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Abstract

The BRICS comprise of group of emerging market economies which are committed to achieving the Sustainable Devel-
opment Goals agenda of the United Nations by the end of the year 2030. In this regard, it is critically important for these
nations to sustain their annual rise in their economic growth rates while simultaneously declining the rate of discharge
of carbon dioxide emissions. Against this backdrop, this study aims to investigate how financial development, greater pri-
mary energy consumption, and technological innovation affect the prospects of the BRICS nations in achieving economic
and environmental sustainability. Considering the period from 1990 to 2020 and utilizing methods that are robust to work-
ing with cross-sectionally dependent, heterogeneous, and endogenous panel data, the key analytical findings derived in this
study reveal that higher levels of financial development, primary energy consumption, and technological innovation boost
the per capita economic growth rates of the BRICS nations. Besides, technological innovation also moderates the financial
development—economic growth and the primary energy consumption—economic growth nexuses by jointly boosting eco-
nomic growth rates with these two macroeconomic variables. On the other hand, financial development and higher primary
energy consumption are seen to boost the annual per capita carbon dioxide emission growth in these emerging nations, while
technological innovation is observed to do the opposite. Furthermore, technological innovation is witnessed to moderate the
nexus between energy use and economic growth to further reduce the emission growth rate in the BRICS nations. Accord-
ingly, a set of policies are recommended to the concerned governments in order to enable the BRICS nations to attain the
Sustainable Development Goals agenda.

Keywords Sustainable Development Goals - Sustainable economic growth - Sustainable environmental quality - CO,
emissions - Technological innovation - Financial development
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(Bandyopadhyay and Rej 2021; Khan et al. 2022a). The rati-
fication of the SDG agreement has therefore motivated the
signatories to form nationally determined, as well as regionally
cooperative, action plans that can enable them to achieve the
underlying targets concerning the SDG by the end of 2030.
Under such circumstances, development planners worldwide
are now highly interested in ascertaining the channels/mecha-
nisms through which higher economic growth and lower envi-
ronmental pollution can be simultaneously established across
the globe (Kartal et al. 2022a; Alam 2022; Depren et al. 2022).
Although, the neoclassical theories of growth postulate
that a particular nation’s economic growth is conditional
on its stocks of labor and capital, this view has been chal-
lenged by highlighting the importances of other key mac-
roeconomic for stimulating sustainable economic growth.
Among these major growth enablers, the role of the financial
sector in promoting economic progress cannot be doubted.
For instance, since the financial sector injects funds into the
private sector, in particular, the development of this sector
is expected to scale up private credit supplies which, in turn,
can be assumed to boost economic growth through capital
accumulation-led industrialization (Sobiech 2019). Besides,
financial inclusion is also assumed to help resolve budget
constraints to stimulate higher levels of private consumption
so that inclusive economic growth can be established; thus, an
inclusive financial sector can go hand in glove with inclusive
growth achievements (Siddik and Kabiraj 2020). On the other
hand, the crucial role of energy resources in respect of stimu-
lating higher economic growth cannot be overlooked either.
Energy supply is recognized as the most important economic
input, whereby its employment within different economic
sectors contributes to the production of greater national out-
put (Stern 2019; Alkhateeb and Mahmood 2019). Accord-
ingly, unreliable supply of energy, especially electricity, is
often responsible for underpinning industrialization whereby
the rate of economic growth attainment can be assumed
to slow down (Nepal and Paija 2019; Ateba et al. 2019).
Similarly, financial development and energy use are
also asserted to influence the environmental conditions,
both favorably and adversely (Kartal 2022; Ali et al. 2022;
Kartal et al. 2022b). Firstly, concerning the financial sec-
tor’s environmental impacts, investment of private sector
funds in dirty industries is likely to inflict environmen-
tal welfare-inhibiting impacts (Khan et al. 2022b). Con-
versely, the role of the financial sector in respect of green
climate financing for controlling environmental pollution
has been widely acknowledged within the finance-environ-
ment narrative (Lee and Lee 2022; Zhang 2022). Besides,
several recently published studies have highlighted the
relevance of developing the financial sector digitally in
order to reduce its carbon footprint (Cao et al. 2021). On
the other hand, emphasizing the nexus between energy
use and environmental quality, ambiguous environmental
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impacts are believed to accompany greater production
and consumption of energy resources. For example, the
use of hydrocarbon-based fossil fuels is often held respon-
sible for profusely releasing greenhouse gases into the
atmosphere; consequently, climate change adversities can
be triggered (Rehman et al. 2021; Ramzan et al. 2022).
Contrarily, the employment of hydrocarbon-free renewable
energy resources is assumed to inhibit the deterioration
of the global climate (Majeed et al. 2022; Shahbaz et al.
2021; Sheraz et al. 2022). Accordingly, often we hear that
switching from non-renewable to renewable energy could
resolve environmental hardships (Murshed 2020; Koondhar
et al. 2021; Zhao et al. 2022). However, this conjecture has
also been criticized in few studies that have concluded that
such clean energy transitions actually deteriorate the envi-
ronment further by concurrently boosting the demand for
environmentally unfriendly minerals (Islam et al. 2022a, b).
Apart from financial development and energy use, tech-
nology is regarded as another key influencer of both eco-
nomic growth and environmental quality (Mahmood 2020).
Firstly, regarding economic growth, both endogenous and
exogenous theories of growth have highlighted the respec-
tive importance of research and development-driven and
globalization-led technological progress for catalyzing eco-
nomic growth rates (Jones 2019; Hassan et al. 2019; Ahmed
etal. 2021). Besides, in the era of the Fourth Industrial Rev-
olution, the role of technological innovation-driven auto-
mation in boosting output production (synonymous with a
potential surge in economic growth rate) has duly been men-
tioned in the literature (Prettner 2019). Conversely, refuting
the idea of technology-led economic growth, several studies
have also portrayed the dark side of technology by linking
technological innovation with poor labor productivity and
lower rate of economic growth (Wellisz 2016).
Furthermore, exploring the dynamic relationships
between technological change and environmental quality,
equivocal environmental impacts of technology have been
documented in the literature. Assuming that a particular
economy is its juvenile phase of development, its stock of
technology is justifiably expected to be low. Under such
circumstances, this nation may not be efficient in using
its underdeveloped technologies for controlling the rate
of greenhouse gas emissions. However, considering the
theoretical underpinnings of the environmental Kuznets
curve (EKC) hypothesis of Grossman and Krueger (1995),
if this economy grows to reach a substantial level, it can
be assumed to significantly improve its technological stock;
consequently, it can reinstate the environmental welfare that
was lost during the early phases of growth. Thus, several
studies modeling the EKC hypothesis have controlled for
the environmental impacts associated with technological
innovation (Sinha et al. 2020; Ullah et al. 2021). Besides,
technological innovation can also indirectly impact the
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environment through the channel of energy use. It has
been argued that technological advancement-led improve-
ment in the rate of energy productivity is ideal for limiting
energy-related greenhouse gas emissions (Murshed et al.
2022; Zhang et al. 2018). Nevertheless, the rebound effect
challenges this favorable environmental effect of technologi-
cal innovation by postulating that energy productivity gains
can induce an income effect to boost energy use and trigger
higher emissions of greenhouse gases (Wang et al. 2019).
Hence, taking into account these ambiguous impacts on
economic growth and environmental quality, this study con-
siders data from the BRICS countries (comprising Brazil,
Russia, India, China, and South Africa) for juxtaposing the
long-run effects of financial development, energy consump-
tion, and technological innovation on annual per capita real
gross domestic product (GDP) and carbon dioxide (CO,)
emission rates in these emerging countries. The BRICS
nations have come of age, especially with the broad-basing
of their industrial expansions, in spurring rapid economic
growth and are therefore these nations have evolved to be
major contributors to the global economy as a whole (Anser
et al. 2021; Jiang et al. 2022a). Concurrently, these nations
have also emerged as leading emitters of CO, and other
greenhouse gases. In 2020, China accounted for almost one-
third of the total volume of CO, emitted worldwide, while
the BRICS nations collectively were responsible for contrib-
uting to around half of the global volumes of CO, emissions
(British Petroleum 2022). Therefore, controlling the rate of
discharge of greenhouse gases into the atmosphere is not
only important for the BRICS nations but also important
for the well-being of the global environment. Besides, the
BRICS nations have also signed the SDG agreement which
obliges them to strategize action plans for achieving achiev-
ing sustainable economic and environmental performances.
This study makes some interesting contributions to the
associated literature. First, almost all of the preceding studies
on the BRICS nations have measured economic growth and
environmental degradation in terms of the rise in the absolute
per capita levels of GDP and CO, emissions, respectively.
However, keeping the sustainability issue into cognizance,
simply boosting the per capita national income and emission
figures do not guarantee whether these performances would
sustain or not in the future. Hence, to address this gap in the
literature, in this study we consider the annual per capita real
GDP and CO, emission growth rates as indicators of eco-
nomic and environmental sustainability, respectively. Second,
this study is one of the few that assesses both the direct and
indirect consequences of technological development on eco-
nomic growth and environmental quality in the context of the
BRICS nations. In particular, it is pertinent to explore these
indirect channels because the effects of technological inno-
vation on the economy and the environment can be assumed
to pass through the channels of financial development and

energy use. As a result, the potential moderating/mediating
roles of technological innovation are examined in this study
for recommending holistic economic and environmental
development-related policies. Lastly, the existing literature
documents a wide range of panel data studies that have taken
the issues of cross-sectional dependency and slope hetero-
geneity into consideration but have largely overlooked the
endogeneity concerns. However, endogeneity is a serious
problem in panel data modeling since it leads to the predic-
tion of biased and inconsistent regression outcomes (Dong
et al. 2022; Ben Lahouel et al. 2022). More importantly, the
overarching relationships between the macroeconomic vari-
ables considered in this study can be expected to inflict endo-
geneity concerns. Hence, the issue of endogeneity has been
duly addressed while designing the estimation strategy.

In the next section, some information regarding the eco-
nomic, financial, and energy sectors of the BRICS nations
are provided. Then, the subsequent sections chronologi-
cally present the literature review, methodology, findings and
discussion, and concluding remarks and policy suggestions.

