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Abstract: Economic complexity makes it possible to assess the development of the countries, the
relations of innovation, and the differentiation of products. The article considers the links between
the hypotheses of the Kuznets environmental curve and economic complexity using panel data for
the group of BRICS countries (Brazil, Russia, India, China, and South Africa) from 1990 to 2015.
As an econometric strategy, this study considered the panel fully modified least squares (FMOLS),
panel dynamic least squares (DOLS), fixed effects (FE), and Panel Quantile Regression. The empirical
results showed that economic complexity, income per capita, renewable energy, and carbon dioxide
emissions are integrated with the first difference when applying the unit root test. The arguments of
Pedroni and Kao cointegration tests were also used. According to these results, the variables used
in this research are cointegrated in the long run. The results validated the arguments of the EKC
hypothesis, i.e., the income per capita and squared income per capita are positively and negatively
correlated with CO, emissions. Moreover, economic complexity and renewable energy aim to

improve environmental damage and climate change.

Keywords: panel data; economic complexity; renewable energy; innovation and climate change

1. Introduction

The studies by Santana et al. [1], Azevedo et al. [2], Khattak et al. [3], Ummalla and
Goyari [4] assess an environmental Kuznets curve (EKC) for Brazil, Russia, India, China,
and South Africa (BRICS), but it is noted that they did not introduce the impact of economic
complexity on carbon dioxide emissions. In this context, we observed a gap in the literature
about the relationship between economic complexity and CO, emissions as applied to the
BRICS group of countries.

The empirical study of Can and Gozgor [5] was one of the first contributions in the
literature review about the link between economic complexity and climate change.

The literature review demonstrated that the economic complexity index aims to
decrease pollution emissions and improve the quality of the environment (e.g., Dogan
et al. [6], Chu [7], Romero and Gramkow [8], and Boleti et al. [9]).

Several authors have demonstrated that the Kyoto Protocol, the Paris Agreement,
and the EU Agenda promoted studies that assessed the impact of renewable energies on
carbon dioxide emissions (e.g., Leitdo [10], Leitao and Balogh [11], Koengkan et al. [12],
Balsalobre-Lorente et al. [13]).

The motivation of this article is related to the fact that we study a group of emerging
countries, the BRICS, with considerable growth rates in the world economy. The report
produced by Goldman Sachs [14], directed by economist Jim O’Neil, reported the impor-
tance of these economies, emphasizing China. However, Brazil and Russia had not such
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high growth rates when compared to China. The BRIC arises from a diplomatic agreement
between countries, i.e., there is no formal trade agreement. In 2011, South Africa turned
to join this group of countries, being designated in the literature the anachronistic BRICS.
Over the last two decades, the growth trajectory has been rising, especially in BRICS
countries. However, this economic growth occurs with a trade-off, which translates to a
damaging effect on the environment. Numerous studies contemplate that the BRICS have
the potential to position themselves economically and technologically as world leaders
(Azevedo et al. [2]). In consequence, BRICS present higher levels of economic development,
which leads them to encourage environmental regulations and structural changes towards
a cleaner industrial and tertiarization economy.

This article explores the relationships between economic complexity, renewable energy,
economic growth, and environmental Kuznets curve applied for BRICS countries for the
period 1990-2015. Considering the recent literature (Leitao [10], Koengkan et al. [12],
Balsalobre-Lorente et al. [13], Ike et al. [15]), we use panel data econometric techniques
(the panel fully modified least-squares-FMOLS, panel dynamic least squares-DOLS, fixed
effects -FE, and Panel Quantile Regression).

The main objective is to evaluate the relationships between economic complexity,
renewable energies, economic growth, and carbon dioxide emissions, which underlie the
assumptions of the environmental Kuznets curve. As such, we present a recent literature
review to support both the methodology to be applied and the analysis of results and dis-
cussion. Finally, the article shows some conclusions that could serve as recommendations
for economic policymakers.

