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Although a number of studies have been conducted on the environmental Kuznets curve
(EKC) and the pollution halo hypothesis (PHH), few researchers have assessed the scope
in the light of the BRICS— Brazil, Russia, India, China, and South Africa—nations.
Therefore, the current research assesses the income-induced EKC as well as the role
of technological innovation and renewable energy consumption utilizing a dataset
stretching from 1990 to 2018. The present research utilized the novel method of
moments quantile regression (MMQR) developed by Machado and Silva (2019) to
assess these interrelationships. The empirical outcomes from the MMQR affirmed an
inverted U-shaped interrelationship between CO2 emissions and economic growth across
all quantiles (first to ninth) for the BRICS nations, thus confirming the presence of the EKC
hypothesis. Furthermore, we affirmed the PHH, thus confirming the negative
interrelationship between globalization and ecological footprint across all quantiles (first
to ninth). Moreover, it was found that renewable energy use plays a vital role in curbing the
emissions of CO2 across all quantiles (first to ninth), while no evidence of significant
connection was established between technological innovation and ecological footprint
across all quantiles. In addition, the Granger causality outcomes revealed a feedback
causality between income and ecological footprint, while a unidirectional causality was
established from globalization and renewable energy use to ecological footprint.

Keywords: ecological footprint, renewable energy consumption, technological innovation, method of moment
quantile regression, carbon neutrality

INTRODUCTION

The world is now dealing with various climatic concerns and deteriorating ecological conditions.
This is due to the increasing ecological challenges that are arising as a result of changing lifestyles and
economic practices (Essien et al., 2019; Vaseashta et al., 2020). According to BP data, global total CO2

emissions from fossil energy reached 33,890.8 million tonnes in 2018, up from 11,190 million tonnes
in 1965. In 2018, the average annual CO2 growth rate increased by 2.0%, the highest rate in the
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previous 7 years (British Petroleum, 2021). Climate change
presents a danger to people’s lives and livelihoods. Pollution
and extreme weather events, which are frequently observed, cause
substantial threats to human beings (Farooq et al., 2019;
Vaseashta et al., 2020; Adebayo and Kirikkaleli, 2021;
Akhayere and Kavaz, 2021; Fareed et al., 2021). In this regard,
it is important to enhance public knowledge about environmental
issues; otherwise, the risks and threats connected with climate
change, which are expected to increase in the coming years, will
have devastating implications for human safety and health.

Technological innovation (TI) plays a critical role in curbing
emissions, while also helping in energy conservation. In addition,
TI plays a critical role not only in the efficient use of conventional
energy sources but also in the utilization of renewables (Shahzad
et al., 2020; Wang et al., 2021). Moreover, TI can help in the
expansion of renewable energy consumption (REC). TI also
improves REC ability, therefore increasing the total supply of
REC to fulfill future energy demand. Because of the continually
increasing need for energy, it is a well-recognized fact that REC
will be the most important source of energy in the future, as well
as an ecologically friendly one. The importance of REC in
addressing the challenge of energy security while also reducing
GHG emissions is well understood. It offers an extra, non-
exhausting source of energy that needs to be encouraged for
sustainable growth (Alola et al., 2021; Pata, 2021c; Fatima et al.,
2021; Kirikkaleli and Adebayo, 2021). Recent increases in REC
output appear to be the result of government initiatives, as well as
a significant drop in the cost of renewable energy technology as
the demand for energy increases. We discovered a wealth of
literature on the influence of REC on ecological degradation in
the BRICS—Brazil, Russia, India, China, and South
Africa—countries. To mitigate the CO2 emissions in these
countries, the majority of prior research has recommended
that the percentage of REC in the overall energy mix should
be increased (Alola, 2019; Banday and Aneja, 2019; Khattak et al.,
2020; Pata, 2021a; Awosusi et al., 2021; Doğan et al., 2021; Usman
and Makhdum, 2021).

The role of TI in curbing CO2 emissions is well documented in
the current literature, although it has not been given significant
consideration. There are few studies on the effect of TI on
ecological deterioration. For instance, the studies of Khan
et al. (2020) and Rjoub et al. (2021) found that TI aids in
curbing the emissions of CO2. On the other hand, some
studies have found a positive interconnection between TI and
deterioration of the environment, such as Ghazouani et al. (2021),
Soylu et al. (2021), Su et al. (2021), Udemba et al. (2021), and
Paramati et al. (2022) for Chile and Adebayo and Kirikkaleli
(2021) for Japan, who established a positive interrelationship
between TI and environmental deterioration. In addition, studies
such as those by Garrone and Grilli (2010) and Santra (2017) have
reported insignificant interrelationships between ecological
deterioration and TI.