Literature review

The literature on economic effects of financial
development and energy use

Theoretically, the financial sector is considered one of the
major engines of economic growth through the channel of
financial development-capital formation. For instance, for
the national output level to increase, the role of finance can-
not be questioned. Thus, the role of the financial sector in
providing the funds for investment, especially within private
industries, cannot be denied. Under such assumptions, sev-
eral researchers have empirically examined the effects of
financial development on economic growth. Among these
prior studies, mostly the development of the financial sector
within an economy was captured in terms of the proportion
of the GDP that comprises private sector credit (Sepehr-
doust and Ghorbanseresht 2019). In a study on selected Sub-
Saharan African nations, Abeka et al. (2021) concluded that
developing the financial system for the private sector, espe-
cially in respect of enhancing loan availability, is important
for harnessing the economic growth agendas in these coun-
tries. Besides, the authors added that digitalization within
the financial sector is more effective in promoting growth.
Similarly, Ustarz and Fanta (2021) explored the impacts of
financial development on sector-based economic growth
in Sub-Saharan African countries. The results showed
that although financial development facilitates growth in
the agriculture and services sectors, it promotes industrial
growth only after a substantial level of development in the
financial sectors of these countries is achieved.
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Using data from the BRICS, Raghutla and Chittedi
(2021) also found evidence of the positive impacts of finan-
cial development on economic growth. Contrarily, evidence
regarding the growth-inhibiting effects of financial develop-
ment has also been highlighted in the literature. Siddikee and
Rahman (2021), in the context of Bangladesh, found that
financial development despite positively affecting economic
growth in the short-run, albeit the impact is small, it damp-
ens economic growth in the long run. In another study on
62 middle- and high-income countries, Osei and Kim (2020)
quoted that financial development indirectly influences
growth by moderating the impact of foreign direct invest-
ments on the growth of the economy. The authors claimed
that initially although financial development helps the for-
eign direct investments in promoting economic growth, once
the share of private credit in the GDP goes beyond 95.6%,
it can no longer foster the positive relationship between
foreign direct investments and economic growth. Thus, the
authors concluded that too much domestic finance (indicat-
ing financial development) is not conducive to stimulat-
ing higher economic growth. Likewise, in a study using
data from 29 Sub-Saharan African nations, Ibrahim and
Alagidede (2018) remarked that financial development can
be detrimental to economic growth if it enhances finance
for risky projects. Furthermore, Shahbaz et al. (2022)
recently concluded that the effect of financial development
on economic growth in the top financially developed world
economies can both be positive and negative; moreover, the
authors added that these effects can be expected to change
along with regime shifts concerning changes in the level of
financial efficiency.

On the other hand, much like the financial sector, the par-
amount importance of the energy sector in respect of influ-
encing the economic growth indicators cannot be doubted.
However, similar to the ambiguous nexuses between finan-
cial development and economic growth, the existing findings
portray both positive and negative effects of energy use on
economic growth. Among the empirical studies concen-
trating on the energy use-economic growth relationship,
Shahbaz et al. (2016) opined that for the economies of the
BRICS nations to grow, it is essential for these nations to
boost biomass energy consumption. In another study featur-
ing 45 emerging market and developing nations, including
the BRICS, Le and Sarkodie (2020) reported that energy
consumption, irrespective of its type, positively contributes
to economic growth in the long run. Likewise, in the context
of selected South Asian nations, Rahman and Velayutham
(2020) asserted that both renewable and non-renewable
energy consumption are key determinants of greater eco-
nomic growth. Additionally, using data from the BRICS
nations and Turkey, Yildirim et al. (2019) also documented
statistical evidence regarding higher energy use being trans-
lated into greater economic growth.
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In the case of China, Ouyang and Li (2018) found evi-
dence that as the aggregate level of energy consumed in
China goes up, the size of the Chinese economy tends to
grow as well; thus, the energy sector can be regarded as a
major influencer of the economic well-being in China.

Balsalobre-Lorente and Leitdo (2020) reported evi-
dence concerning higher renewable energy consumption
accounting for higher economic growth in 28 members of
the European Union. Contrarily, specifically for the BRICS
nations, Akram et al. (2021) reported that renewable energy
consumption dampens economic growth, especially in the
relatively more-polluted BRICS nations. In another study
on top 38 renewable energy-consuming nations, Shahbaz
et al. (2020a) concluded that renewable energy use does not
guarantee higher growth of economic output since the results
suggested that only in 22 of the selected countries renewable
energy consumption positively stimulates economic growth.
On the other hand, linking non-renewable energy use with
economic growth, Awodumi and Adewuyi (2020) found that
higher consumption of natural gas and petroleum promotes
economic growth in Angola and Gabon but retards growth
in Nigeria. Besides, juxtaposing the effects of non-renew-
able energy consumption on economic growth across sepa-
rate samples of developed and developing countries, Polat
(2021) asserted that although higher non-renewable energy
consumption is linked with higher growth in developing
economies, it cannot influence the economic growth perfor-
mances of developed nations.

The literature on environmental effects of financial
development and energy use

Empirical studies showcasing the impacts of the financial
sector on the environment have documented mixed findings.
Focusing on selected developing nations, Khan and Ozturk
(2021) concluded that the development of the financial sec-
tor is a pre-requisite for addressing environmental concerns
since financial development was found to independently
reduce CO, emissions and also indirectly contribute to CO,
emission reduction by lessening the adverse environmental
concerns associated with economic growth, international
trade, and foreign direct investment inflows. Especially
in the context of developed nations, Habiba and Xinbang
(2022) stated that financial development curbs CO, emis-
sions. Likewise, in the context of Australia, Rahman and
Alam (2022) reported evidence that financial development
helps in abating the CO, emission figures.

Conversely, Ibrahim et al. (2022) recently concluded
that financial development in the BRICS countries ampli-
fies their per capita CO, emission levels in the long run.
Similarly, Abbasi et al. (2022) said that the financial sec-
tor of Pakistan is responsible for environmental hardships
experienced by the nation since the results confirmed
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that financial development triggers higher emissions of
both consumption and territory-based CO, emissions. On
the other hand, using data from countries under China’s
one belt and road initiative, Weili et al. (2022) also found
evidence of financial development leading to a rise in
the per capita CO, emission levels in these countries.
The environmental adversities accompanying financial
development were also reported by Habiba and Xin-
bang (2022) as the findings in that study showed that
although financial development is effective in mitigating
CO, emission levels in developed countries, it triggers
higher CO, emissions in emerging nations. Also, using
data from 57 Belt and Road initiative nations, the nega-
tive environmental effects of financial development were
verified by Jiang et al. (2022b). Meanwhile, in another
relevant study on selected Latin American nations, Ade-
bayo et al. (2021) opined that the financial sector’s devel-
opment has limited power in influencing environmental
indicators.

Furthermore, the findings presented in the existing
studies on the effects of energy use on CO, emissions
are also mixed. In the context of the BRICS countries,
Zhu et al. (2018) opined that higher energy consump-
tion degrades the environment through the stimulation of
higher emissions of CO,. Besides, this finding was evi-
denced to be homogeneous for all quantiles of per capita
CO, emissions. In contrast, Aziz et al. (2020) and Dingru
et al. (2021) also used data from the BRICS nations and
found evidence that as more renewable energy is con-
sumed the CO, emission levels tend to decline. Also, this
finding was found to hold for both the less- and highly-
polluted BRICS nations. Identical conclusions were
drawn in the study on BRICS nations by Adebayo et al.
(2022). Furthermore, linking natural gas and renewable
energy consumption with environmental quality in the
BRICS nations, Dong et al. (2017) said these emerging
nations can mitigate CO, emission levels by scaling up
their natural gas and renewable energy consumption fig-
ures. Bhat (2018) showed that non-renewable energy use
in the BRICS nations is responsible for higher CO, emis-
sions in the long run only, while higher use of renewable
energy is efficient in reducing CO, emissions both in the
short- and long-run.

In existing studies that featured non-BRICS nations as
well, Zhu et al. (2016) considered data from five South-
east Asian nations and found evidence that although
higher energy consumption results in higher per capita
CO, emissions, this impact is conditional on the level of
pollution in those countries. Using data from a large sam-
ple of 170 countries, Wang et al. (2019) claimed that irre-
spective of the level of economic growth, higher energy
use is associated with higher emissions of CO,. Similarly,
for a case study on 35 global economies, Zaman et al.

(2016) also concluded that energy consumption imposes
environmental adversities by amplifying the per capita
CO, emission figures of the selected countries. In another
country-specific study on Pakistan, Danish et al. (2017)
asserted that renewable energy use improves the environ-
ment by reducing CO, emission levels, while non-renew-
able energy use degrades it by boosting the emission lev-
els. Moreover, in the context of the Next Eleven nations,
Paramati et al. (2017) remarked that boosting renewable
energy consumption can be an effective means of curbing
the CO, emission levels in these energy nations.

The literature on the economic and environmental
effects of technological innovation

The Fourth Industrial Revolution has bolstered the impor-
tance of technological innovation in catalyzing economic
activities under the assumption that improved technology
can help to enhance factor productivity to stimulate higher
growth. Empirical studies, in this regard, have mostly found
technological progress to positively influence economic
growth. Accordingly, using data on several indicators of
technological innovation, Anakpo and Oyenubi (2022)
recently found statistical evidence of positive impacts
of these technological innovation-related indicators on
per capita economic figures of selected Southern African
nations. In another study on Singapore, Meirun et al. (2021)
concluded that the greening of technologies can enhance
the nation’s economic growth level, both in the short- and
long-run. For the cases of the Next Eleven nations, the
positive effects of technological innovation, measured in
terms of a rise in the number of patents applied, on eco-
nomic growth were also reported in the study conducted
by Rahim et al. (2021). Besides, using a higher mobile
phone penetration rate as an indicator of greater application
of advanced information and communications technology,
Haftu (2019) asserted that technology innovation is likely
to boost economic growth in Sub-Saharan African nations.
Meanwhile, for China, Zhou et al. (2021) concluded that the
effect of technological innovation on economic growth can
be illustrated as an inverted U-shaped graph; thus, the results
implied that as more advanced technologies are utilized,
the Chinese economy initially grows up to a threshold point
beyond which further innovation dampens economic growth
in China. Similarly, Kahouli (2018) employed data from
selected Mediterranean countries and reported that research
and development-led technological innovation retards eco-
nomic growth levels in the long run.

On the other hand, regarding the environmental effects
accompanying technological innovation, existing studies
have highlighted that technologies progress inflicts ambigu-
ous impacts on the level of CO, emissions. In general, these
studies have argued that while non-green technologies
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promote higher emissions of CO,, green technologies can
neutralize these negative environmental effects. Accord-
ingly, Chen and Lee (2020) questioned whether or not
technological innovation homogeneously contributes to
reduce emission across the globe. Based on their findings,
the authors concluded that technological innovation has a
minimal CO, emission-inhibiting effect on a global scale.
However, the impacts are heterogeneous when smaller sam-
ples of countries are considered as case studies. Precisely,
the authors identified that in countries with high levels of
national income, technological endowment, and CO, emis-
sions, an improvement in the level of technological inno-
vation is effective in curbing CO, emissions. However, in
countries that do not have these characteristics, technologi-
cal innovation imposes CO, emission-boosting effects. In
another study on China, Shahbaz et al. (2020b) asserted that
the environmental impacts of technological innovation are
intertemporal since the findings indicated that technologi-
cal innovation in the short run boosts CO, emissions while
it reduces emissions in the long run.