The study is planned as follows. The literature review appears in Section 2. Section 3
demonstrates the material and methods employed in this research. The empirical results
and discussion are shown in Section 4, and the conclusions emerge in the final section.

2. Literature Review and Empirical Studies

In this section, we present a survey of recent literature review that explains the nexus
between economic complexity, renewable energy, and CO, emissions. The arguments of
environmental Kuznets are also considered.

Recently, Hidalgo [16] explained and revisited the link between economic complexity
theory and its application. The author suggests that economic complexity is associated with
economic geography, international economics, economic development, and innovation.

According to Zhu and Li [17], Hidalgo and Hausman [18], Felipe [19], Dogan et al. [6],
the economic complexity describes the level of development of countries in the relationship
of innovation and product differentiation exports (higher or lower quality of products).

Based on the contributions of Can and Gozgor [5], Hidalgo and Hausman [18], and
Sweet and Maggio [20], we observe that the index of economic complexity reflects the
endowments of production, or country’s production capacity (Zhu and Li [17], Felipe [19]).
In this context, international economics and the classic and neoclassic trade theory revealed
comparative advantages (Heckscher-Ohlin theorem), showing that countries can be capital
or labor abundant, and the sector or the product capital or labor-intensive.

Researchers introduced new factors explaining climate change in the last years. For
example, the nexus of corruption, democracy, globalization, and economic complexity on
economic growth or environmental damage has been quite frequent as a study subject at
energy economics. In this context, there exist empirical studies such as Can and Gozgor [5],
Dogan et al. [6], Chu [7], Romero and Gramkow [8], and Boleti et al. [9] that analyses
the effect of economic complexity on carbon dioxide emissions, using the argument of
environment Kuznets curve (EKC), considering different econometric models. These
studies concluded that economic complexity allows decreasing carbon emissions.

The empirical study of Can and Gozgor [5] using a DOLS-Dynamic Ordinary Least
Squares estimator for the France experience demonstrated that income per capita and
squared income per capita are according to EKC hypotheses. The authors also found a
negative correlation between economic complexity and carbon dioxide emissions. Fur-
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thermore, the variable of energy consumption presents a positive impact on pollution
emissions.

The relationship between economic complexity, renewable energy, and CO, emissions
to 28 countries of OECD for the period 1990-2014 was investigated by Dogan et al. [6]. The
authors used as explanatory variables economic complexity, renewable energy, population,
and income per capita. Considering panel data FMOLS-Fully Modified Least Squares,
DOLS-Dynamic Ordinary Least Squares, and ARDL-Autoregressive Lag Distribution, the
econometric results reveal that population and income per capita are positively correlated
with carbon dioxide emissions. Moreover, renewable energy and economic complexity
variables negatively affect CO, emissions, showing that renewable energy and economic
complexity encourage environmental improvements.

The nexus between economic structure, economic complexity, and ECK hypothesis
was investigated by Chu [7]. The author applied a dynamic panel data (GMM-System
estimator) considering 118 countries for the period 2002-2014. The econometric results
show that the lagged variable of carbon dioxide emissions presents an increase in the
long run. Nevertheless, the economic complexity index and squared economic complexity
present a nonlinear effect on carbon dioxide emissions.

The role of oil production and EKC assumptions was investigated by Ike et al. [15].
Considering 15 oil-producing countries for the period 1980-2010, the authors used as
econometric strategy panel cointegration estimation and panel quantile regression. In
general, the estimates present by panel quantile regression demonstrated that income per
capita and squared income per capita found support on the EKC equation. The variables
of electricity production and oil production positively affect carbon dioxide emissions, and
democracy allows a decrease in greenhouse effects.

The link between economic complexity and climate was investigated by Romero
and Gramkow [8] using panel data (fixed effects and GMM-System) for 67 economies
considering the period 1976-2012. The empirical results showed that economic complexity
and lagged variable of economic complexity reduce greenhouse emissions.

