc-
tion mechanism (ECM) technique proposed by Westerlund
(2007) was used. This technique is unaffected by slope het-
erogeneity and cross-sectional dependence. For long-run
coefficient estimation, the AMG and CCEMG methods were
adopted. These techniques are robust to heterogeneous slope
and cross-sectional dependence, respectively. Therefore,
when estimating the models, the problems of endogeneity,
heterogeneity and cross-section dependency are eradicated.
The subsequent section presents a detailed explanation of
the methods applied.

Econometrics methodology

Cross-sectional dependence and homogeneity of slope
tests

The probability of cross-sectional dependence (CSD) in the
data set has grown as a result of globalization and the expan-
sion of trade. Globalization’s spillover effects are triggered
by a variety of disturbances, including oil price shocks,
global financial crises and other conventional shocks.
This research used (Pesaran 2006) the CSD test to solve
this issue. Another essential method involved determining
whether the slopes in panel data were homogeneous or het-
erogeneous. This research used the Hashem Pesaran and
Yamagata (2008) heterogeneity/homogeneity of slope (HS)
test to achieve this goal. Assuming homogeneity for each
cross-section results in misleading and incorrect findings.
The following is the HS test equation:

Ascn = N30 (15— k) ©
K(T — k i1,
Auserr = (V)3 <(TT> (;S 2k) %

where the adjusted SH and coefficient of the delta slope
homogeneity are illustrated by A 4 g and A gy, respectively.
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Stationarity tests

The second-generation Pesaran and Shin (CIPS) and Pesaran
cross-sectional augmented Im unit root tests were utilized
as a further phase in this research. With respect to CSD and
heterogeneity issues, this test outperforms the conventional
tests (Pesaran 2007). The CIPS test is depicted in Eq. (8):

p p

AY =vi+rYi o +rXi o+ Z YaudY,  + Z YulYi g+ &
1=0 =1

(3)

In Eq. 8, 1_/,_1 and Aﬂ represent the cross-section aver-
age. The value of CIPS is derived as follows:

CIPS = Z CADF,. 9)

i=1

The cross-sectional augmented Dickey-Fuller test derived
from Eq. (8) is denoted by the term CADF in Eq. (9).

Co-integration test

After identifying the stationarity characteristics for each var-
iable, this research used the Westerlund (2007) cointegration
technique to evaluate the co-integrating interaction between
the series in the long term. This technique is resilient to CSD
and slope heterogeneity, and is based on four statistics: two
for group mean statistics and two for panel. The general form
of the Westerlund cointegration is as follows:

N ,
1 a
N

1 Ta;

%= N & an
a

"= SE@) (12)
P, =Ta. (13)

The null and alternative hypotheses are “no cointegration
for BRICS economies” and “there is cointegration for the
BRICS economies”, respectively.

Panel long-run estimates

Conventional long-run estimators, such as the fully-
modified OLS (FMOLS) and dynamic OLS (DOLS), are
unable to address slope heterogeneity and cross-sectional
dependence problems, resulting in erroneous and biased
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Table 1 Slope heterogeneity test

Model 1 Model 2 Model 3 Model 4 Model 5

A A g A Apgi A Apgi A Apgi A Apgi

(P values) (P values) (P values) (P values) (P values) (P values) (P values) (P values) (P values) (P values)
8078k 8.88(#s#* 8.9707#** 10.073* 4.507%%* 5.073%%* 10.73%* 12.04 % 6.5333 %% 7.5007%**
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
P <0.01.