Globalization refers to the creation of new markets and the
interconnectedness of the global economy through trade, finance,
and FDI (Adebayo and Acheampong, 2021). Globalization
facilitates trade by lowering tariffs and taxes to boost exports
and assisting industries in exporting or importing the necessary

inputs for product promotion and development (Shahbaz et al.,
2018a). Over the years, a significant number of studies have been
conducted on the effect of globalization on the environment;
nonetheless, the available research presents contradictory
conclusions on this topic. For instance Shahbaz et al. (2018a)
found that globalization causes an increase in the demand of
energy in 12 nations, whereas globalization has a negative impact
on the consumption of energy in the United Kingdom and the
United States. Likewise, the research found that for the vast
majority of nations studied, there was no substantial
relationship between globalization and energy use.
Globalization, on the other hand, is producing a decrease in
energy consumption in the Swedish economy, according to Rjoub
et al. (2021). In separate research for Turkey, Kirikkaleli et al.
(2021) examined the globalization–environmental deterioration
connection and discovered a positive link between globalization
and ecological footprint from 1990 to 2006. Following the
ongoing debate, the present research assesses the effect of
globalization, technological innovation, renewable energy use,
and economic growth on the ecological footprint in the BRICS
economies utilizing a dataset from 1990 to 2018.

Based on the following factors, the current analysis focuses
solely on the BRICS nations: 1) unlike several other developing
nations, the BRICS have experienced a rapid transition from
ecological surplus to ecological deficit, primarily due to the
nations’ extraordinary development over the previous decade.
The BRICS nations generate 21% of the world’s gross domestic
product (GDP), and the overall populace accounts for 41% of the
global population, with US$4 trillion in foreign currency reserves
(Pata, 2021c). More importantly, the “BRICS” GDP rose from
US$2,187 to US$16,266 billion from 2005 to 2016. As a result of
its rapid economic progress, the countries now consume more
than 40% of world energy, making them an important
contributor to worldwide CO2 emissions (Juan Lin et al.,
2021). As a result, robust policies are necessary to
comprehend the ecological repercussions of this economic
progress in order to fix the BRICS countries’ present
trajectory. 2) Notwithstanding the region’s renewable energy
(RE) prospects, the BRICS nations largely rely on fossil fuels
to satisfy their energy consumption, thus posing severe ecological
concerns. In addition, the countries’ biocapacity has dwindled as
a result of their pursuit of economic progress. The BRICS nations
are currently at a decision point in terms of new environmental
measures, rendering the region an interesting case study for
researchers seeking to understand the interrelationship
between globalization, technological innovation, renewable
energy use, income, and ecological footprint. Furthermore, the
findings of this research will aid policymakers in developing
robust policies to combat the deterioration of the environment.

This research adds to the current knowledge in three ways:
based on the aforementioned debates and concerns. Firstly, as far
as we know, this is the first attempt to use the innovative “method
of moments quantile regression” (MMQR) for the BRICS nations
to investigate the interrelationship between globalization,
technological innovation, income, renewable energy
consumption, and ecological footprint. Secondly, this research
adds to the minimal number of studies that have used MMQR
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(Machado and Santos Silva, 2019). By combining this technique
with fixed effects, it will become easier to obtain a practical
understanding of the interrelationship’s heterogeneity. This
technique also allows for heterogeneous income–emissions
linkages at different conditional quantile distributions, which
are not captured by traditional mean regressions.
Subsequently, a thorough examination of the environmental
Kuznets curve (EKC) hypothesis in the BRICS nations will be
conducted. Thirdly, in the context of the EKC hypothesis for the
BRICS countries, this research utilizes technological innovation
to model globalization–income–environment connection. The
evaluation of the EKC hypothesis at various quantiles is
conducted for myriad of reasons: 1) to compare and contrast
conditional mean evaluations; because of the stronger conditional
quantiles, these analyses are prone to misinterpretation of the
effects of outliers arising from endogenous factors (Ike et al.,
2020; Shahzad et al., 2021); 2) the quantile regression is
particularly convincing in the context of panel regression
because it has an extra logical use; and 3) because of the
exogenous factors’ distributional effects on the endogenous
factors at different quantile ranges. On the other hand, the
conditional mean estimate is incapable of capturing the entire
distributional influence of income on emissions. It is therefore
easier to characterize the diverse effects of groups of
heterogeneous cross-sections in this manner.

The next section presents a synopsis of related studies. Data,
Model Specification, and Methodology presents data and the
method, which is followed by the Findings and Discussion, and
then finally the Conclusion and Policy Path presented.

LITERATURE REVIEW

This section reveals studies conducted on the impact of
technological innovation, economic growth, renewable energy
usage, and globalization on ecological footprint. Over the years,
several studies have been conducted regarding these
interconnections; however, their findings are mixed based on
the methodologies applied, timeframe, and country/countries of
investigation. For example, the research of Danish et al. (2019) on
the emissions–growth interconnection utilizing the
autoregressive distributed lag (ARDL) approach from 1971 to
2014 in China shows that increase in ecological footprint (ECF) is
caused by a 1% upsurge in GDP. Moreover, the study of Uddin
et al. (2016) on the drivers of ECF in 22 countries utilizing a
dataset between 1961 and 2011 and the ARDL technique
disclosed that an upsurge in GDP caused an upsurge in ECF.
The research also affirmed the EKC hypothesis. Likewise,
utilizing dataset from 1990 to 2017, Ulucak and Bilgili (2018)
scrutinized the effect of income of ECF in high-, middle-, and
low-income nations from 1990 to 2016 using the CUP-BC
models, and their findings showed that a 1% rise in income
contributes to an upsurge in ECF. Their outcome also confirmed
the EKC hypothesis. Furthermore, the study of Udemba (2020)
reported a positive ECF–GDP association in Nigeria utilizing
ARD and a dataset from 1971 to 2017. Likewise, the research of
Destek and Sinha (2020) affirmed a positive interrelationship