Another important issue is the connection between economic complexity and eco-
nomic growth (Zhu and Li [17], Dogan et al. [6], Neagu [21], Canh et al. [22]). The empirical
research demonstrated that economic complexity is an essential factor in explaining eco-
nomic growth. These studies found a positive impact of economic complexity on economic
growth. For instance, the empirical study of Neagu [21] tested the relationship between
the ecological footprint, income per capita, energy consumption, and economic complex-
ity using panel cointegration. This study suggested that energy consumption, economic
complexity, and income per capita increase the ecological footprint.

Moreover, Canh et al. [22] considered panel data to evaluate the economic complexity,
export diversification, and economic growth cycles for 1996-2014. The results showed
bidirectional causality between economic complexity and export diversification. There
also exists unidirectional causality between economic complexity and economic growth
cycles. However, the authors suggest that the variables of economic complexity and export
diversification influence each other.

Testing the role of renewable, non-renewable energy, economic complexity on carbon
dioxide emissions, and ecological footprint for the experience of USA was studied by
Pata [23] for the period 1980—2016. Considering the equation of carbon dioxide emissions,
Pata [23] showed that economic complexity and squared economic complexity are accord-
ing to EKC assumptions. The variables of globalization and renewable energy promote
the improvement of environmental quality. Nevertheless, non-renewable energy increases
pollution emissions.

Recently, Ummalla and Goyari [4] considered the Environmental Kuznets Curve (EKC)
applied to the BRICS for the period 1992-2014. The authors formulated two equations. The
first regression evaluates economic growth, and the second the environmental Kuznets
curve, and they used the panel cointegration model FMOLS estimator as an econometric
strategy. Regarding only the second regression, we observed that the per capita income and
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the squared income per capita confirmed the assumptions of the Kuznets environmental
curve. The empirical study also suggested that cleaner energy aims to decrease carbon
dioxide emissions.

Furthermore, total energy consumption and population, respectively, have a positive
and negative impact on CO, emissions. In this context, the experience of BRICS was
considered by Khattak et al. [3]. The authors considered panel data for the period 1980-
2016. As explanatory variables, they selected the EKC hypothesis, i.e., U-shaped curve
(income per capita and squared income per capita), innovation measured by patents, and
renewable energy. Considering the CCEMG estimator, we observe that BRICS countries
validate the EKC assumptions. The innovation variable presents a positive effect on
CO; emissions and a negative impact of renewable energy on CO, emissions. The same
tendency is valid for Brazil, China, and Russia; nonetheless, for India and South Africa,
the hypotheses of ECK are not valid. In this line, Azevedo et al. [2] considered two groups
of countries. The first group is composed of Brazil and Russia. The authors evaluated
the impact of the lagged variable of carbon dioxide emissions and income per capita on
CO, emissions. The results showed that in the long run (lagged variable of carbon dioxide
emissions) presents a positive effect, indicating that climate change increases and economic
growth are positively correlated with carbon dioxide emissions. In the second group,
Azevedo et al. [2] showed that lagged variable of carbon dioxide emissions increased,
reflecting the environmental damage.

Aziz et al. [24] considered the effects of renewable energy, globalization, and environ-
mental Kuznets curve, using panel cointegration and panel moments of quantile regression
for MINT countries cover the period 1995-2018. The authors selected as explanatory vari-
ables income per capita, squared income per capita, globalization (KOF index), natural
resources, and renewable energy. The econometric results displayed that income per capita
and squared income per capita are according to the assumption of the EKC, i.e., a positive
and negative effect on carbon dioxide emissions, respectively. The variable of renewable
energy is negatively correlated with CO, emissions proving an environmental improve-
ment. Finally, natural resources and globalization are positively associated with carbon
dioxide emissions. In this line, Elshimy and El-Aasar [25] tested the Arabic experience
for the period 1980-2014. The authors used the econometric strategy panel cointegration
FMOLS-Fully Modified Least Squares, DOLS-Dynamic Ordinary Least Squares, VECM-
vector error correction model, Granger causality, and the results demonstrated that income
per capita and squared income per capita are according to EKC hypotheses. The variables
of bovine meat and non-renewable electricity present a positive effect on carbon footprint.
Besides, renewable electricity aims to decrease climate change, i.e., they found a negative
relationship between renewable energy and carbon footprint.