Table2 CSD test

Tests CCO, GDP IMP EXP TEC FD REC
Breusch-Pagan LM 145.97 %% 237.3] %% 111.23%#* 90.133%* 101.30%* 235.79%#* 130.37#%*
Pesaran scaled LM 30.405°%** 50.828%#* 22.636%** 17918 20.415%%* 50.488%* 26.915%%**
Bias-corrected scaled LM 30.315%#* 50.739%:* 22.547 %% 17.829%* 20.326%** 50.399%: 26.826%**
Pesaran CD 10.462%%* 15.350%:* 6.823] % 8.09897%* 5.53071 % 15.316%%* 10.103%%*
#HEEP (0,01,

results, according to (Pesaran and Smith, 1995). We used
a panel of augmented mean group (AMG) and common
correlated effects mean group (CCEMG) estimators to sig-
nificantly address these conditions, which give efficient
and consistent findings in the face of heterogeneity and
cross-sectional dependence. Moreover, Pesaran (2006)
introduced the panel CCEMG estimator, which was fur-
ther expanded by Kapetanios et al. (2011). Following
Wang et al. (2021)’s work, we used the panel augmented
mean group (AMG) estimator to evaluate the robustness
of the panel dynamic CCEMG estimator (He et al. 2021a;
Shan et al. 2021). The CCEMG estimator is illustrated as
follows:

Yy =1+ 6, +vify + oy + X, + € (14)

In Eq. (14), target variables are illustrated by Y}, and Xx;,.
The country-specific estimate of elasticity is illustrated by
o;, and common factor with unconnected characteristics
unnoticed is illustrated by f;. The stochastic term and con-
stant are illustrated by ¢;, and 7, respectively. The approxi-
mation approach of the unobserved common factors f; in
Eq. (14) above is the major distinction between the AMG
and CCEMG estimators. The CCEMG estimator combines
the cross-sectional mean of the precise effect identified
and the explanatory and dependent variables into a linear
combination. The OLS method is then used to estimate
each coefficient. The AMG estimator uses a two-step tech-
nique to estimate the unseen common dynamic effect and
includes the common dynamic effect indicator to accom-
modate for cross-sectional dependence.

Panel causality test

The Dumitrescu and Hurlin (2012) Granger non-causality
estimator is used in this work to explore the long-run causal
connections among cointegrated macro-economic vari-
ables. Policymakers can create more accurate policies by
examining the causality direction. When there is cross-sec-
tional dependence, this technique works perfectly. This test
employs a set of Wald statistics derived from the causality
averages of Granger and Engle (1983) across the different
heterogeneous panels. This method is also useful for col-
lecting balanced and diverse panel data. This method may
also be applied to cross-sectional dependence. Equation (15)
depicts the Dumitrescu and Hurlin causality test as follows:

P b
— J

L=+ §,~=lﬁlzi,t—j + z iy Tigmi
=i =1

The null and alternative hypotheses are “no causality”
and “there is causality”, respectively.

s)

Findings and discussion

It is critical to evaluate cross-sectional dependence and slope
heterogeneity before assessing the variables responsible for
CCO, emissions. Table 1 shows the outcomes of slope het-
erogeneity in all the models. We reject the null hypothesis
of the test in all five models based on the estimated values
of the adjusted tilde (V) and delta tilde <3> and their cor-
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Table 3 CADF and CIPS tests

CIPS CADF

Variable Level A Level A
CCO, —2.294 —4.617%%* —2.248 —4.364%%**
GDP —1.828 —2.879%%* —1.841 —3.407%%*
IMP —1.989 —5.107%%* —2.073 —4.296%%*
EXP -2.197 —4.984 %% —2.193 —4.2]2%%*
REC —2.269 —4.098%#* —2.140 —4.26]1%%*
FD —3.050%* —5.093 %% -1.932 —5.050%%*
TEC —3.569%%* —5.97 1% —1.602  -5.496%:#:*
##%P <(0.01; **P<0.05; *P<0.10.
Table 4 Westerlund cointegration outcomes

Gt Ga Pt Pa
Model 1  —3.240%**  —14.701 —8.745%** D23 536%**
Model 2 —3.112%* —14.386 —8.840% kD3 4] 7wk
Model 3 —3.100%**  —14.237%%% 86534k 2] 96+
Model 4 —3.717*** —13.708 —8.183%**  —12.257*
Model 5 —2.879%* —13.266* —0.208%** D24 .8]19%**

*xP <0.01; **P <0.05; *P <0.10.

responding P values. This indicates that the variables are
heterogeneous across the different cross sections in all the
models. Based on this finding, we applied heterogeneous
panel estimators in this empirical analysis.