between ECF and growth in 24 selected nations from 1980 to
2014. The investigators used panel ARDL, and their outcomes
unveiled a U-shaped interrelationship between ECF and income.
Moreover the study of Magazzino et al. (2020) on the
emissions–growth interconnection in South Africa unveiled
that economic growth triggers environmental degradation.
Moreover, the studies of Mele et al. (2021), Ulucak and Yucel
(2021), Adebayo and Rjoub (2021) Magazzino et al. (2021), and
Magazzino et al. (2020) also reported a positive association
between economic growth and environmental degradation.
Recently, scholars have started to look into the
interrelationship between TI and environmental degradation
utilizing various proxies of environmental degradation such as
CO2 emissions, load factor, ecological footprint, and biocapacity.
However, mixed findings have surfaced from these investigations.
For instance, utilizing data from 1984 to 2016, Ahmad et al.
(2020) scrutinized the TI influence on ECF in China. Their
empirical outcome disclosed that TI plays an important role in
mitigating ECF in China. Likewise, the study of Adebayo and
Kirikkaleli (2021) in Japan utilizing wavelet tools between 1990
Q1 and 2015 Q4 shows that, in all frequencies, there is an in-
phase (positive) coherence between TI and environmental
degradation in Japan. Moreover, the research of Kirikkaleli
and Adebayo (2020) using the global economy and dataset
from 1990 to 2018 reported a negative coherence between TI
and emissions, which demonstrates that an upsurge in TI curbs
emissions. Similarly, the study of Khan et al. (2020) on drivers of
ecological degradation for G-7 economies using the CS-ARDL
and AMG reported that TI plays a major role in abating emissions
in the G7 nations.

On the connection between ecological footprint and renewable
energy utilization, significant studies have been conducted by
prior scholars. For instance, the study of Pata (2021c) on the effect
of REC on ECF in the United States between 1980 and 2016 using
ARDL disclosed that the ECF–REC interrelationship is negative,
which demonstrates that REC aids in curbing ECF. Similarly, the
research of Nathaniel et al. (2021) on the ECF–REC
interconnection in BRICS economies utilizing datasets from
panel techniques disclosed that, in order to abate emissions in
BRICS nations, REC is an essential variable. Likewise, Usman and
Makhdum (2021, p. 2) assessed the ECF–REC interaction in the
BRICS-T economies from 1990 to 2018 using CS-ARDL and
Dumitrescu and Hurlin (DH) causality approaches, and their
outcomes disclosed that REC aids in enhancing the sustainability
of the environment. Similarly, the study of Xue et al. (2021)
reported negative interrelationships between ecological footprint
and REC in South Asian nations from 1990 to 2018 utilizing panel
techniques. Moreover, the studies of Yuping et al. (2021) and
Rjoub et al. (2021) for Argentina and Sweden, respectively,
confirmed the negative emissions–REC interrelationship.

Regarding the interrelationship between ecological footprint
and globalization, mixed findings have surfaced in the literature.
For instance, the study of Yuping et al. (2021) on the
emissions–globalization association in Argentina utilizing data
from 1980 to 2018 disclosed that an upsurge in globalization aids
in curbing emission levels in Argentina, which validates the
pollution–halo–hypothesis. Likewise, the study of He et al.

Frontiers in Environmental Science | www.frontiersin.org December 2021 | Volume 9 | Article 7960833

Dingru et al. Towards Carbon Neutrality in BRICS

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


(2021) in Mexico from 1990 to 2018 assesses the
emissions–globalization connection utilizing dual gap and
ARDL. The empirical outcome from the research disclosed
that globalization improves the quality of the environment.
Furthermore, utilizing quantile regression, the study of Rjoub
et al. (2021) in Sweden uncovered a negative
emissions–globalization interrelationship. On the contrary, the
study of Kirikkaleli et al. (2021) for Turkey using a dataset from
1980 to 2016 and fully modified ordinary least square (FMOLS)
and dynamic ordinary least square (DOLS) approaches affirmed a
positive emissions–globalization connection. Similarly, the
research of Adebayo and Kirikkaleli (2021) in Japan on the
emission–globalization nexus showed that globalization
mitigates the quality of the environment.

The present study distinguishes itself by providing a robust
analysis of the effect of economic growth, technological
innovation, renewable energy consumption, and globalization
on ecological footprint for the case of BRICS nations within the

framework of advanced econometric methodologies including
the method of moment quantile regression, fixed effects ordinary
least squares (FE-OLS), DOLS, and FMOLS. Scrutinizing the
combination of these methodologies aids to tap into the
innovation of the methods, thereby informing robust estimates
that support proactive policy directions.

DATA, MODEL SPECIFICATION, AND
METHODOLOGY

Data
The current empirical research assesses the effect of technological
innovation and renewable energy use on the ecological footprint
in BRICS nations as well as the role of globalization and income.
The research utilized panel data for BRICS stretching from 1990
to 2018. The information of data utilized and their source are
presented in Table 1. Furthermore, the trend analysis flow is

TABLE 1 | Variables of the study.