The Malaysia experience was investigated by Gill et al. [26]. Considering the argu-
ments of the EKC equation, the authors applied an ARDL model-autoregressive distributed
lag for the period 1970-2011, and the econometric results showed that in the long run, the in-
come per capita raises carbon dioxide emissions; however, the squared income per capita is
insignificant, and renewable energy is negatively correlated with carbon dioxide emissions,
demonstrating that renewable energy decreases climate change and GHG—greenhouse
gas.

The interconnection between human capital and EKC was investigated by Hanif
et al. [27] for 16 OECD and 14 non-OECD countries for the period 1990-2017. The authors
formulated two equations: one for renewable energy as the dependent variable and the
other for non-renewable energy. Considering the first equation (renewable energy), human
capital and squared human capital are positively and negatively correlated with renewable
energy. The innovation and exchange rate are positively associated with renewable energy.
Consequently, oil prices present a negative effect on renewable energy.

Testing the impact of renewable energy and the EKC hypothesis in South Korea was
considered by Koc and Bulus [28] using the ARDL model. In the long run, the empirical
results demonstrated that EKC hypotheses are valid. The variables of renewable energy
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and trade openness show a decreasing greenhouse emissions and climate change correction.
Consequently, energy consumption is positively correlated with carbon dioxide emissions.

The empirical study of Leitao [29] considered the effects of corruption, economic
growth, renewable energy, and international trade on CO, emissions. The author applied
panel data for Portugal, Spain, Italy, Ireland, and Greece for 1995-2015. The econometric
results demonstrated that economic growth and corruption accelerate carbon dioxide
emissions. Nevertheless, international trade and renewable energy presented a negative
linkage with CO, emissions, indicating an improvement in the environment.

3. Materials and Methods

The impacts of economic complexity, economic growth, renewable energy on CO,
emissions are used in this article. The approach considered in this research is panel data for
the period 1990-2015, and the sample covers BRICS countries (Brazil, Russia, India, China,
and South Africa). The selected period took into account establishing a balanced data panel.
Furthermore, the series for the variable of renewable energies is accessible up to 2015.

Before proceeding with the regression model, we applied the panel unit root test
Levin- Lin- Chu, Augment Dickey, and Fuller- Fischer, and Phillips -Perron (e.g., Levin
et al. [30], Choi [31]) to verify the stationarity of variables considered in this research. This
test aims to identify if the variables are stationary at the level or integrated into the first
differences.

The panel cointegration between the variables considered, using Pedroni [32,33] and
Kao [34], was also considered. These methodologies are intended to observe if the variables
are cointegrated in the long run.

Subsequently, we tested the multicollinearity using VIF (variance inflation factor)
criterium.

The panel cointegration estimators such as FMOLS (panel fully modified least-squares)
and DOLS (panel dynamic least squares) were considered in this research (e.g., Stock
and Watson [35], Phillips and Hansen [36]). Furthermore, according to Leitao [29] the
models allow analyzing the long-term effects. Therefore, our study can observe the long-
term effects of economic growth, renewable energies, the economic complexity index on
pollution emissions.

In addition, we compared the results with fixed effects and panel quantile regression.
The fixed effects estimator is determined as an average of the pooled OLS estimator, as
Wooldridge [37] and Arellano [38] demonstrated. However, the estimator of random effects
is determined by covariance. Therefore, when the researchers apply a fixed effects estimator,
they should consider the Hausman test. According to the literature (e.g., Arellano [38];
Leitao and Balsalobre-Lorente [39]), the Hausman test considers as a null hypothesis the
random effects versus fixed effects, i.e., this test gives information about which estimator is
more appropriate if random effects or fixed effects.