The CSD results are depicted in Table 2, and the out-
comes show that at a significance level of 1%, the null
hypothesis of cross-sectional independence is rejected. This
suggests that there is a significant cross-sectional depend-
ence between the variables of investigation in all the models.
In panel estimation, taking into account slope homogeneity
and cross-sectional dependence helps policymakers legiti-
mize the different environmental externalities linked with
the variables and, as a result, helps them formulate well-
organized policies.

The use of second-generation panel unit root testing is
required to control cross-sectional dependence and hetero-
geneity. Table 3 shows the CADF and CIPS unit root tests
outcomes. In the presence of cross-sectional dependence
and heterogeneity, both tests are robust. The CADF and
CIPS unit root test outcomes disclosed that all the variables
(CCO,, GDP, IMP, EXP, TEC, FD and REC) are I(1), signi-
fying the rejection of the null hypothesis (non-stationarity)
at first difference. This finding aids in the selection of suit-
able panel estimators for investigating the long-run influence
of the regressors (CCO,, GDP, IMP, EXP, TEC, FD and
REC) on CCO, emissions in the BRICS nations.

Before assessing the long-run effect of GDP, IMP, EXP,
TEC, FD and REC on CCO,, it is essential to capture the

@ Springer

long-run cointegration in the models. Based on this knowl-
edge, we applied the Westerlund cointegration test. Table 4
summarizes the results of the Westerlund (2007) panel coin-
tegration test for the five models. The Westerlund cointegra-
tion test outcomes revealed a long-run cointegration between
CCO, and the regressors in the five models. Thus, the null
hypothesis of “no cointegration for the BRICS nations”
is rejected in the five models. As a result, in each of the
five models, there is confirmation of cointegration between
CCO, and the regressors. Thus, we conclude that the param-
eters under investigation are interconnected in the long run
in each of the five models.

We proceed by assessing the influence of technologi-
cal innovation, financial development, economic growth,
imports and exports on CCO, emissions in the BRICS
nations. Table 5 reveals the AMG and CCEMG long-run
estimators’ outcomes. Firstly, the effect of imports (IMP) on
CCO, emissions is positive in all the models in the BRICS
economies. This implies that keeping other factors constant,
upsurges in CCO, of 0.081% (Model 1), 0.0149% (Model
2), 0.1863% (Model 3), 0.027% (Model 4) and 0.0153%
(Model 5) are caused by a 1% upsurge in imports (IMP)
in the BRICS economies. The BRICS nations import a
considerable amount of final and intermediate goods and
services as emerging economies. Increased imports imply
increased domestic consumption and, as a result, increased
CCO, emissions. Imports provide a significant contribu-
tion to national consumption. For instance, in 2019, Russia
imported US$238 billion, India imported US$474 billion,
China imported US$1.58 trillion and South Africa imported
US$88 billion from the rest of the world (OEC 2021). The
studies of Khan et al. (2020a) for nine oil-exporting nations,
Hasanov et al. (2021) for the BRICS nations, and Hussain
and Khan, (2021) for the top five emitters reported similar
findings.

Moreover, the effect of exports (EXP) on CCO, is nega-
tive in all the five models in the BRICS nations. This shows
that holding other indicators unchanged, decreases in CCO,
of —0.2808% (Model 1), —0.2604% (Model 2), —0.2821%
(Model 3),—-0.2858% (Model 4) and —0.2536% (Model 5)
are caused by a 1% upsurge in exports (EXP) in the BRICS
economies. In theory, as we mentioned in Sect. 3, the more
a nation exports, the fewer services and goods it consumes
domestically. These nations export a significant amount
of services and goods to other nations. As a result of this
scenario, domestic CO, emissions fall while CCO, emis-
sions rise in the receiver nation. These nations export sub-
stantial goods and services. For instance, in 2019, Russia
exported US$407 billion, India exported US$330 billion,
China exported US$2.57 trillion and South Africa exported
US$109 billion from the rest of the world (OEC, 2021).
The study of Hussain and Khan (2021) for the top emitters
between 1990 and 2018 supports this finding. Furthermore,
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Table 5 CCEMG and AMG outcomes