It is also evident from the technology-CO, emission-
based literature that most studies have used a single indica-
tor to proxy environmental innovation. However, the study
by Zafar et al. (2021) explored the effects of technological
innovation on CO, emissions, in selected countries that
are members of the Asia Pacific Economic Cooperation
(APEC), by estimating a technological innovation index
using data concerning different technological innovation
indicators (including patent and trademark applications
and technical cooperation grants data). The results showed
that technological innovation is a key driver of higher
CO, emissions in these countries. Likewise, Sinha et al.
(2020) also utilized a technological innovation index and
concluded that technological progress is associated with
emission reduction in less-polluted Next Eleven nations;
contrarily, an opposite impact was evidenced for the highly
polluted Next Eleven nations. Furthermore, although most
of the related studies available in the literature focus on
the direct impacts of technological innovation on CO,
emissions, only a few have emphasized the indirect chan-
nels through which technology can enforce environmental
consequences. Among these, Cheng et al. (2021) claimed
that technological innovation in the members nations of
the Organization for Economic Cooperation and Devel-
opment indirectly mitigates their CO, emission levels by
jointly reducing emissions with higher renewable energy
consumption. Similarly, Zhao et al. (2021) concluded that
technological innovation indirectly inhibits CO, emissions
by mediating the relationship between financial risk and
CO, emissions.

The review of the aforementioned literature identifies cer-
tain gaps that motivate this study. It is apparent that the exist-
ing studies featuring the BRICS nations did not emphasize
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the need for increasing and reducing the rate of economic
growth and CO, emissions, respectively, and have rather
focused on increasing and decreasing their respective levels.
However, from the perspective of sustainable development,
it is imperative to sustain the increments in economic growth
rate while persistently declining CO, emission growth rates
as well. Besides, limited information (none in the context
of BRICS) is documented regarding the indirect impacts
of technological innovation on economic growth and CO,
emission rates. Another additional research gap that can be
found from the related literature review is that the majority
of the studies have not considered the issue of endogeneity
when modeling the determinants of sustainable economic
and environmental development. However, since the pos-
sible reverse causalities between the study variables (i.e.,
between the dependent and the independent variables) can
give rise to endogeneity concerns, it is critically important to
strategize the estimation plan by including methods that are
robust in handling models containing endogenous covari-
ates. Therefore, taking into account these literature gaps, this
study attempts to bridge them in the context of the BRICS
countries.

Research methodology
Empirical modeling and data attributes

Since the objective of this study is to identify how financial
development, energy consumption, and technological inno-
vation affect the annual rates of changes in economic growth
and CO, emissions in the context of the BRICS countries,
the following model is considered:

Model 1 : YPC_GR,|CO2PC_GR,, = d, + 3, YPC_GR,_, 10, CO2PC_GR

=Lt
+ 0,FIN_DEV,, + 0,LnENERGY,,

+0,TECH_INNOV , + ¢,

ey

In Eq. 1, the dependent variables YPC_GR and CO,PC_
GR are respectively representing the annual rates of changes
in per capita real GDP (a proxy for economic growth rate)
and CO, emissions (a proxy for environmental pollution
rate). Besides, the independent variables YPC_GR,_, and
CO2_GR,_, represent the one-period lagged levels of the
dependent variables. These variables are included in the
model because it has been mentioned in the literature that
controlling for lagged levels of the dependent variable within
the model can address endogeneity concerns (Chudik and
Pesaran 2015; Churchill et al. 2021). The variable FIN_DEV
represents the financial development level which is proxied
by the percentage share of private sector credit in the GDP
of the respective BRICS nations. A rise in the percentage
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share indicates the development of the financial sector and
vice-versa (Sepehrdoust and Ghorbanseresht 2019).

The other independent variable LntENERGY represents
the per capita primary energy consumption levels of the
BRICS countries (measured in exajoules). This variable is
naturally log-transformed to make sure that the elasticity of
rates of economic growth and CO, emissions with respect
to financial development can be easily predicted. Lastly, the
variable TECH_INNOV represents the technological innova-
tion index (a proxy for the level of technological progress)
which is predicted using the principal component analysis
technique and utilizing three technological innovation-
related indicators: (i) patent and trademark applications by
residents, (ii) patent and trademark applications by non-
residents, and (iii) technical cooperation grants receipts.
Higher values of the technological innovation index can be
interpreted as an improvement in the level of technology and
vice-versa (Sinha et al. 2020; Zafar et al. 2021). The values
and signs of parameters d,, d,, d3, andd, indicate the marginal
impacts of a rise in the levels of the independent variables
on the dependent variable. Furthermore, to check whether
technological innovation indirectly affects rates of economic
growth and CO, emissions, we modify our baseline models
(shown in Eq. 1) as follows:

Model 2 : YPC_GR,|CO2PC_GR,, = 05 + 0,YPC_GR,_, ;|04 CO2PCp,_, .
+ 0,FIN_DEV,, + 04LnENERGY ;, + 0, TECH_INNOV, 2)

+0,0(TECH_INNOV,, = FIN_DEV ) + £,,

Model 3 : YPC_GR,|CO2PC_GR,, = 0,; + 9;,YPC_GR,_, |0,,CO2PCyp,_, ;
+0y3FIN_DEV,, + d,,LnENERGY,, + d,sTECH_INNOV,, 3)

+0y6(TECH_INNOV,, % LnENERGY ;) + &5,

In Egs. 2 and 3, the variables TECH_INNOV*FIN_DEV
and TECH_INNOV*LnENERGY represent the interaction
terms between technological innovation and financial devel-
opment and between technological innovation and energy
consumption, respectively. Hence, the values and signs of
parameters 0, and d,, would indicate whether technological
innovation indirectly, with financial development and energy
consumption, influences the rates of economic growth and
CO, emissions in the BRICS nations. For the purpose of
conducting the empirical analysis, the study period consid-
ered extends from 1990 to 2020. Although ideally a longer
data period would have been more appropriate, we have
to curtail the duration of the study period since relevant
data before and beyond the chosen period is not available.
Regarding data sources, the World Bank’s World Develop-
ment Indicators database provides data from the variables
YPC _GR and FINDEYV and the three indicators of TECH _
INNOYV (patent and trademark applications by residents and
non-residents and technical cooperation grant receipts). The

data of the variable LnENERGY is provided by the British
Petroleum’s Statistical Review of World Energy database.
Lastly, the Global Carbon Atlas database provides the data
of the variable CO,PC_GR.

Table 1 presents the descriptive statistics of the key vari-
ables for the respective BRICS nations. It can be seen that
during the study period, Russia, on average, recorded the low-
est rate of annual per capita economic growth, while China
accounted for the highest annual per capita economic growth
rate. Besides, in terms of growth volatility, Russia recorded
the most-volatile economic growth performances. On the
other hand, the average annual rate of growth in per capita
CO, emissions was highest for Russia and lowest for India.
Although China is the most-polluted global economy, its
large population size could be the reason why the nation does
not top the list of the BRICS nations in terms of the average
rate of growth in the annual per capita CO, emission levels.
Besides, China is seen to have the most-developed financial
system, while the financial system of Russia is the least-devel-
oped nation among the BRICS countries. In terms of energy
consumption, it is of no surprise that the two most-populated
BRICS countries China and India have the highest annual pri-
mary energy consumption levels, while South Africa has the
lowest level of annual energy consumption. Lastly, China is
seen to be the most technologically innovative BRICS nation.
The variance inflation factor (VIF) outcomes, for the panel of
the BRICS nations, are shown in Table 2. It is clear from the
outcomes that there are no multicollinearity issues in the mod-
els considered in this study since the VIF scores are below 5
and the mean VIF score is below 10.

Estimation strategy

Our estimation strategy involves six steps. In the first step,
this study conducts the panel data analysis of cross-sectional
dependence. The presence of cross-sectional dependence is a
serious concern since it lessens the possibility of predicting
consistent and unbiased analytical outcomes (Koseoglu et al.
2022). Besides, Hamid et al. (2022) argued that due to strong
globalization ties among the BRICS nations, the presence
of cross-sectional dependence in panel data sets concerning
the BRICS nations can be anticipated. In the second step,
this study performs the analysis of heterogeneous slope coef-
ficients, considering the macroeconomic differentials among
the BRICS nations. For instance, the BRICS countries differ
in terms of per capita national income level (World Bank
2022); thus, it can be assumed that these countries, despite
commonly being emerging markets, are somewhat at dif-
ferent phases of development. Under such circumstances,
the predicted slope coefficients can vary for the individual
BRICS nations whereby the issue of slope heterogeneity
cannot be overlooked.
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Table 1 Descriptive statistics

Country Statistics Min Max Mean St. Dev  Skewness  Kurtosis
Brazil YPC_GR —6.067 6.524 0.780 2969  —0.430 2.805
CO,PC_GR 1.328 2.523 1.852 0.329  0.155 2.285
FIN_DEV 27.686 133.076  51.208  21.667  1.737 1.569
LnENERGY 1.879 2.519 2.188 0.267  —0.301 1.898
TECH_INNOV  —0.288 -0.078 -0.231 0.061  0.634 2.539
Russia YPC_GR —14.614  10.464 0.771 6.384  —0.631 2.698
CO,PC_GR 10.070 14.621 11.485 1.071  1.604 5.359
FIN_DEV 16.838 59.772 33400 14.878 0364 1.477
LnENERGY 3.222 3.587 3.347 0.092  1.135 2.056
TECH_INNOV  —0.278 -0.135  -0.216 0.078  0.663 2.546
India YPC_GR -7.516 7.082 4.192 2938  —2.198 1.342
CO,PC_GR 0.645 1.812 1.146 0395 0.419 1.658
FIN_DEV 22.511 54.652 38295 12273 -0.081 1.242
LnENERGY 2.109 3.523 2.837 0.450  0.023 1.682
TECH_INNOV  —2.885 -0.192  -0.204 0.095 0.711 2.308
China YPC_GR 1.997 13.636 8.296 2.697  —0.126 3.187
CO,PC_GR 1.915 7.606 4.638 2.157  0.132 1.317
FIN_DEV 83.097 182.868 118.577 26.758  0.572 2.552
LnENERGY 3.357 4.980 4.224 0.564  —0.093 1.403
TECH_INNOV  —0.268 7.045 0.929 1.999  1.899 5.449
South Africa  YPC_GR -7.616 4.278 0.326 2.612 -0.976 1.228
CO,PC_GR 6.175 8.573 7.321 0.747 -0.220 1.655
FIN_DEV 46.570 70.382 58.790 6.330 -0.230 2.272
LnENERGY 1.303 1.673 1.522 0.129 —0.415 1.707
TECH_INNOV  —0.295 -0.169 -0.279 0.008 —0.097 1.121
BRICS YPC_GR —14.614 13.636 2.873 4.481 —0.565 1.882
CO,PC_GR 0.645 14.621 5.289 3.971 0.483 1.879
FIN_DEV 16.823 182.868 60.054  35.426 1.279 3.178
LnENERGY 1.303 4.980 2.824 0.996 0312 2.275
TECH_INNOV  —0.268 7.045  —0.000 1.001  5.243 1.590
Table 2 The outcomes from variance inflation factor (VIF) analysis In the context of this study, the number of cross-sections
Nariable VIF INTF Moan VIF (N) is small, while the Flme dlmen519n (7) is fairly large.
Consequently, for assessing cross-sectional dependency, the
FIN_DEV 1.91 0.553 1.75 Pesaran (2021) and Breusch and Pagan (1979) techniques
LnENERGY 1.85 0.542 are applied. While the Pesaran (2021) technique is more
TECH_INNOV 1.50 0.668 suited to panel data sets with a large time dimension, the
Table 3 The cross-sectional Variable Pesaran (2021) Breusch and Pagan ~ Decision
dependency test outcomes (1979)
YPC_GR 6.569%** 61.022%** Cross-sectional dependency exists
CO,PC_GR —0.047 359.198%** Cross-sectional dependency exists
FIN_DEV 2.206%* 18.954** Cross-sectional dependency exists
LnENERGY 0.528 158.227%%*%* Cross-sectional dependency exists
TECH_INNOV 1.549% 83.600%** Cross-sectional dependency exists