Finally, we also consider in the empirical results the panel quantile regression, or the
method of moments quantile regression to evaluate and test the heterogeneous effects of
EKC (environmental Kuznets curve) as in Koengkan et al. [12], Balsalobre-Lorente et al. [13],
and Ike et al. [15]. This methodology allows evaluating the effects of independent variables
on the dependent variable through different levels of quantiles.

Hypothesis and Regression Model

The literature review allows us to formulate a set of hypotheses to be tested in the empirical
study. Below, we present the hypotheses that are evaluated in the results analysis section:

Hypothesis 1 (H1). (a) In an initial phase of growth, economic activities cause climate change and
consequently carbon dioxide emissions increase; (b) In a development phase, economies acquire an
awareness of sustainability; thus, carbon dioxide emissions are expected to decrease.

According to environmental Kuznets curve assumptions, we expect a U-turned curve
between income per capita, squared income per capita, and carbon dioxide emissions (CE).
Thus, the elasticities of income will be (GDP > 0) and (GDP? < 0).
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The empirical studies of Khattak et al. [3], Ummalla and Goyari [4], and Koc and
Bulus [28] also found a positive impact of income per capita (GDP) and negative effect
of squared income per capita (GDP?) on carbon dioxide emissions for the experience of
BRICS countries.

Hypothesis 2 (H2). The level of development, innovation, and accumulated productivity make it
possible to reduce pollution levels.

ECI (Economic complexity index) is formulated from international trade data, based
on the principle of revealed comparative advantages (RCA), in terms of interpretation.
So RCAj; > 1 means that the country has a comparative advantage (higher economic
complexity) and when RCA;; < 1 (lower economic complexity). According to the literature
(e.g., Romero and Gramkow [8]; Chu [7] Can and Gozgor [5], Dogan et al. [6]), economic
complexity aims to improve the environment (ECI < 0).

Hypothesis 3 (H3). Renewable energy intends to improve the environmental damage.

The recent several empirical studies (e.g., Aziz et al. [24]; Elshimy and El-Aasar [25];
Pata [23]; Aziz et al. [24]; Elshimy and El-Aasar [25]; Leitao [29]) argue that renewable
energy is directly associated with sustainable development and the upgrading of air quality.

We expect a negative impact of renewable energy and carbon dioxide emissions (CE)
in this context. Therefore, the elasticity of renewable energy is (REW < 0).

Based on the contribution of Can and Gozgor [5], Dogan et al. [6], Chu [7], Romero
and Gramkow [8], and Boleti et al. [9], the function assumes the equation:

CE =f (GDP, GDP?, ECI, REW) 1)

LOgCEit = ,BO + lB]LOgGDPZ't + ‘BzLOgGDPZZ't + ,B3ECIit + ‘B4LOgREWl't + (St + i + &t (2)

In this research, we use as a dependent variable the logarithm of carbon dioxide
emission (CE) in kilotons to estimate the level of pollution, where i represents the BRICS
countries, and ¢ signifies the time. Furthermore, 6t explains the common determinist trend,
ni signifies the specific effects, and it represents the random disturbance.

The explanatory variables employed in this study are the following:

LogGDP—represents the logarithm of income per capita expressed in US dollars.

LogGDP?>—symbolizes the logarithm of squared income per capita expressed in US
dollars.

ECl—signifies the economic complexity index by country.

LogREW—designates the logarithm of a percentage of renewable energy use in total
final energy consumption.

Following the contributions of Balsalobre-Lorente et al. [13], Machado and Silva [40],
Ike et al. [15], Koengkan et al. [12], the equation assumes the expression 3, when we apply
the method of moments quantile regression:

Qy (TI1CEj) = (& + 6i9(1)) + Xit' B+ Zit'y q(7) 3)

The dependent variable is the logarithm of carbon dioxide emissions, i.e., Qy (T | CE;)
indicates the quantile distribution of carbon dioxide emissions (CE), and X;;’ denotes the
independent variables of income per capita (LogGDP), squared income per capita (Log-
GDP?), economic complexity index (ECI), and renewable energy (LogREW). The function
(«; + 0;9(7)) reveals the scalar effect (the quantile fixed by the individual in the analysis).
Furthermore, the vector of components X is designated by Z;,

In this investigation, we also include the post-estimation test designed by the Wald
test. According to this test, it is possible to evaluate the symmetric quantiles, namely the
first and third quantiles. However, the empirical studies (Koengkan et al. [12]; Balsalobre-
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Lorente et al. [13]; Ike et al. [15]; Machado and Silva [40]) demonstrated the regressors are

not constant across quantiles.