CCEMG outcomes

Model-1 Model-2 Model-3 Model-4 Model-5

Coefficient T-stats Coefficient T-stats Coefficient T-stats Coefficient T-stats Coefficient T-stats
GDP  0.5279 3.150%** 0.7844 2.024**  1.0777 2.408** 1.4045 2.916%** 0.4659 5.84% 3%
IMP 0.0811 2.620%** 0.0149 1.927* 0.1863 2.683%** 0.0270 2.163%** 0.0153 2.12%*
EXP —0.2808 —3.822%**%  —(.2604 —8.642%**%  —(.2821 —3.150%**%  —(.2858 —5.036%**% —0.2536 —9.450%**
REC - - —-0.6155 —-2.601* _ _ - - —0.6387 —2.49 **
TEC - - - - —0.2365 —1.894* - - —-0.0117 —2.392%*
FD - - - - - - 0.0159 0.365 - -
RMSE 0.0355 0.0225 0.0262 0.0270 0.0200

Robustness check: AMG outcomes
GDP  0.6809 2,983k 0.4100 10.19%**  (.5393 1.674% 0.6809 2.9803%:** 0.4181 5.39 sekek
IMP 0.1075 0.790 0.1128 2.031%*%  0.3223 6.8127%:%* 0.1075 2.790%:%* 0.1064 1.82%
EXP -0.3473 -4.440%*%  -0.2905 -5.932%*%  -0.2290 -2.083%* -0.3473 -4.440% -0.2968 -8.2 ]k
REC - - -0.5856 -2.280%* - - - - -0.5773 -2.28%*
TEC - - - - -0.2104 -2.280%* - - -0.0073 -2.09%*
FD - - - - - - 0.0206 0.404 - -
RMSE 0.0444 0.0268 0.0333 0.0355 0.0260

*#xP <0.01; ¥*P<0.05; *P<0.10.

the work of Khan et al. (2020a) for G-7 nations, Adebayo
et al. (2021) for MINT economies and Ali et al. (2020) for
oil-exporting economies reported similar findings.

Furthermore, we observed a positive CCO,-GDP inter-
relationship in all the models, as disclosed in Table 5.
This shows that upsurges in CCO, of 0.5279% (Model 1),
0.7844% (Model 2), 1.0777% (Model 3), 1.4045% (Model
4) and 0.4659% (Model 5) are caused by a 1% surge in eco-
nomic growth (GDP) by holding other indicators unchanged
in the BRICS economies. Therefore, economic expansion in
the BRICS economies triggers CCO, emissions. This out-
come is consistent with the theoretical framework presented
in Sect. 3. Furthermore, ecological theories such as the EKC
and STIRPAT anticipate that an increase in GDP will lead
to higher emissions of CO,. In addition, an upsurge in the
level of income or economic activities is connected with
increased consumption of final and intermediate goods and
services, resulting in increased emissions of CO, (Razzaq
et al. 2021b; Awosusi et al. 2022b). This outcome is consist-
ent with the works of Hasanov et al. (2018) for oil-exporting
countries, Khan et al. (2020a) for nine oil-exporting nations,
Knight and Schor (2014) for 29 high-income countries,
Adebayo et al. (2022a) for the MINT economies and Khan
et al. (2020b) for China, who reported a positive CCO,-GDP
interrelationship.

Moreover, in Models 2 and 5, we found a negative
CCO,-REC interrelationship in the BRICS nations, which
suggests that renewable energy aids in curbing CCO, emis-
sions. This demonstrates that a 1% upsurge in renewable