**#*Significance at 1%; **significance at 5%; *significance at 1%
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Table 4 The Pesaran and

Delta statistic

Adj. Delta statistic Decision

Model Dep. Var
Yamagata (2008) slope
heterogeneity test outcomes 1 YPC_GR
1 CO,_GR

2.593***
18.271%**

2.831%%*
19.9571%**

Slope heterogeneity exists
Slope heterogeneity exists

*#%Significance at 1%

Breusch and Pagan (1979) technique favors data sets with
small cross-sectional dimensions (Dong et al. 2018). The
statistical significance of the test statistics predicted using
these techniques rejects the null hypothesis of independ-
ent cross-sectional units. Accordingly, the issue of cross-
sectional dependence in our data set is confirmed by the
outcomes reported in Table 3. On the other hand, we use
the Pesaran and Yamagata (2008) technique for assessing
slope heterogeneity. This method predicts test statistics
that, if found to be statistically significant, reject the null
hypothesis of homogeneous slope coefficients. Hence, the
corresponding outcomes reported in Table 4 confirm slope
heterogeneity issues in our data set.

In the third step, we perform the panel unit root analysis.
According to Jahanger et al. (2022), to account for cross-sec-
tional dependence in the data, the Pesaran (2007) technique
should be applied. In this panel data unit root estimation
approach, two tests are conducted: cross-sectional adjusted
augmented Dickey-Fuller (CADF) and cross-sectional
adjusted Im-Pesaran-Shin (CIPS). Both these tests predict
statistics, considering and not considering trends, to examine
the null hypothesis that there is a unit root in the series of
concerns. The presence of unit root implies that the series
does not revert to its mean value whereby regression analysis
comprising variables with unit root concerns leads to the
estimation of spurious effect of the independent variable on
the dependent variable (Li et al. 2022). In the second step,
we perform the panel cointegration analysis keeping the
cross-sectional dependence issue into consideration. In this
study, we choose the Westerlund (2007) approach for cointe-
gration estimation to check whether there are long-run asso-
ciations between the independent and dependent variables in
the corresponding model. The test statistics predicted under
Westerlund (2007)’s method consider the null hypothesis
that there are no cointegrating/long-run relationships among
the variables (Usman et al. 2022) and are predicted by con-
trolling for cross-sectional dependency using a bootstrapped
replication approach (Huang et al. 2022).

In the fifth step, the penultimate one before conduct-
ing the regression analysis, we perform the panel causal-
ity analysis to identify the pairwise direction of causation
among the study variables. This is particularly important
for checking whether the model suffers from endogeneity
problems arising from reverse causal associations among
the response (dependent) and the explanatory (independent)
variables (Sadiq et al. 2022). Nevertheless, the majority of

the empirical studies documented in the literature do not
emphasize the analysis of causality before designing the
regression technique; however, without knowing whether
endogeneity exists in the model/s, it is not possible to select
the appropriate regression estimator. Moreover, to control
for the issues of dependent cross-sectional units and het-
erogeneous slope coefficients in our data, we employ the
causality test proposed by Dumitrescu and Hurlin (2012).
In this test, the statistical significance of the test statistics
rejects the null hypothesis of the independent variable not
causally influencing the dependent variable (Ahmad et al.
2021; Ehigiamusoe et al. 2022). Lastly, in the sixth step, we
conduct the panel regression analysis using Ditzen’s (2021)
instrumental variable (IV) version of the dynamic common
correlated effects (DCCE) panel regression technique of
Chudik and Pesaran (2015). While the conventional DCCE
technique addresses the issue of endogeneity by including
the lagged level of the dependent variable as a covariate, the
DCCE-1V approach goes one step further in accounting for
endogeneity concerns by treating the endogenous covariate
with the lagged levels of the other explanatory variables (the
lagged variables are considered as instruments). Besides, the
DCCE-IV method is also suitable for handling cross-section-
ally dependent heterogeneous panel data sets (Ditzen 2021).

Empirical results and discussion

At first, we interpret the panel unit root results that
are reported in Table 5. The predicted test statistics from
both the CADF and CIPS tests, calculated both considering
and not considering a trend, are statistically significant only
at the first difference for all variables. Therefore, we can
claim that the variables considered in this study have identi-
cal integration order, precisely at I(1).

Regarding the findings from the Westerlund (2007) analy-
sis, as shown in Table 6, it is evident that in the context of
the BRICS nations, the annual rates of changes in economic
growth and CO, emissions have long-run relationships with
the levels of financial development, energy consumption,
and technological innovation.

Table 7 reports the findings from the Dumitrescu and
Hurlin (2012) causality analysis. Firstly, the results identify
a bidirectional causal association (reverse causality) between
economic growth and financial development in the case of
the BRICS nations. This finding can be explained by the
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Table 5 The Pesaran (2007)

. Variable CADF test Decision CIPS test Decision

panel unit root test outcomes
Trend assumption No trend Trend Stationary No trend Trend Stationary
YPC_GR —-1.670 —-2.690 Non-stationary —2.186 —2.556 Non-stationary
AYPC_GR —3.272%%*  —3.244%*% Stationary —5.410%**  —5.557**% Stationary
CO,PC_GR —2.120 —2.241 Non-stationary —2.046 —1.289 Non-stationary
ACO,PC_GR —1.706 —2.328% Stationary —2.428**  —3.359%** Stationary
FIN_DEV -1.214 —2.406 Non-stationary —0.697 —2.002 Non-stationary
AFIN_DEV —2.997%** —3.037**  Stationary —4.101%%*  —4.144***  Stationary
LnENERGY —-2.211 —-2.135 Non-stationary —2.095 —-1.702 Non-stationary
ALnENERGY —1.958 —3.012*%*  Stationary —3.040%*  —3.387*** Stationary
TECH_INNOV —-1.129 —-1.352 Non-stationary —0.919 —2.140 Non-stationary
ATECH_INNOV —3.114% —3.396%*  Stationary —4.353%%*%  —4386%** Stationary
The t-statistics are reported; A =first difference operator; Lag optimality = Schwarz Info. Cri.; ***signifi-
cance at 1%; **significance at 5%; *significance at 10%

Table 6 The Wt?sterlunfi Model Dep. Var Gt statistic Ga statistic Pt statistic Pa statistic Decision

(2007) panel cointegration test

outcomes 1 YPC_GR —4.216%** —8.867 —10.558%%%* —11.659* Cointegrated
1 CO,PC_GR —4.406%** —8.081 —10.583 %% —11.340 Cointegrated

Lag optimality = Schwarz Info. Cri.; bootstrapped reps. =2000; ***significance at 1%; *significance at 10%

Table 7 The Dumitrescu and

- . Dep. Var Indep. Var Z-bar sat Z-bar tilde stat Decision

Hurlin (2012) panel causality

test outcomes YPC_GR FIN_DEV 1.576% 1.263 Bidirectional
FIN_DEV YPC_GR 4,242 3.584%* YPC_GR <> FIN_DEV
YPC_GR LnENERGY 6.897F%% 580k Unidirectional
LnENERGY YPC_GR 0.600 0.381 YPC_GR <~ LnENERGY
YPC_GR TECH_INNOV 4.158* 3.509* Unidirectional
TECH_INNOV  YPC_GR -0.994 -0.973 YPC_GR «—TECH_INNOV
CO,PC_GR FIN_DEV 40755 3 438%uE Unidirectional
FIN_DEV CO,PC_GR —-0.478 -0.529 CO,PC_GR «~FIN_DEV
CO,PC_GR LnENERGY 6.777+%% 5790 Bidirectional
LnENERGY CO,PC_GR 5.761% 4,907 CO,PC_GR <>LnENERGY
CO,PC_GR TECH_INNOV 22875 1883 Unidirectional
TECH_INNOV ~ CO,PC_GR 2.083 1.579 CO,PC_GR «~TECH_INNOV

Null Hypo: independent variable does not Granger cause dependent variable; Lag optimality =Bayesian
info. Cri.; bootstrapped reps. =5000; ***significance at 1%; **significance at 5%; *significance at 10%

assumption that as the financial sector gets more developed,
the level of private investments can go up which, in turn,
can be expected to expedite economic growth rates in the
BRICS nations. On the other hand, as economic growth rates
go up, there could be more demand for modern financial ser-
vices; thus, it can lead to further development of the finan-
cial system. Under such a circumstance, the interdependency
(reverse causality) between economic growth rate and finan-
cial development can be anticipated. Besides, the results
also affirm that there is unidirectional causality stemming
from primary energy consumption to economic growth rate.

@ Springer

This finding is in line with the growth hypothesis which
postulates that energy use is a central facilitator of greater
economic affluence (Apergis and Tang 2013; Aslan et al.
2022; Dogan et al. 2020). Moreover, unidirectional causality
from technological innovation to economic growth rate is
also confirmed by the causality findings. This is an expected
finding since technological progress is often hypothesized to
positively influence the economic growth rate by enhancing
the total factor productivity level (Surya et al. 2021).

On the other hand, the causality results also verify uni-
directional causality running from financial development
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to the rate of change in annual CO, emission levels in the
BRICS nations. This finding can be explained by the under-
standing that financial development can influence the CO,
emission figures of these nations particularly through the
channel of energy consumption. Besides, bidirectional cau-
sality (reverse causation) between primary energy consump-
tion and annual CO, emission rate is also confirmed by
the results. Based on the underlying preconceived notions,
this two-way causal relationship can be explained from the
point of view that as the level of energy consumption within
an economy goes up, it can trigger a positive change in
the level of energy-use-related emissions of CO,, as well
(Bouyghrissi et al. 2022). At the same time, a growth in
the rate of annual CO, emissions can induce a reduction in
the volume of energy use (i.e., energy conservation) which,
in turn, can once again contribute to the inhibition of the
future CO, levels. Accordingly, it can be said that energy
consumption and the CO, emissions-triggered environ-
mental pollution are interdependent. Lastly, the causality
outcomes point out a unidirectional causality running from
technological innovation to the annual rate of change in
CO, emissions in the BRICS countries. This is also a likely
outcome because both clean and unclean technologies are
often claimed to impose ambiguous (both desirable and
undesirable) environmental consequences (Shahbaz et al.
2020b).