Symbol Description Measurement unit Source

ECF Ecological footprint Ecological footprint (global hectares per capita) GFN
GLO Globalization KOF index of globalization consists of mainly three parameters (economic, political, and social) KOF
REC Renewable energy consumption Percentage of total final energy consumption WDI
GDP Economic growth Per capita GDP (constant 2010 US$) WDI
TI Technological innovation Addition of patent resident and non-resident OECD

FIGURE 1 | Flow of analysis.
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depicted in Figure 1. Table 2 presents the variables’ descriptive
statistics. TI mean (89,816.73) is the highest, which ranges from
3,140.000 to 1,542,002. This is followed by GDP (5,919.155),
which ranges from 575.5016 to 11,993.48, globalization (GLO)
(41.96485), which ranges from 14.74376 to 58.69128, REC
(26.28307), which ranges from 3.180,500 to 58.65286, and ECF
(2.984,167), which ranges from 0.761,262 to 6.836,081. The
skewness revealed that GDP and GLO are negatively skewed
while ECF, TI, and REC are positively skewed. The JB value
revealed that all the variables with the exemption of GDP do not
conform to normality. This outcome supports the use of non-
linear technique such as MMQR.

Theoretical Underpinning and Model
Specification
This research assesses the interrelationship between ECF and its
drivers, such as economic expansion (GDP), TI, GLO, and REC in
the case of BRICS nations. In line with the studies of Kirikkaleli
et al. (2021) and Shan et al. (2021), the model specifications are
illustrated as follows:

ECFit � β0 + β1GDPit + β2GDP2
it + β3RECit + β4TIit + β5GLOit

+ εit

(1)
where ECF, GDP, REC, TI, GLO, t, and ε, represent ecological
footprint, economic growth, renewable energy, technological
innovation, globalization, times (1990–2018), and error time,
respectively. Furthermore, β1, β2, β3, β4, and β5 illustrate the
coefficient of the parameters. All indicators are transformed to
natural logarithms and expressed in per capita. Following the
renowned Paris Climate Agreement (PCA, 2016), governments
all over the world are attempting to engage in environmentally
friendly technology in order to minimize CO2 emissions.
Environmentally related technology innovation decreases
emissions while also enhancing the productivity of businesses
and the economy (Solarin et al., 2017; Bekun et al., 2019). Every
nation aims to expand its economy. However, most nations
favor growth at the expense of the environment. Therefore,
expansion in growth is followed by an upsurge in ECF.
Moreover, after achieving the level of growth, individuals
will have more purchasing power to buy more eco-friendly
products (β1 � αECF

αGDP> 0 and β2 � αECF
αGDP2 > 0 ). Renewable energy

technology uses pure and cleaner sources of energy that are

sustainable and meet existing and future demands, which is
the theoretical foundation for the negative association between
renewable energy usage and ecological footprint (Pata, 2021a).
Renewable energy usage is predicted to impact ecological
footprint negatively, based on the arguments presented above
(β3 � αECF

αREC< 0). Technological innovation is a strategy used by
businesses to achieve economic efficiency in the manufacturing of
goods. Technological innovation is the utilization of resources
more efficiently while lowering related environmental costs. As a
result, technological innovation is expected to impact ECF
negatively (β4 � αECF

αTI < 0). In the empirical model of ECF, we
incorporate GLO. Globalization can enhance competitiveness by
expanding the flow of services and goods, thereby posing a serious
danger to the ecosystem. As a result, we anticipate a positive
impact of GLO on ECF (β5 � αECF

αGLO> 0). On the other hand, the
influence of GLO can impact ECF negatively if it is eco-friendly
(β5 � αECF

ααGLO< 0).

Empirical Methodology
For comparative purposes, we employ DOLS, FE-OLS, and
FMOLS. We used the MMQR approach, which enables us to
examine the various effects of independent variables across
multiple quantiles. Driscoll and Kraay standard errors, which
are resilient to general types of cross-sectional dependency and
autocorrelation up to a given lag, are added to the FE-OLS
method. Heterogeneity problems with discrepancies in means
between cross-sections and differences in cross-sectional
modification to the cointegrating equilibriums of the
conditional distribution of CO2 emissions, beneficial for a
more rigorous evaluation of the empirical interrelationship,
are the pivotal significant concerns in estimating dynamic
cointegrated panels, as emphasized by Pedroni (2004).
Pedroni’s FMOLS model incorporates individual intercepts
and permits for varied serial correlation characteristics of
error processes among individual panel members; therefore,
it addresses these concerns appropriately. Kao and Chiang
(2001) expanded the DOLS estimator to panel data settings,
and premised on Monte Carlo simulations, the DOLS
estimate was shown to be impartial when contrasted to both
the OLS and the FMOLS estimators in finite samples.
Endogeneity is also controlled via the DOLS estimator,
which augments lead and lagged differences to decrease
endogenous feedback.