energy mitigates CCO, emissions by —0.6155% (Model
2) and —0.6387% (Model 5) holding other indicators
unchanged in the BRICS economies. As we stated in Sect. 3,
taking into account that total energy consumption is calcu-
lated as the sum of renewable energy sources and fossil fuels
consumptions, a rise in consumption of renewable mitigates
the share of fossil fuel, which in turn decreases the emis-
sions of CO,. Therefore, renewable energy can help nations
diversify their fuel suppliers, reduce costs and generate a
more stable energy supply. The BRICS nations are averting
a significant amount of CO, emissions as their investment
in renewable energy grows (IRENA 2017). The finding of
the negative renewable energy and CO, emissions interre-
lationship concurs with the studies of Yuping et al. (2021)
for Argentina and Gyamfi et al. (2021) for Mediterranean
nations. Also, the studies of Miao et al. (2022), He et al.
(2021a) and Xu et al. (2022) found an adverse interconnec-
tion between renewable energy and environmental degra-
dation in newly industrialized countries (NICs), the top 10
energy transition economies and Brazil, respectively.
Additionally, we observed a negative CCO,-TEC inter-
relationship in the BRICS nations. This illustrates that
holding other indicators unchanged, decreases in CCO,
emissions of —0.2365% (Model 3) and —0.0117% (Model
5) are caused by a 1% upsurge in TEC in the BRICS econ-
omies. This implies that technological innovation aids in
curbing the emissions of CO,. This outcome shows that
the BRICS countries profited from technological innova-
tion by either minimizing pollutant emissions or lessening
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Fig.4 Graphical findings of
both CCEMG and AMG

Exports

Imports

the strain on their natural resources. Similarly, the growth
of the industry for eco-goods and eco-services connected
to the environment (e.g. IT) over the last several decades
illustrates why the BRICS countries see technological
innovation as a crucial driver and determinant of energy
efficiency, climate change and environmental conserva-
tion. This finding complies with prior scholars such as
Hussain and Khan, (2021) and Udemba et al. (2021), who
reported a negative connection between TEC and CCO,
emissions. Also, the study of Zhuang et al. (2021) and
An et al. (2021) found that TEC mitigates CO, in the
provinces of China and Belt and Road Initiative nations,
respectively.

Lastly, the effect of financial development (FD) on
CCQO, is positive and insignificant, which implies that FD
does not impact CCO, emissions in the BRICS economies.
This finding is unexpected given the fact that the financial
sectors of emerging nations such as the BRICS are still in
their early phase and financial development might not aid
in abating the degradation of the environment. This out-
come is conformity with the works of Bekhet et al. (2017)
for GCC nations, Ramzan et al. (2021) for Latin American
nations and Sekali and Bouzahzah (2019) for Morocco.

As a check for robustness, we applied the AMG
approach suggested by Eberhardt (2012) to validate the
CCEMG outcomes. Table 5 summarizes the results of
the AMG, and the results show that economic growth
and imports mitigate environmental sustainability, while
exports, technological innovation and renewable energy
consumption enhance the quality of the environment. Fur-
thermore, financial development does not affect environ-
mental degradation in the BRICS nations. Figure 4 shows
the graphical outcomes of the CCEMG and AMG.
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The present research proceeds by examining the causal
effect of the regressors (financial development, renewable
energy use, imports, technological innovation and exports)
on CCO, emissions in the BRICS economies using a panel
causality test. The outcomes of the causality test are presented
in Table 6. The outcomes disclosed the following: (i) there
is a feedback causal interrelationship between CCO, emis-
sions and exports, which implies that exports can predict the
level of CCO, emission in the BRICS nations and vice-versa;
(i1) a two-way causal interconnection exists between CCO,
emissions and GDP, which implies that CCO, emissions and
GDP can predict each other. Therefore, any policy sugges-
tion channeled toward GDP will have a substantial effect on
CCO, emissions and vice-versa; (iii) there is a unidirectional
causal connection from REC and TEC to CCO,. This suggests

Table 6 Panel causality tests

Causality direction W-stat Zbar-stat Probability
FD—CCO, 2.46656 0.24506 0.8064
CCO,—FD 3.49790 1.19324 0.2328
EXP— CCO, 5.66365 3.18435 0.001 5%
CCO,—EXP 5.03957 2.61060 0.0090%**
GDP— CCO, 14.7498 11.5378 0.0000%**
CCO2—GDP 4.67661 2.27690 0.0228%*%*
TEC—CCO, 5.55058 3.08041 0.0021 %3
CCO,—TEC 1.78176 -0.38452 0.7006
IMP — CCO, 5.20017 2.75824 0.0058%***
CCO,—IMP 6.47486 3.93015 0.0000%**
REC— CCO, 7.14579 4.54698 0.0000%**
CCO,—REC 1.91102 -0.26568 0.7905