Table8 The DCCE-IV panel regression outcomes for economic
growth rate model

Dep. var.: YPC_GR

Regressors Model 1 Model 2 Model 3
YPC_GR(-1) 1.029%**  1.208%**  ].205%#*
(0.126) (0.234) (0.244)
FIN_DEV 0.487+* 0.425%#*  (0.55]%**
(0.094) (0.085) (0.100)
LnENERGY 7.285%%% Q1] 2%%k  QDQGHAE
(3.130) (3.750) (2.930)
TEC_INNOV 15.716%%%  16.212%%*  16.750%**
(2.103) (3.500) (2.650)
TECH_INNOV*FIN_DEV 8.342% %
(1.239)
TECH_INNOV*LnENERGY 11.250%**
(3.893)
Constant 14.865 15.222 15.650
(59.555) (61.230) (53.122)
Adj.R2 0.548 0.585 0.611
Observations 135 135 135

YPC_GR(—1)=lagged level of the dependent variable YPC_GR;
endogenous variable =FIN_DEV; standard errors are in parentheses;
##¥gignificance at 1%; **significance at 5%

Considering the fact that the causality test led to the dis-
covery that economic growth rate and financial develop-
ment and CO, emissions growth rate and primary energy
use are bidirectionally associated, it can be assumed that
the financial development and primary energy consump-
tion indicating variables (i.e., FINDEV and LnENERGY)
are endogenous when economic growth rate and CO, emis-
sion growth rate are respectively used as dependent vari-
ables in our models. Hence, under the DCCE_IV regression
approach, the endogenous variables, in the respective model,
are treated with the lagged levels of the other explanatory
variables (considering the lagged variables as instrumental
variables for treating the endogenous variables). The regres-
sion outcomes are presented in Tables 8 and 9. Firstly, we
interpret the findings from the economic growth rate model
as presented in Table 8. It is evident that the current annual
economic growth rate of the BRICS nations is conditional
on the previous year’s economic growth rate. Since the cor-
responding estimated elasticity parameters (in all three mod-
els) concerning the one-period lagged level of per capita
economic growth rate (i.e., YPC_GR(— 1)) are negative
and statistically significant, it can be said that the previous
period’s economic achievements are likely to be sustained
in the current period.

Besides, it is also evident from the results that the devel-
opment of the financial sector is one of the important driv-
ers of a higher economic growth rate in the BRICS nations.
Precisely, a 1% rise in the share of private sector credit in the
GDP (which indicates the development of the financial sec-
tor) is likely to amplify the annual rate of growth in the per
capita real GDP level by 0.487-0.551%. This finding verifies
the notion that if greater credit accessibility is ensured, it is
likely that the private investors in the BRICS nations would
be availing the loans that are on offer and invest them; con-
sequently, private investment-led industrialization, in par-
ticular, can be anticipated to boost the economic growth
rates of the BRICS nations. Likewise, Abeka et al. (2021)
also remarked that financial development drives higher
economic growth levels in Sub-Saharan African nations
which are mostly developing countries. In contrast, our
finding contradicts the long-run finding of financial devel-
opment dampening Bangladesh's economic growth level
that was reported in the study conducted by Siddikee and
Rahman (2021). Among the other key results found in this
current study, it is evident that energy consumption induces
economic growth rate-boosting effects within the economies
of the BRICS nations. Notably, if the level of primary energy
consumption goes up by 1%, it is likely to enhance the
annual per capita real GDP growth rate by 7.285-9.298%.
This finding implies that economic growth in the context
of the BRICS nations is highly elastic to changes in their
respective primary energy consumption levels. To explain
this finding, it can be said that since energy is consumed
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Table9 The DCCE-IV panel regression outcomes for CO, emissions growth rate model

Dep. var.: CO,PC_GR

Regressors Model 1 Model 2 Model 3
CO,PC_GR(-1) -1.714 —1.950 —2.003
(1.332) (1.443) (1.732)
FIN_DEV 0.454%** 0.575%** 0.590%**
(0.085) (0.121) (0.112)
LnENERGY 42.965%** 46.213%*** 47.324%%%
(8.825) (11.560) (12.040)
TEC_INNOV —131.840%** —155.350%** —158.230%**
(33.150) (42.533) (36.363)
TECH_INNOV*FIN_DEV —15.450
(13.243)
TECH_INNOV*LnENERGY —4.250%*
(2.112)
Constant -35.215 —41.221 —45.221
(82.333) (86.333) (90.550)
Adj. R? 0.670 0.668 0.741
Observations 135 135 135

CO,PC_GR(—1)=lagged level of the dependent variable CO,PC_GR; endogenous variable=LnENERGY; standard errors are in parentheses;

***gignificance at 1%; **significance at 5%

for consumption and production purposes, an economic
growth rate-boosting impact associated with energy use is
justified. Besides, this finding corroborates the energy-led
growth hypothesis for the BRICS nations which was also
verified in the earlier study by Apergis and Tang (2013).
Moreover, in respect of economic growth rate
being impacted by technological innovation, especially for
the BRICS nations to sustain their economic performances,
it is critically important invest in projects that are closely
linked with the development of their existing technological
stocks. This statement is backed up by the finding that that a
1% rise in the value of the technological innovation index is
likely to boost the annual per capita real GDP growth rate by
15.716-16.750%. This finding adheres to the understanding
that technological innovation makes factors more produc-
tive whereby the national output production rates can be
assumed to increase; consequently, technological innova-
tion can also be justifiably anticipated to surge the rates of
growth of the BRICS economies. Similar to our finding,
Anakpo and Oyenubi (2022) and Meirun et al. (2021) also
opined that technological innovation guarantees higher
economic growth levels in Southern African nations and
Singapore, respectively. Furthermore, regarding the indi-
rect economic growth impacts of technological innova-
tion, the results from this study indicate that technological
innovation, jointly with financial development and energy
use, contributes to a higher economic growth rate in the
BRICS countries by moderating the financial development-
economic growth rate and energy use-economic growth rate

@ Springer

nexuses. In explanation, it can be said that improved technol-
ogy within the financial system can be assumed to upscale
private sector investments to promote further growth of
the BRICS economies. Simultaneously, the utilization of
improved technology can be expected to enhance the rate
of energy use efficiency to amplify the economic growth
rates further.

Secondly, we interpret the findings from the CO, emis-
sions growth rate model which are presented in Table 9.
Unlike the earlier finding of the previous year’s economic
growth rate influencing the current year’s economic growth
rate, it can be seen that the rate of change in per capita CO,
emissions at present is not conditional on the last year’s rate
of change in per capita CO, emissions. This is understood
from the statistical insignificance of the elasticity param-
eter (in all three models) attached to the one-period lagged
level of per capita CO, emissions growth rate variable (i.e.,
CO,PC_GR(—1)). On the other hand, the development of
the financial sector is found to trigger negative environmen-
tal outcomes in the BRICS nations. Notably, a 1% increment
in the percentage share of private sector credit in the GDP
is associated with a rise in the growth rate of the annual
per capita CO, emission levels by 0.454-0.590%. This find-
ing largely signals that the financial services provided by
the financial institutions operating in the BRICS nations
are unclean. For instance, the financial sectors in these
emerging countries could be financing investments in pol-
lution-prone industries whereby further development of the
financial sectors can be accompanied by greater incidences
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of environmental pollution. In agreement with our finding,
Ibrahim et al. (2022) also found evidence that developing
the financial sector leads to higher emissions of CO, in the
BRICS countries. Besides, Weili et al. (2022) also reported
similar findings in the context of selected belt and road ini-
tiative countries. However, in the case of developed econo-
mies, Habiba and Xinbang (2022) asserted that financial
development abates CO, emission to improve environmental
quality. Therefore, upon comparing our results with those
reported by Habiba and Xinbang (2022) it is reveal that
financial development is likely to improve environmental
quality in high-income countries.

Among the other important findings from this current
study, we find that energy consumption also dampens envi-
ronmental quality in the BRICS nations. This is because the
corresponding elasticity estimates show that if the annual
primary energy consumption level increases by 1%, it is
likely to surge the annual rate of change in per capita CO,
emissions by 42.965-47.324%. This is a predictable find-
ing since the energy systems of the BRICS nations heavily
rely on unclean energy resources; consequently, combusting
unclean energy can be presumed to stimulate an upsurge in
the discharge rate of CO, into the atmosphere. Notably, in
2019, the renewable energy shares in the primary energy
consumption figures were merely 3.22% for Russia, 10.5%
for South Africa, 14.45% for China, 32.93% for India, and
47.57% for Brazil (World Bank 2022). Therefore, the find-
ing of greater energy use stimulating higher CO, emis-
sions growth rates in the BRICS countries do not come as
a surprise. This finding partially corroborates the results
documented by Zhu et al. (2018) and Bhat (2018) for the
BRICS nations. In contrast, Dong et al. (2017) opined that
merging nations can curb CO, emissions by scaling up the
use of relatively cleaner energy resources.

Lastly, in respect of environmental effects related to tech-
nological innovation, the results show that improvement in
the level of technology in the BRICS nations is likely to
deteriorate their environmental quality. A rise in the value
of the technological innovation index by 1% is predicted
to be accompanying a decline in the annual per capita CO,
emission growth rates by 131.840-158.230%. Besides, tech-
nological innovation is also evidenced to indirectly reduce
CO, emission rates jointly with primary energy consumption
by moderating the relationship between energy use and CO,
emissions growth rate. However, a similar moderating effect
of technological innovation on the financial development-
CO, emission growth rate could not be established. Hence,
in line with these findings, it can be said that technologi-
cal progress can help the BRICS nations to overcome the
adverse environmental impacts faced by these nations due
to relying heavily on unclean energy resources. Among the
two possible mechanisms through which technology can
impose these favorable environmental outcomes include (a)

new technologies can help to make more productive use of
energy so that the undue waste of energy can be curbed and,
therefore, its reserve can be conserved; consequently, the
growth in the rate of energy-related CO, emissions can be
contained; and (b) improved technologies can drive energy
diversification by scaling up the share of modern and cleaner
energy resources in the total energy consumption levels of
the BRICS nations. Besides, technological limitation/back-
wardness has often been highlighted as a major inhibitor of
renewable energy adoption (Murshed 2020); accordingly,
developing new technologies can be assumed to help in
facilitating the supply of low-cost renewable energy within
the BRICS countries. On the other hand, the failure of tech-
nological innovation to jointly contribute to lowering of CO,
emission growth rates further indicates that since the BRICS
nations are predominantly fossil fuel-dependent, providing
finance to private sectors is likely to surge the demand for
dirty energy which, in turn, is most likely to trigger a rise in
the rate of discharge of CO, emissions into the atmosphere.