Because prior estimate approaches had drawbacks, a panel
quantile regression methodology was used to investigate the
distributional and heterogeneous effect across quantiles (Ike
et al., 2020) The fundamental work by Koenker and Bassett
(1978) established the panel quantile regression technique.
Unlike frequent least-squares regressions, which produce
estimates of the conditional mean of the endogenous variable
pertaining to certain values of the independent factors, quantile
regressions are used to estimate the conditional median or a
variety of different quantiles of the response variables subject to
certain values of the exogenous variables. Quantile regressions are
more resistant to outliers in the estimation process. Aside from
that, it is the most useful when the conditional means of two

TABLE 2 | Descriptive statistics.

ECF GDP TI GLO REC

Mean 2.984167 5,919.155 89,816.73 41.96485 26.28307
Median 2.967835 6,183.905 24,382.00 43.56841 20.16080
Maximum 6.836081 11,993.48 1,542,002 58.69128 58.65286
Minimum 0.761262 575.5016 3,140.000 14.74376 3.180500
Std. dev. 1.472398 3,661.255 249,475.1 10.39779 18.22402
Skewness 0.280969 −0.063756 4.244346 −0.564924 0.166170
Kurtosis 2.436593 1.746569 21.03429 2.763739 1.488819
Jarque–Bera 3.825595 9.590233 2,400.315 8.049776 14.46447
Probability 0.147667 0.008270 0.000000 0.017865 0.000723
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variables have a weak or non-existent connection (Binder and
Coad, 2011).

Nevertheless, we used the (Machado and Santos Silva, 2019)
MMQR with fixed effects in this investigation. While a quantile
regression is resilient against outliers, it does not account for
unobserved variability across individuals in a panel. The MMQR
technique allows for the identification of conditional
heterogeneous covariance effects of CO2 emission drivers by
enabling individual effects to influence the whole distribution
rather than just moving means. When the panel data model is
integrated with individual effects and the model has endogenous
explanatory variables, the MMQR estimation approach is
especially useful. The MMQR method is also straightforward
since it produces non-crossing regression quantile estimates. For
a framework of the location-scale variation, the conditional
quantiles QY (τ|X) are estimated as follows:

Y it � αi +Xit′β + (δi + Zit′ Y)Uit (2)

The probability P {δI + Zit′Y> 0} � 1. (α, β’, and δ, Y′)′ are the
parameters to be estimated. The discrete i fixed effects are
nominated by (αi, δi), i � 1,. . ., n, and k-vector of recognized
elements of X is indicated by Z, which are differentiable
conversions with component known by:

Zl � Zl(X), l � 1, ..., k (3)

For any fixed Xit is distributed independently and identically,
and it is time independent (t). Uit is distributed independently
and similarly across individuals (i) and across time (t) and is
orthogonal to Xit and normalized to fulfil the moment criteria in
Machado and Silva (2019), which do not entail stringent
exogeneity, among many other things. The following is
implied by Eq. (5).

Qy(τ|Xit) � (αi + δi q(τ)) +Xit′β + Zit′Yq (τ) (4)

In Equation 4, vectors of independent variables are denoted
by Xit; i.e., economic growth, renewable energy, technological
innovation, and globalization. The quantile distribution of the
dependent variable Yit (for instance, CO2 emissions) is illustrated

by Qy(τ| Xit), which is unveiled as conditional on the location of
independent variable and Xit′ . –αi (τ) ≡ αi + δiq(τ) is the scalar
coefficient, which is indicative of the quantile-τ fixed effect for
individual i. The individual effect does not denote an intercept
shift, unlike the usual least-square fixed effects. The parameters
are time-invariant whose diverse effects are permitted to vary
across quantiles of the endogenous variable’s conditional
distribution. The τ-th sample quantile is calculated by solving
the following optimization problem: Y q(τ) indicates the τ-th
sample quantile.

min qΣiΣtρτ(Rit − (δi + Zit′Y)q) (5)

where ρτ(A) � (τ − 1)AI{A≤ 0} + TAI {A> 0} indicates the
check function.

FINDINGS AND DISCUSSIONS

Cross-Sectional Dependence and Slope
Heterogeneity Outcomes
This section of the paper presents the research findings based on
the methodologies applied in the Data, Model Specification, and
Methodology. As an initial test, we assess the cross-sectional
dependence (CSD) and slope heterogeneity (SH) before
scrutinizing drivers of ecological footprint in BRICS
economies. In the model, the null hypothesis is rejected based
on the values of delta tilde (Δ̂) and adjusted tilde (�Δadj)
(Table 3). In this empirical study, we employed heterogeneous
panel estimators predicated on this discovery.

The CSD findings are shown in Table 4, and the results show
that the null hypothesis of CSD is refuted at a level of significance
of 1%. This indicates that there is a strong CSD between the
variables under consideration. Taking into consideration SH and
CSD in panel estimates assists policymakers in legitimizing the
diverse ecological externalities associated with the indicators and,
as a consequence, assists them in formulating well-structured
policies.

Stationarity Test Outcomes
In this empirical analysis, we utilized second-generation unit root
tests, which take into account both heterogeneity and cross-
sectional dependence. CADF and CIPS are reliable when there
is cross-sectional dependence and heterogeneity issues. The
outcomes of the CIPS and CADF (Table 5) unveiled that all

TABLE 3 | Slope heterogeneity test.

(Δ̂) p-value (Δ̂adj) p-value

9.708* 0.000 10.901* 0.000

Note: *p < 0.01.