*#%P<0.01, **P <0.05; *P <0.10.
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that renewable energy and technological innovation consump-
tion can predict CCO, emissions in the BRICS nations. Thus,
policies directed toward TEC and REC will have a significant
effect on CCO, emissions; and (iv) a two-way causal associa-
tion exists between CCO, emissions and imports, which shows
that both CCO, emissions and imports can predict each other.

Conclusion and policy direction
Conclusion

This research explores the long-run and causal effect of
international trade and technological innovation on con-
sumption-based carbon emissions as well as the role of
financial development, renewable energy use and economic
growth in the BRICS economies utilizing a dataset spanning
between 1990 and 2018. To assess the cointegrating inter-
relationship between CCO, emissions and the regressors,
we used a series of second-generation panel techniques such
as cross-sectional dependence (CSD), CIPS, CADF, slope
homogeneity (SH), Westerlund cointegration, common cor-
related effects mean group (CCEMG) and augmented mean
group (AMG). The following are some of the important out-
comes. Firstly, all the models exhibited slope homogeneity
(SH) and cross-sectional dependence (CSD), as disclosed
by the HS and CSD tests. Secondly, the CADF and CIPS
tests confirmed the robustness of CSD and HS by reveal-
ing an identical I(1) order of integration for all variables.
Thirdly, there is long-run interconnection between CCO,
and the regressors in all the models, as revealed by Wester-
lund panel co-integration. Fourth, the long-run estimate out-
comes of the second-generation CCEMG technique showed
that technological innovation, renewable energy usage and
exports mitigate CCO, emissions, while economic growth
and imports contribute to CCO, emissions in the BRICS
economies. The robustness outcomes of the CCEMG results
were further validated by the AMG model. Fifth, the out-
comes of the causality test unveiled a unidirectional causal-
ity running from technological innovation and renewable
energy consumption to CCO, emissions.

Policy path

With regard to policy ramifications, this research makes the
following key suggestions. Firstly, the government should
develop measures to promote renewable energy usage and
technological innovation. Secondly, the present findings
suggest that the BRICS countries should use cost-effective
environmentally-friendly technology to facilitate the transi-
tion to sustainable energy sources. The BRICS countries can
reduce the negative environmental effect (CO, emissions)
of economic growth and trade by embracing and engaging

in cleaner production technologies. The BRICS countries
should place a greater emphasis on technological innova-
tion and shift their manufacturing sectors away from non-
renewable energy usage toward renewable energy use. This
will not only assist the economy, but also the environment by
lowering CO,. This will require a concerted effort to boost
the collective development of sustainable energy initiatives.
Fourth, the current study has demonstrated that imports
have a negative impact on the environment (CCO, emis-
sions). As a result, policymakers should not rush to impose
import taxes to deter excessive spending, as this might harm
economic expansion and trade openness. Instead, a viable
strategy would be to raise public awareness of the ecologi-
cal consequences of imported goods, provide subsidies for
green imports and facilitate the transfer of green technolo-
gies. Finally, financial development may not enhance the
quality of the environment in developing economies such as
the BRICS nations and other developing economies where
the structural shift of the financial sector is still in its early
stages. As a result, the BRICS governments must adopt
strong mitigating measures.

Limitations of the study

The main drawback of this research is that it only investigates
the BRICS countries. Future studies can reproduce these out-
comes in various regions, such as the MINT, OECD, G-7,
RECEP, and EU countries, as well as African and Asian
regions. Secondly, another limitation that, technological
innovation, financial development, renewable energy use and
economic growth were utilized as control variables to test
the interrelationship between CCO, emissions and interna-
tional trade. Future research should examine other factors that
influence CCO, levels, such as interest rates, nonrenewable
energy, fiscal policy and government spending.
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