Conclusions and policy recommendations

The BRICS nations are striving for simultaneously improv-
ing their economic and environmental conditions by respec-
tively boosting their per capita economic growth rates and
mitigating the discharge rates of per capita CO, emissions in
tandem. Besides, from the point of view of attaining the
SDG by 2030, it is essential for these emerging nations to
sustain their annual rise and decline in economic growth
and CO, emission rates, respectively, in the future. Hence,
this study aimed to juxtapose the impacts of financial devel-
opment, energy use, and technological innovation on the
annual rates of per capita economic growth and CO, emis-
sions in the context of the BRICS nations considering the
study period from 1990 to 2020. The econometric method-
ology involved in estimating these impacts was designed
to account for the panel data problems concerning cross-
sectional dependence, heterogeneous slope coefficients, and,
more importantly, endogenous covariates. The key results
from the analysis firstly affirmed long-run cointegrating
associations among the variables of concern. Secondly, the
causality analysis revealed unidirectional causal influences
of primary energy consumption and technological innova-
tion on per capita economic growth rate and from financial
development and technological innovation to per capita CO,
emissions growth rate. More importantly, the causality anal-
ysis led to the identification of two bidirectional causalities
between financial development and economic growth rate
and between primary energy use and CO, emission rate.
The presence of these reverse causalities verified that
the financial development and primary energy consumption
variables are endogenous covariates within the economic
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growth rate and CO, emission growth rate models, respec-
tively. As a result, to control for endogeneity issues within
the regression analysis, as well as accounting for cross-sec-
tional dependence and heterogeneity of slope coefficients,
the DCCE-IV technique was employed. This advanced tech-
nique considers the lagged levels of the other explanatory
variables in the respective model as IV for treating the
corresponding endogenous covariate. The results from the
DCCE-IV regression analysis discovered that in the long
run, financial development, primary energy consumption,
and technological innovation boost the annual per capita
economic growth rates in the BRICS countries. In addi-
tion, technological innovation was evidenced to indirectly
boost the economic growth rate further by jointly stimulating
higher economic growth rate with greater financial develop-
ment and primary energy use. These findings verified the
moderating roles of technological innovation on the financial
development—economic growth rate and energy consump-
tion-economic growth rate relationships. On the other hand,
financial development and primary energy consumption
were observed to surge the annual per capita CO, emission
rates, while technological innovation was found to reduce
the emission growth rates. Besides, technological innovation
was also evidenced to indirectly contribute to reducing the
annual rate of discharge of CO, emissions by jointly reduc-
ing emissions rates with primary energy use. Consequently,
this finding once again verified another moderating effect of
technological innovation on the energy consumption-CO,
emission growth rate nexus. Considering these major ana-
lytical outcomes, we recommend some important policies
that can facilitate the attainment of the SDG agenda from
the perspectives of emerging market economies.

Firstly, regarding policies concerning sustainable economic
growth, it is essential for the government to further enhance
the share of private sector credit in their respective GDP so
that private investors do not find it difficult to expand their
output levels due to financial constraints. In this regard, reduc-
ing the difficulties in availing of private loans and provision
of low-interest loans can be expected to substantially scale
up private investment levels to surge the rate of economic
growth in the future. At the same time, the introduction of
new credit schemes with flexible repayment arrangements is
also important in incentivizing private investments further. On
the other hand, since the energy led-economic growth hypoth-
esis was verified in this study, ensuring a reliable supply of
energy, electricity in particular, is important from the point
of view of attaining sustainable economic growth. However,
since ensuring energy supply reliability is not easy for the
context of emerging nations, it is pertinent for the concerned
governments to identify the loopholes through which energy
is wasted at present in order to reduce current energy con-
sumption and rather conserve energy for future consumption.
In this regard, efficient monitoring and penalizing of energy
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theft can be an option since often the poor institutional quality
in emerging nations triggers the theft of electricity; moreover,
often the stolen electricity is also not full-fledgedly utilized
for boosting the national income growth rate. More impor-
tantly, it is of utmost importance for the emerging nations to
achieve technological progress so that the latest technologies
can significantly improve factor productivity to further expe-
dite economic growth rates. Besides, new technologies should
ideally be aimed at digitalizing the financial system so that
private sector loan availability can be enhanced further; more-
over, new technologies should also help in discovering tech-
niques that can ensure more productive use of energy. As a
result, these policies can be assumed to comprehensively stim-
ulate higher technological innovation-led economic growth in
the emerging economies.

Secondly, regarding policies concerning environmental
sustainability, the financial sector policies need to adhere
to the environmental guidelines so that the financial sec-
tor is not held responsible for a surge in the future annual
CO, emission rate. Therefore, it is necessary that preferen-
tial treatment is given to potential borrowers who are com-
mitted to investing in green projects; these loans should be
made available at relatively lower rates of interest compared
with the relatively higher interests charged on dirty loans.
Moreover, the loan repayment period for green loans should
be comparatively longer than the corresponding repay-
ment periods for dirty loans. Furthermore, the financial
sector should redirect funds from dirty to green industries
so that the development of this sector does not harm the
environment. On the other hand, since the energy sector is
found to be responsible for deteriorating the environment in
emerging nations, energy portfolio diversification, especially
by replacing unclean with clean energy resources, is of para-
mount importance for these nations. In addition, ensuring
better management of energy demand by reducing the level
of energy wasted and minimizing electricity distribution
and transmission losses can also be considered as a major
energy sector reform that can be conducive to ensuring
environmental sustainability in the future. Lastly, in respect
of technological innovation-led environmental improve-
ment, it is ideal for emerging nations to invest in research
and development for enhancing the rate at which energy is
consumed. This is important because the latest technologies
are often thought of as pre-requisites for achieving energy
innovation which, in turn, can be expected to persistently
curb the annual CO, emission rates in these countries. In
addition, technological innovation-led energy diversifica-
tion is also essential for the traditionally unclean energy-
reliant emerging nations to undergo clean energy transition
within their respective energy sector. Consequently, these
policies can be anticipated to help the emerging nations
contain their energy use-related greenhouse gas emissions
to a large extent.
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Insufficient data availability has limited the size of the
country sample whereby we could only focus on the BRICS
nations but not on other emerging nations across the globe. As
a result, data variation within the sample, due to the limited
sample size, has been low which could have had an impact on
the findings. Therefore, to address this limitation, future stud-
ies can try to focus on the other emerging nations as well to
check the robustness of the findings across different samples
of emerging nations. Besides, predicting country-specific out-
comes can also be considered in order to propose heterogene-
ous policies for the individual emerging nations.

Author contribution PM conceptualized and wrote the original draft.
MSA conducted the econometric analysis, generated the graphical
illustrations, and reviewed and edited the final draft. KA and HM con-
tributed to the methodology section. MM conceptualized the study,
wrote the original draft, compiled the literature review, analyzed the
findings, recommended the policy implications, and reviewed and
edited the final draft. DP provided computational support and contrib-
uted to the revision.

Data availability Data sources are duly mentioned.

Declarations

Ethics approval Not applicable.
Consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

Abbasi KR, Hussain K, Haddad AM, Salman A, Ozturk I (2022) The
role of financial development and technological innovation
towards sustainable development in Pakistan: fresh insights from
consumption and territory-based emissions. Technol Forecast
Soc Chang 176:121444

Abeka MJ, Andoh E, Gatsi JG, Kawor S (2021) Financial development
and economic growth nexus in SSA economies: the moderating
role of telecommunication development. Cogent Econ Financ
9(1):1862395

Adebayo TS, Ramzan M, Igbal HA, Awosusi AA, Akinsola GD (2021)
The environmental sustainability effects of financial development
and urbanization in Latin American countries. Environ Sci Pollut
Res 28(41):57983-57996

Adebayo TS, Akadiri SS, Akanni EO, Sadig-Bamgbopa Y (2022) Does
political risk drive environmental degradation in BRICS coun-
tries? Evidence from method of moments quantile regression.
Environ Sci Pollut Res 29(21):32287-32297

Ahmad M, Isik C, Jabeen G, Ali T, Ozturk I, Atchike DW (2021)
Heterogeneous links among urban concentration, non-renewable
energy use intensity, economic development, and environmental
emissions across regional development levels. Sci Total Environ
765:144527

Ahmed K, Ozturk I (2018) What new technology means for the energy
demand in China? A sustainable development perspective. Envi-
ron Sci Pollut Res 25(29):29766-29771

Ahmed Z, Zhang B, Cary M (2021) Linking economic globalization,
economic growth, financial development, and ecological foot-
print: Evidence from symmetric and asymmetric ARDL. Ecol
Ind 121:107060

Akram R, Chen F, Khalid F, Huang G, Irfan M (2021) Heterogeneous
effects of energy efficiency and renewable energy on economic
growth of BRICS countries: a fixed effect panel quantile regres-
sion analysis. Energy 215:119019

Alam MS (2022) Is trade, energy consumption and economic growth
threat to environmental quality in Bahrain—evidence from VECM
and ARDL bound test approach. Intl J Emergency Services.
https://doi.org/10.1108/IJES-12-2021-0084

Ali U, Guo Q, Kartal MT, Nurgazina Z, Khan ZA, Sharif A (2022) The
impact of renewable and non-renewable energy consumption on
carbon emission intensity in China: Fresh evidence from novel
dynamic ARDL simulations. J Environ Manage 320:115782

Alkhateeb TTY, Mahmood H (2019) Energy consumption and trade
openness nexus in Egypt: Asymmetry analysis. Energies
12(10):2018

Anakpo G, Oyenubi A (2022) Technological innovation and economic
growth in Southern Africa: application of panel dynamic OLS
regression. Dev South Afr. https://doi.org/10.1080/0376835X.
2022.2052017

Anser MK, Syed QR, Apergis N (2021) Does geopolitical risk escalate
CO, emissions? Evidence from the BRICS countries. Environ
Sci Pollut Res 28(35):48011-48021

Apergis N, Tang CF (2013) Is the energy-led growth hypothesis valid?
New evidence from a sample of 85 countries. Energy Economics
38:24-31

Aslan A, Ocal O, Ozsolak B, Ozturk I (2022) Renewable energy and eco-
nomic growth relationship under the oil reserve ownership: evidence
from panel VAR approach. Renewable Energy 188:402—410

Ateba BB, Prinsloo JJ, Gawlik R (2019) The significance of electricity
supply sustainability to industrial growth in South Africa. Energy
Rep 5:1324-1338

Awodumi OB, Adewuyi AO (2020) The role of non-renewable energy
consumption in economic growth and carbon emission: evi-
dence from oil producing economies in Africa. Energ Strat Rev
27:100434

Aziz N, Mihardjo LW, Sharif A, Jermsittiparsert K (2020) The role
of tourism and renewable energy in testing the environmental
Kuznets curve in the BRICS countries: fresh evidence from
methods of moments quantile regression. Environ Sci Pollut Res
27(31):39427-39441

Balsalobre-Lorente D, Leitao NC (2020) The role of tourism, trade,
renewable energy use and carbon dioxide emissions on economic
growth: evidence of tourism-led growth hypothesis in EU-28.
Environ Sci Pollut Res 27(36):45883-45896

Bandyopadhyay A, Rej S (2021) Can nuclear energy fuel an environ-
mentally sustainable economic growth? Revisiting the EKC
hypothesis for India. Environ Sci Pollut Res 28(44):63065-63086

Ben Lahouel B, Taleb L, Managi S, Guesmi K (2022) The thresh-
old effects of ICT on CO, emissions: evidence from the MENA
countries. Environ Econ Policy Stud. https://doi.org/10.1007/
s10018-022-00346-w