TABLE 4 | CSD test outcomes.

Tests ECF GDP GLO TI REC

Breusch–Pagan LM 45.413* 237.31* 223.89* 101.30* 130.37*
Pesaran-scaled LM 7.9187* 50.828* 47.828* 20.415* 26.915*
Bias-corrected scaled LM 7.8294* 50.739* 47.739* 20.326* 26.826*
Pesaran CD 3.0543* 15.350* 14.904* 5.5301* 10.103*

Note: *p < 0.01.

TABLE 5 | CIPS and CADF tests.

CIPS CADF

Variable Level Δ Level Δ

ECF −2.663 −3.153* −1.245 −4.614*
GDP −1.828 −2.879*** −1.841 −3.407***
GLO −2.389 −3.264* −2.541** −4.850*
REC −1.801 −4.094* −2.303 −3.972*
TI −2.569** −5.971* −1.602 −5.496*

Note: *p < 0.01, **p < 0.05, and ***p < 0.10.
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the variables are I (1). This implies that all the variables (ECF,
GDP, TI, GLO, and REC) are stationary at first difference. This
knowledge helps in choosing suitable techniques for assessing the
drivers of ecological footprint in BRICS economies.

Westerlund Cointegration Outcomes
The present research proceeds by assessing the long-run
interrelationship between ECF and GDP, GLO, REC, and TI
utilizing the Westerlund (2007) cointegration. The outcomes of
the Westerlund test (Table 6) unveiled that in the long run, there
is an association between ECF and GDP, GLO, REC, and TI.
Therefore, we reject the null hypothesis of “no cointegration” in
the model.

Long-Run Estimator (FMOLS, DOLS, and
FE-OLS) Outcomes
We proceed by assessing the effects of GDP, TI, GLO, and REC
on ECF using long-run estimators (FMOLS, DOLS, and FE-OLS),
the results of which are presented in Table 7. We observe that the
effect of GDP on ecological footprint is significant and positive.
This demonstrates that keeping other indicators constant, a 1%
upsurge in GDP in the BRICS causes ecological footprint by
2.243% ∼ FMOLS, 2.0637% ∼ DOLS, and 2.1837% ∼ FEOLS,
respectively. This shows that an increase in GDP in the BRICS
economies contributes to the degradation of the environment.
Moreover, the effect of GDPSQ on ecological footprint is negative
and significant. This observation indicates that keeping other
indicators constant, a 1% upsurge in GDPSQ leads to a decrease
in ecological footprint by 0.1022% ∼ FMOLS, 0.1184% ∼ DOLS,
and 0.1329% ∼ FEOLS, respectively, when other factors are held
constant. This research confirms the U-shaped interrelationship
between environmental deterioration and economic growth. This
means that emissions increase at first, but then drop as per capita
GDP grows over time. This outcome complies with the studies of
Saint et al. (2021) for the BRICS nations, Akinsola et al. (2021) for
Indonesia, Bandyopadhyay and Rej (2021) for India, and Gao
et al. (2021) for the Mediterranean region.

Moreover, we found a negative interrelationship between REC
and ECF. This illustrates that keeping other factors constant, a 1%
upsurge in REC leads to a decrease of 0.2854% ∼ FMOLS,
0.2772% ∼ DOLS, and 0.2633% ∼ FEOLS in ecological
footprint. Thus, mitigation of ecological footprint is caused by
an upsurge in renewable energy usage consumption. This result is
unexpected given the fact that renewable energy technology uses
pure and cleaner sources of energy that are sustainable and can
meet existing and future demands, which is the theoretical

foundation for the negative ecological footprint–renewable
energy use interrelationship. This outcome aligns with the
studies of Pata et al. (2021) for China and Shahzad et al. (2022).

Furthermore, the research shows a negative and insignificant
interconnection between TI and ECF. This implies that TI does
not play a vital role in curbing the degradation of the
environment. This outcome shows that the TI level in the
BRICS economies is not sufficient to improve the quality of
the environment. The research of Adebayo and Kirikkaleli
(2021) on the emissions–innovation interrelationship in
Japan between 1990 Q1 and 2015 Q4 as well as the research
of Udemba et al. (2021) in Chile from 1990 to 2018 reported the
same result.

Lastly, we observed a negative and significant ECF–GLO
interrelationship in the BRICS nations. This observation
indicates that keeping other indicators constant, a 1% upsurge
in globalization leads to a fall in ecological footprint by
0.3467% ∼ FMOLS, 0.3536% ∼ DOLS, and 0.3488% ∼ FEOLS,
respectively, when other factors are held constant. Therefore,
globalization aids in abating the deterioration of the environment.
This outcome corroborates the findings of Koengkan et al. (2020)
and Rjoub et al. (2021) for Sweden.

Method of Moment Quantile Regression
Outcomes
The present research takes a step further by assessing the
influence of income, globalization, technological innovation,
and renewable energy on ecological footprint at different
quantiles. We employed MMQR to assess the drivers of
ecological footprint at various quantiles of ecological footprint.
The MMQR is presented in Table 8. We observed that in all
quantiles (first to ninth), the effect of GDP on ecological footprint
is positive; although the positive effect is more pronounced in the
higher quantiles of ecological footprint. This demonstrates that in
all quantiles, an upsurge in GDP caused an increase in ecological
footprint. Furthermore, the present research validates the EKC
hypothesis across all quantiles (first to ninth). In the lower and
higher quantiles, the negative effect of economic growth squared
is evident, although the influence is more pronounced in the
higher quantiles of ecological footprint distribution. The studies
of Khan et al. (2020), Alhassan et al. (2020), and Ike et al. (2020a)
validated this outcome.

Moreover, across all quantiles (first to ninth), we observed a
negative influence of REC on ecological footprint, which
demonstrates that REC mitigates ecological footprint across all
quantiles (first to ninth). Renewable energy technology uses pure
and cleaner sources of energy that are sustainable and can meet

TABLE 6 | Westerlund (2007) outcomes.

Statistics Value Z-value p-value

Gt −3.130 −2.128 0.017**
Ga −7.331 1.156 0.876
Pt −7.668 −3.192 0.001*
Pa −8.777 −0.449 0.327

Note: *p < 0.01 and **p < 0.05.

TABLE 7 | FMOLS, DOLS, and FE-OLS outcomes.

GDP GDPSQ REC TI GLO

FM-OLS 2.2439* −0.1022* −0.2854* −0.0402 −0.3467**
D-OLS 2.0637* −0.1184** −0.2772** −0.0279 −0.3536***
FE-OLS 2.1837* −0.1329*** −0.2633** −0.0322 −0.3488**

Note: *p < 1%, **p < 5%, and ***p < 10%.
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existing and future demands, which is the theoretical foundation
for the negative ecological footprint–renewable energy use
interrelationship in all quantiles (first to ninth). This outcome
substantiates the finding of Pata (2021c). Moreover, a negative
ECF–GLO interrelationship was seen in all quantiles (first to
ninth). The negative interrelationship between globalization and
environmental impact is due to the fact that globalization via
trade also enables technical advancement and increased
economic activity. The studies of Koengkan et al. (2020) for
Latin America and Rjoub et al. (2021) for Sweden validated the
negative environmental deterioration and globalization
interrelationship. Lastly, we observed no significant
interconnection between technological innovation and
ecological footprint in the BRICS economies across all

quantiles (first to ninth), and the result was affirmed by the
studies of Ahmad et al. (2020) and Udemba et al. (2021).

Comparison for All the Estimators (MMQR,
FMOLS, DOLS, and FE-OLS)
Figure 2 shows a comparison of the estimated coefficients for all
specifications employed, including MMQR, DOLS, FMOLS, and
FE-OLS. The MMQR coefficient method is heterogeneous and
produces a dynamic image across all quantiles, whereas the
coefficients of FMOLS, DOLS, and FE-OLS are stable.
Figure 2 depicts that the coefficients of globalization grow
from the lower to upper quantiles, indicating that more
globalization is beneficial to the environment. Furthermore,

TABLE 8 | Outcomes of the MMQR.

Variables Location Scale Lower quantile Middle quantile Higher quantile

– – – 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

GDP 2.4065* 0.2919 1.9674* 2.1834* 2.2234** 2.2666* 2.3571*** 2.4935* 2.5956* 2.7577* 2.9479**
GDPSQ −0.1215* −0.0223 −0.0879* −0.1044* −0.1075** −0.1166*** −0.1177** −0.1289* −0.1360* −0.1484* −0.1630**
REC −0.2921 −0.0086 −0.2996* −0.2987* −0.2976* −0.2963*** −0.2936** −0.2895** −0.2865* −0.2816* −0.2760**
TI 0.0122 0.0716 −0.0955 −0.0624 −0.0369 −0.0058 0.0120 0.0340 0.0459 0.0538 0.0590
GLO −0.3486 −0.0067 −0.3587** −0.3537** −0.3528* −0.3420*** −0.3497** −0.3465* −0.3442* −0.3404** −0.3360**

Note: *1%, **5%, and ***10% significance level.

FIGURE 2 | Graphical representation of coefficient estimates for all variables across all quantiles, obtained from all four estimator.
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the MMQR technique shows that the coefficients of economic
growth are increasing upward, indicating that the increase in
economic growth is wreaking havoc on the environment. In
contrast, the coefficients of renewable energy consumption
have significantly reduced the negative impacts of economic
activities on society and the environment by giving logical
answers that assist policymakers in making decisions that can
lead to ecologically friendly progress. As a result, when analyzing
all panel estimators to provide an inclusive demonstration of
connection across variables, it is clear that MMQR is an excellent
and efficient approach.

Causality Outcomes
The current paper explores the causality between ecological
footprints and its drivers utilizing the Dumitrescu and Hurlin,
(2012) causality test. The causality test unveiled feedback causal
interconnection between GDP and ECF, which illustrates that
GDP can forecast ECF and ECF can forecast GDP as well
(Table 9). Furthermore, at significance level of 5%, the null
hypothesis of “no causality” from GLO to ECF is rejected,
which illustrates that GDP is a major driver of ECF in BRICS
nations. Moreover, we noticed feedback causality between
GDPSQ and ECF, which makes the study reject the null
hypothesis of no causality. Therefore, GDPSQ and ECF can
significantly predict each other. Lastly, the null hypothesis of
no causality from REC to ECF is rejected at 1% level of
significance. These outcomes are important for BRICS
economies’ policymakers when formulating policies pertaining
to environmental degradation.