Bhat JA (2018) Renewable and non-renewable energy consumption—
impact on economic growth and CO, emissions in five emerging
market economies. Environ Sci Pollut Res 25(35):35515-35530

Bouyghrissi S, Murshed M, Jindal A, Berjaoui A, Mahmood H, Khanniba
M (2022) The importance of facilitating renewable energy transi-
tion for abating CO, emissions in Morocco. Environ Sci Pollut Res
29(14):20752-20767

@ Springer


https://doi.org/10.1108/IJES-12-2021-0084
https://doi.org/10.1080/0376835X.2022.2052017
https://doi.org/10.1080/0376835X.2022.2052017
https://doi.org/10.1007/s10018-022-00346-w
https://doi.org/10.1007/s10018-022-00346-w

8254

Environmental Science and Pollution Research (2023) 30:8239-8256

Breusch TS, Pagan AR (1979) A simple test for heteroscedasticity and
random coefficient variation. Econometrica 47(5):1287-1294

British Petroleum (2022) BP Statistical Review of World Energy 2021.
Available at http://www.bp.com/statisticalreview. Accessed on
22.2.2022

Cao S, Nie L, Sun H, Sun W, Taghizadeh-Hesary F (2021) Digital
finance, green technological innovation and energy-environmen-
tal performance: evidence from China’s regional economies. J
Clean Prod 327:129458

Chen Y, Lee CC (2020) Does technological innovation reduce CO,
emissions? Cross-country evidence. J Clean Prod 263:121550

Cheng C, Ren X, Dong K, Dong X, Wang Z (2021) How does techno-
logical innovation mitigate CO, emissions in OECD countries?
Heterogeneous analysis using panel quantile regression. J Envi-
ron Manage 280:111818

Chudik A, Pesaran MH (2015) Common correlated effects estimation
of heterogeneous dynamic panel data models with weakly exog-
enous regressors. J Econ 188(2):393-420

Churchill SA, Inekwe J, Ivanovski K, Smyth R (2021) Transport infra-
structure and CO, emissions in the OECD over the long run.
Transp Res Part d: Transp Environ 95:102857

Danish, Zhang B, Wang B, Wang Z (2017) Role of renewable energy
and non-renewable energy consumption on EKC: evidence from
Pakistan. J Clean Prod 156:855-864

Depren SK, Kartal MT, Celikdemir NC, Depren O (2022) Energy consump-
tion and environmental degradation nexus: A systematic review and
meta-analysis of fossil fuel and renewable energy consumption. Ecol
Informatics 70:101747. https://doi.org/10.1016/j.ecoinf.2022.101747

Dingru L, Ramzan M, Irfan M, Giilmez O, Isik H, Adebayo TS, Husam
R (2021) The role of renewable energy consumption towards
carbon neutrality in BRICS nations: does globalization matter?
Front Environ Sci 569

Ditzen J (2021) Estimating long-run effects and the exponent of cross-
sectional dependence: An update to xtdcce2. Stand Genomic Sci
21(3):687-707

Dogan E, Altinoz B, Madaleno M, Taskin D (2020) The impact of renew-
able energy consumption to economic growth: a replication and
extension of. Energy Econ 90:104866

Dong K, Sun R, Hochman G (2017) Do natural gas and renewable
energy consumption lead to less CO, emission? Empirical evi-
dence from a panel of BRICS countries. Energy 141:1466—1478

Dong K, Sun R, Li H, Liao H (2018) Does natural gas consumption
mitigate CO, emissions: testing the environmental Kuznets curve
hypothesis for 14 Asia-Pacific countries. Renew Sustain Energy
Rev 94:419-429

Dong K, Wang B, Zhao J, Taghizadeh-Hesary F (2022) Mitigating
carbon emissions by accelerating green growth in China. Econ
Anal Policy. https://doi.org/10.1016/j.eap.2022.05.011

Dumitrescu EI, Hurlin C (2012) Testing for Granger non-causality in
heterogeneous panels. Econ Model 29(4):1450-1460

Ehigiamusoe KU, Majeed MT, Dogan E (2022) The nexus between
poverty, inequality and environmental pollution: evidence across
different income groups of countries. J Clean Prod 341:130863

Grossman GM, Krueger AB (1995) Economic growth and the environ-
ment. Quart J Econ 110(2):353-377

Habiba U, Xinbang C (2022) The impact of financial development
on CO, emissions: new evidence from developed and emerging
countries. Environ Sci Pollut Res 29(21):31453-31466

Haftu GG (2019) Information communications technology and eco-
nomic growth in Sub-Saharan Africa: a panel data approach.
Telecommun Policy 43(1):88-99

Hamid I, Alam MS, Kanwal A, Jena PK, Murshed M, Alam R (2022)
Decarbonization pathways: the roles of foreign direct invest-
ments, governance, democracy, economic growth, and renew-
able energy transition. Environ Sci Pollut Res 29:49816-49831

@ Springer

Hassan ST, Xia E, Huang J, Khan NH, Igbal K (2019) Natural
resources, globalization, and economic growth: evidence from
Pakistan. Environ Sci Pollut Res 26(15):15527-15534

Huang Y, Haseeb M, Usman M, Ozturk I (2022) Dynamic associa-
tion between ICT, renewable energy, economic complexity and
ecological footprint: Is there any difference between E-7 (devel-
oping) and G-7 (developed) countries? Technol Soc 68:101853

Ibrahim M, Alagidede P (2018) Effect of financial development
on economic growth in sub-Saharan Africa. J Policy Model
40(6):1104-1125

Ibrahim RL, Ozturk I, Al-Faryan MAS, Al-Mulali U (2022) Explor-
ing the nexuses of disintegrated energy consumption, structural
change, and financial development on environmental sustainabil-
ity in BRICS: modulating roles of green innovations and regula-
tory quality. Sustain Energy Technol Assess 53:102529

Islam MM, Sohag K, Alam MM (2022a) Mineral import demand and
clean energy transitions in the top mineral-importing countries.
Resour Policy 78:102893

Islam MM, Sohag K, Hammoudeh S, Mariev O, Samargandi N (2022b)
Minerals import demands and clean energy transitions: a disag-
gregated analysis. Energy Econ 106205

Jahanger A, Usman M, Murshed M, Mahmood H, Balsalobre-Lorente
D (2022) The linkages between natural resources, human capi-
tal, globalization, economic growth, financial development, and
ecological footprint: The moderating role of technological inno-
vations. Resour Policy 76:102569

Jiang Q, Rahman ZU, Zhang X, Islam MS (2022a) An assessment
of the effect of green innovation, income, and energy use on
consumption-based CO, emissions: Empirical evidence from
emerging nations BRICS. J Clean Prod 365:132636

Jiang Q, Rahman ZU, Zhang X, Guo Z, Xie Q (2022b) An assessment
of the impact of natural resources, energy, institutional quality,
and financial development on CO, emissions: evidence from the
B&R nations. Resour Policy 76:102716

Jones CI (2019) Paul Romer: Ideas, nonrivalry, and endogenous growth. Scand
J Econ 121(3):859-883

Kahouli B (2018) The causality link between energy electricity con-
sumption, CO, emissions, R&D stocks and economic growth in
Mediterranean countries (MCs). Energy 145:388-399

Kartal MT (2022) The role of consumption of energy, fossil sources,
nuclear energy, and renewable energy on environmental degra-
dation in top-five carbon producing countries. Renew Energy
184:871-880

Kartal MT, Depren SK, Kirikkaleli D, Depren O, Khan U (2022a)
Asymmetric and long-run impact of political stability on con-
sumption-based carbon dioxide emissions in Finland: Evidence
from nonlinear and Fourier-based approaches. J Environ Man-
age 321:116043. https://doi.org/10.1016/j.jenvman.2022.116043

Kartal MT, Kili¢ Depren S, Ayhan F, Depren O (2022b) Impact of
renewable and fossil fuel energy consumption on environmental
degradation: evidence from USA by nonlinear approaches. Int J
Sust Dev World Ecol. https://doi.org/10.1080/13504509.2022.
2087115

Khan M, Ozturk I (2021) Examining the direct and indirect effects
of financial development on CO, emissions for 88 developing
countries. J Environ Manage 293:112812

Khan MA, Khan MA, Ahmed M, Khan K (2022a) Environmental consequences
of financial development in emerging and growth-leading economies: a
multidimensional assessment. Borsa Istanbul Rev 22(4):668-677

Khan S, Murshed M, Ozturk I, Khudoykulov K (2022b) The roles of
energy efficiency improvement, renewable electricity production,
and financial inclusion in stimulating environmental sustainabil-
ity in the Next Eleven countries. Renewable Energy 193:1164—
1176. https://doi.org/10.1016/j.renene.2022.05.065

Koondhar MA, Shahbaz M, Ozturk I, Randhawa AA, Kong R (2021)
Revisiting the relationship between carbon emission, renewable


http://www.bp.com/statisticalreview
https://doi.org/10.1016/j.ecoinf.2022.101747
https://doi.org/10.1016/j.eap.2022.05.011
https://doi.org/10.1016/j.jenvman.2022.116043
https://doi.org/10.1080/13504509.2022.2087115
https://doi.org/10.1080/13504509.2022.2087115
https://doi.org/10.1016/j.renene.2022.05.065

Environmental Science and Pollution Research (2023) 30:8239-8256

8255

energy consumption, forestry, and agricultural financial devel-
opment for China. Environ Sci Pollut Res 28(33):45459-45473

Koseoglu A, Yucel AG, Ulucak R (2022) Green innovation and eco-
logical footprint relationship for a sustainable development:
evidence from top 20 green innovator countries. Sustain Dev.
https://doi.org/10.1002/sd.2294

Le HP, Sarkodie SA (2020) Dynamic linkage between renewable and
conventional energy use, environmental quality and economic
growth: evidence from emerging market and developing econo-
mies. Energy Rep 6:965-973

Lee CC, Lee CC (2022) How does green finance affect green total fac-
tor productivity? Evidence from China. Energy Econ 107:105863

Li X, Ozturk I, Majeed MT, Hafeez M, Ullah S (2022) Considering the
asymmetric effect of financial deepening on environmental qual-
ity in BRICS economies: Policy options for the green economy.
J Clean Prod 331:129909

Mahmood H (2020) CO, emissions, financial development, trade, and
income in North America: a spatial panel data approach. SAGE
Open 10(4):2158244020968085

Majeed MT, Ozturk I, Samreen I, Luni T (2022) Evaluating the asym-
metric effects of nuclear energy on carbon emissions in Pakistan.
Nucl Eng Technol 54(5):1664—-1673

Meirun T, Mihardjo LW, Haseeb M, Khan SAR, Jermsittiparsert K
(2021) The dynamics effect of green technology innovation
on economic growth and CO, emission in Singapore: new evi-
dence from bootstrap ARDL approach. Environ Sci Pollut Res
28(4):4184-4194

Murshed M (2020) An empirical analysis of the non-linear impacts of
ICT-trade openness on renewable energy transition, energy effi-
ciency, clean cooking fuel access and environmental sustainabil-
ity in South Asia. Environ Sci Pollut Res 27(29):36254-36281