CONCLUSION AND POLICY PATH

Conclusion
The present research assesses the influence of renewable energy
consumption and technological innovation on ecological
footprint as well as the role of economic growth and
globalization in the BRICS nations utilizing a panel dataset
spanning from 1990 to 2018. The study utilized second-
generation panel techniques such as CSD, SH, Westerlund
cointegration, FMOLS, DOLS, FE-OLS, MMQR, and DH
causality tests. The outcomes from the SH and CSD tests
supported the use of second-generation techniques due to the

issues of homogeneity and cross-sectional dependence. The
outcomes of the Westerlund cointegration affirmed the long-
run interrelationship between ecological footprint and the
exogenous variables. The MMQR outcomes showed that
across all quantiles (first to ninth), renewable energy use and
globalization curb ecological footprint, while economic growth
increases ecological footprint. The study also validated the EKC
hypothesis across all quantiles (first to ninth). We applied the FE-
OLS, DOLS, and FMOLS as a robustness check for the MMQR,
and their outcomes showed that renewable energy use and
globalization decrease ecological footprint, while economic
growth increases ecological footprint. Furthermore, the DH
causality results indicated that globalization and renewable
energy use established unidirectional causality to ecological
footprint, while Granger causality outcomes revealed that
feedback causality was observed between economic growth and
ecological footprint.

Policy Direction
The results show that economic expansion has a negative impact
on the environment. One of the goals of the BRICS economies is
to sustain economic growth, and reducing their ecological footprint
might have a negative impact on their economic progress. The
deployment of green technologies and the integration of renewable
energy should be the measures implemented by these nations to
balance the momentum. Facilitating the transition to a green
economy and modernizing industry could be utilized as ways of
addressing ecological concerns while simultaneously boosting
economic expansion. In order to secure economic progress,
policymakers in the BRICS nations should enact stronger
energy-conservation measures. Renewable energy and
globalization have an important role in improving the local
economy and connecting it with the international economy, as
well as assisting in the creation of a healthier environment. As a
result, measures aimed at enhancing various dimensions of
globalization should be encouraged. There is a particular need
for energy-efficient technology to spread across nations.

This is feasible when a nation takes an aggressive role in
international climate change negotiations and other energy-
linked global organizations. Globalization can be classified into
three types: political, social, and economic. It could improve the
quality of the environment through governmental action or it
could have a negative influence due to pollution; each kind of
globalization has a direct effect on the quality of the environment
in which humans coexist. The understanding of best practices and
dissemination of information about best business practices aid in
the development of sustainable energy sources in economic
operations, thereby promoting sustainable development.

Regarding the possibility for replacement between the various
types of energy usage (NREC and REC), climate change policies
should place a greater emphasis on boosting REC. They should
utilize a market-based system to stimulate the use of renewable
energy sources in various sectors while discouraging the usage of
commonly utilized fossil fuel energy sources. As a result, policies
such as tax credits for renewable energy generation, installation of
renewable energy systems, and markets for renewable energy
finance will go a long way toward encouraging investment in

TABLE 9 | DH panel causality outcomes.

Causality path W-stat. Zbar-stat. Prob. Decision

TI→ECF 2.39730 0.18139 0.8561 No causality
ECF→TI 3.71059 1.38879 0.1649
GDP→ECF 4.27198*** 1.90490 0.0568 Feedback causality
ECF→GDP 6.05964* 3.54841 0.0004
GLO→ECF 4.90670** 2.48844 0.0128 One-way causality
ECF→GLO 2.24882 0.04488 0.9642
REC→ECF 5.18944* 2.74839 0.0060 One-way causality
ECF→REC 1.85841 −0.31405 0.7535
GDPSQ→ECF 4.23993*** 1.87544 0.0607 Feedback causality
ECF→GDPSQ 5.94824* 3.44599 0.0006
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renewable energy technology. These will bring about a change in
the energy mix toward greener energy, as well as the generation of
sustainable energy. The significant use of renewable energy paves
the way for sustainable economic progress and a transition to a
low-carbon economy. According to our empirical findings, the
usage of renewable energy reduces the ecological footprint in
these nations. As a result, encouraging the use of renewable
energy for higher economic expansion and lower ecological
footprint is beneficial.

Moreover Shahbaz et al. (2018a) argued that policymakers
should create a multilateral system at the global level to assure
energy efficiency and encourage renewable energy utilization.
Effective incentive mechanisms for market accessibility and
renewable energy development should be established and
applied globally. Renewable energy market development
between public and private sector stakeholders in terms of
advancement of technologies, project financing, and ongoing
initiatives will once again contribute significantly to the
considerable development of the renewable energy sector.

The study’s scope was restricted to the BRICS countries,
and only a few variables were taken into account when
assessing the influence of technological innovation and
renewable energy use on CO2. Institutional quality, financial
development, economic complexity, and human capital could

be included in the model in future research. In addition,
assessments at the state and local levels will be beneficial for
more specific policy ramifications.
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