Murshed M, Khan U, Khan AM, Ozturk I (2022) Can energy produc-
tivity gains harness the carbon dioxide-inhibiting agenda of the
Next 11 countries? Implications for achieving sustainable devel-
opment. Sust Dev. https://doi.org/10.1002/sd.2393

Nepal R, Paija N (2019) Energy security, electricity, population and
economic growth: the case of a developing South Asian resource-
rich economy. Energy Policy 132:771-781

Osei MJ, Kim J (2020) Foreign direct investment and economic growth:
is more financial development better? Econ Model 93:154-161

Ouyang Y, Li P (2018) On the nexus of financial development, eco-
nomic growth, and energy consumption in China: new per-
spective from a GMM panel VAR approach. Energy Econ
71:238-252

Paramati SR, Sinha A, Dogan E (2017) The significance of renewable
energy use for economic output and environmental protection:
evidence from the Next 11 developing economies. Environ Sci
Pollut Res 24(15):13546-13560

Pesaran MH (2007) A simple panel unit root test in the presence of cross-
section dependence. J Appl Economet 22(2):265-312

Pesaran MH (2021) General diagnostic tests for cross-sectional depend-
ence in panels. Empir Econ 60(1):13-50

Pesaran MH, Yamagata T (2008) Testing slope homogeneity in large
panels. J Econ 142(1):50-93

Polat B (2021) The impact of renewable and nonrenewable energy
consumption on economic growth: a dynamic panel data
approach. Asia-Pac J Account Econ 28(5):592-603

Prettner K (2019) A note on the implications of automation for
economic growth and the labor share. Macroecon Dyn
23(3):1294-1301

Raghutla C, Chittedi KR (2021) Financial development, real sector
and economic growth: evidence from emerging market econo-
mies. Int J Financ Econ 26(4):6156-6167

Rahim S, Murshed M, Umarbeyli S, Kirikkaleli D, Ahmad M,
Tufail M, Wahab S (2021) Do natural resources abundance
and human capital development promote economic growth? A

study on the resource curse hypothesis in Next Eleven coun-
tries. Resour Environ Sustain 4:100018

Rahman MM, Alam K (2022) Impact of industrialization and non-
renewable energy on environmental pollution in Australia: do
renewable energy and financial development play a mitigat-
ing role? Renewable Energy. https://doi.org/10.1016/j.renene.
2022.06.012

Rahman MM, Velayutham E (2020) Renewable and non-renewable
energy consumption-economic growth nexus: new evidence
from South Asia. Renewable Energy 147:399-408

Ramzan M, Raza SA, Usman M, Sharma GD, Igbal HA (2022)
Environmental cost of non-renewable energy and economic
progress: do ICT and financial development mitigate some
burden? J Clean Prod 333:130066

Rehman A, Ma H, Ozturk I, Murshed M, Dagar V (2021) The
dynamic impacts of CO, emissions from different sources on
Pakistan’s economic progress: a roadmap to sustainable devel-
opment. Environ Dev Sustain 23(12):17857-17880

Sadiq M, Shinwari R, Usman M, Ozturk I, Maghyereh Al (2022)
Linking nuclear energy, human development and carbon emis-
sion in BRICS region: do external debt and financial globaliza-
tion protect the environment? Nucl Eng Technol. https://doi.
org/10.1016/j.net.2022.03.024

Sepehrdoust H, Ghorbanseresht M (2019) Impact of information
and communication technology and financial development on
economic growth of OPEC developing economies. Kasetsart J
Soc Sci 40(3):546-551

Shahbaz M, Rasool G, Ahmed K, Mahalik MK (2016) Considering
the effect of biomass energy consumption on economic growth:
fresh evidence from BRICS region. Renew Sustain Energy Rev
60:1442-1450

Shahbaz M, Raghutla C, Chittedi KR, Jiao Z, Vo XV (2020a) The
effect of renewable energy consumption on economic growth:
evidence from the renewable energy country attractive index.
Energy 207:118162

Shahbaz M, Raghutla C, Song M, Zameer H, Jiao Z (2020b) Public-
private partnerships investment in energy as new determinant
of CO, emissions: the role of technological innovations in
China. Energy Economics 86:104664

Shahbaz M, Sharma R, Sinha A, Jiao Z (2021) Analyzing nonlinear
impact of economic growth drivers on CO, emissions: design-
ing an SDG framework for India. Energy Policy 148:111965

Shahbaz M, Nasir MA, Lahiani A (2022) Role of financial develop-
ment in economic growth in the light of asymmetric effects
and financial efficiency. Int J Financ Econ 27(1):361-383

Sheraz M, Deyi X, Sinha A, Mumtaz MZ, Fatima N (2022) The
dynamic nexus among financial development, renewable
energy and carbon emissions: moderating roles of globaliza-
tion and institutional quality across BRI countries. J Clean
Prod 343:130995

Siddik MNA, Kabiraj S (2020) Digital finance for financial inclusion
and inclusive growth. In: Digital transformation in business
and society. Palgrave Macmillan, Cham, pp 155-168. https://
doi.org/10.1007/978-3-030-08277-2_10

Siddikee MN, Rahman MM (2021) Foreign direct investment, financial
development, and economic growth nexus in Bangladesh. Am
Econ 66(2):265-280

Sinha A, Shah MI, Sengupta T, Jiao Z (2020) Analyzing technology-
emissions association in Top-10 polluted MENA countries:
how to ascertain sustainable development by quantile modeling
approach. J Environ Manage 267:110602

Sobiech I (2019) Remittances, finance and growth: does financial
development foster the impact of remittances on economic
growth? World Dev 113:44-59

Stern DI (2019) Energy and economic growth. In Routledge handbook
of Energy Economics (pp 28-46). Routledge

@ Springer


https://doi.org/10.1002/sd.2294
https://doi.org/10.1002/sd.2393
https://doi.org/10.1016/j.renene.2022.06.012
https://doi.org/10.1016/j.renene.2022.06.012
https://doi.org/10.1016/j.net.2022.03.024
https://doi.org/10.1016/j.net.2022.03.024
https://doi.org/10.1007/978-3-030-08277-2_10
https://doi.org/10.1007/978-3-030-08277-2_10

8256

Environmental Science and Pollution Research (2023) 30:8239-8256

Surya B, Menne F, Sabhan H, Suriani S, Abubakar H, Idris M (2021)
Economic growth, increasing productivity of SMEs, and open
innovation. J Open Innov Technol Market Complex 7(1):20

Ullah S, Ozturk I, Majeed MT, Ahmad W (2021) Do technological
innovations have symmetric or asymmetric effects on envi-
ronmental quality? Evidence from Pakistan. J Clean Prod
316:128239

Usman A, Ozturk I, Nagvi SMMA, Ullah S, Javed MI (2022) Reveal-
ing the nexus between nuclear energy and ecological footprint in
STIRPAT model of advanced economies: Fresh evidence from
novel CS-ARDL model. Prog Nucl Energy 148:104220

Ustarz Y, Fanta AB (2021) Financial development and economic
growth in sub-Saharan Africa: a sectoral perspective. Cogent
Econ Financ 9(1):1934976

Wang Z, Sun Y, Wang B (2019) How does the new-type urbanisation
affect CO, emissions in China? An empirical analysis from the
perspective of technological progress. Energy Econ 80:917-927

Weili L, Khan H, Han L (2022) The impact of information and com-
munication technology, financial development, and energy con-
sumption on carbon dioxide emission: evidence from the Belt
and Road countries. Environ Sci Pollut Res 29(19):27703-27718

Wellisz C (2016) The dark side of technology: The benefits of the
digital age are tempered by the risks. Financ Dev 53(003)

Westerlund J (2007) Testing for error correction in panel data. Oxford
Bulletin Econ Stat 69(6):708-748

World Bank (2022) World development indicators. World Bank.
Available at https://databank.worldbank.org/source/world-devel
opment-indicators#. Accessed on 2.2.2022

Xue L, Haseeb M, Mahmood H, Tawfik T, Alkhateeb Y, Murshed M
(2021) Renewable energy use and ecological footprints mitiga-
tion: evidence from selected South Asian. Economies. https://
doi.org/10.3390/sul13041613

Yildirrm DC, Yildirim S, Demirtas I (2019) Investigating energy consump-
tion and economic growth for BRICS-T countries. World J Sci Tech-
nol Sustain Dev 16(4):184-195

Zafar MW, Sinha A, Ahmed Z, Qin Q, Zaidi SAH (2021) Effects of
biomass energy consumption on environmental quality: the role
of education and technology in Asia-Pacific Economic Coopera-
tion countries. Renew Sustain Energy Rev 142:110868

@ Springer

Zaman K, Shahbaz M, Loganathan N, Raza SA (2016) Tourism devel-
opment, energy consumption and environmental Kuznets curve:
trivariate analysis in the panel of developed and developing coun-
tries. Tour Manage 54:275-283

Zhang D (2022) Does the green loan policy boost greener pro-
duction?—evidence from Chinese firms. Emerg Mark Rev
51:100882

Zhang YJ, Sun YF, Huang J (2018) Energy efficiency, carbon emission
performance, and technology gaps: evidence from CDM project
investment. Energy Policy 115:119-130

Zhao J, Shahbaz M, Dong X, Dong K (2021) How does financial risk
affect global CO, emissions? The role of technological innova-
tion. Technol Forecast Soc Chang 168:120751

Zhao J, Sinha A, Inuwa N, Wang Y, Murshed M, Abbasi KR (2022)
Does structural transformation in economy impact inequality
in renewable energy productivity? Implications for Sustainable
Development. Renewable Energy 189:853-864. https://doi.org/
10.1016/j.renene.2022.03.050

Zhou X, Cai Z, Tan KH, Zhang L, Du J, Song M (2021) Technologi-
cal innovation and structural change for economic development
in China as an emerging market. Technol Forecast Soc Chang
167:120671

Zhu H, Duan L, Guo Y, Yu K (2016) The effects of FDI, economic
growth and energy consumption on carbon emissions in
ASEAN-5: evidence from panel quantile regression. Econ Model
58:237-248

Zhu H, Xia H, Guo Y, Peng C (2018) The heterogeneous effects of
urbanization and income inequality on CO, emissions in BRICS
economies: evidence from panel quantile regression. Environ Sci
Pollut Res 25(17):17176-17193

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

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.


https://databank.worldbank.org/source/world-development-indicators#
https://databank.worldbank.org/source/world-development-indicators#
https://doi.org/10.3390/su13041613
https://doi.org/10.3390/su13041613
https://doi.org/10.1016/j.renene.2022.03.050
https://doi.org/10.1016/j.renene.2022.03.050

	Realizing the Sustainable Development Goals through technological innovation: juxtaposing the economic and environmental effects of financial development and energy use
	Abstract
	Introduction
	Literature review
	The literature on economic effects of financial development and energy use
	The literature on environmental effects of financial development and energy use
	The literature on the economic and environmental effects of technological innovation

	Research methodology
	Empirical modeling and data attributes
	Estimation strategy

	Empirical results and discussion
	Conclusions and policy recommendations
	References