The variables and sources employed in this investigation are presented in Table 1.

Table 1. Explanation of variables.

Dependent Variable

Source

LogCE—Logarithm of carbon
dioxide emissions in kilotons

World Development Indicators (2021)
from world bank institution and
Carbon Dioxide Information Analysis
Center.

Explanatory Variables

Expected Signs

Source

LogGDP—Logarithm of
income per capita established
on purchasing power parity
(PPP)

Positive impact on CE

World Development Indicators (2021)
from world bank institution and
OECD National Account.

LogGDP?>—Logarithm of
squared income per capita

World Development Indicators (2021)

. . Negative impact on CE from world bank institution and
established on purchasing .
. OECD National Account.
power parity (PPP)
ECI—Economic complex Negative impact on CE Atlas Database.
LogREW—Logarithm of a World Development Indicators (2021)
percentage of renewable Negative impact on CE from world bank institution and

energy use.

OECD National Account.

4. Empirical Results and Discussion

This section shows the results to evaluate the environmental Kuznets curve (EKC) and
the relationship between economic complexity and carbon dioxide emissions. In addition,
the correlation between renewable energy and CO, emissions is also considered.

China has the highest levels of carbon dioxide emissions, followed by Russia and
India. However, it is observed that Russia has been decreasing pollution levels for the
period under review. Of the five countries considered in this study, Brazil has the lowest
emission values for carbon dioxide. South Africa has lower values than China, Russia, and
China, but these are still high compared to Brazil (Figure 1).

S —

g o —

Carbon dioxide emissions per capita (expressed in logs)
5
1

T
2000

T
2005

T T
2010 2015

year
nr = Brazil nr = Russia
nr = India nr = China

nr =South Africa

Figure 1. Panel data distribution of carbon dioxide emissions. Source: Authors’ elaboration based on
World Development Indicators (2021).
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Concerning the distribution of income per capita (GDP), we observe that Russia is in
the first ranking since the middle of the 2000s. Brazil and South Africa show one similar
tendency. Lastly, China and India present lower GDP values per capita; however, they
have a positive slope during the period of analysis (Figure 2).

e
<

Gross domestic product per capita (expressed in logs)
35

T T T T T T
1990 1995 2000 2005 2010 2015
year

nr = Brazil — nr = Russia
nr = India — nr = China
nr = South Africa

Figure 2. Panel data distribution of income per capita. Source: Authors’ elaboration based on World
Development Indicators (2021).

Regarding the economic complexity, we observe that China, Russia, and Brazil present
higher values, i.e., these countries have more production capacity and more structure. It is
interesting to refer that South Africa is close to these countries. Moreover, it is to conclude
that India presents lower values of economic complexity (Figure 3).

-0.5 0.5 1
I I I

-1
1

Economic complexity index
0
|

o
‘T T T T T T T
1990 1995 2000 2005 2010 2015
year
nr = Brazil — nr = Russia
nr = India — nr = China
nr = South Africa

Figure 3. Panel data distribution of economic complexity index. Source: Authors’ elaboration based
in Atlas Database (2021).

In the countries under analysis, it is possible to observe that Brazil and India lead
in renewable energy use. South Africa and China followed. Still, in a developing phase,
Russia stands out (Figure 4).



Energies 2021, 14, 4908

9of 15

2
1

1.5

1

Renewable energy (expressed in logs)
1
Il

w

0
= T T T T T T
1990 1995 2000 2005 2010 2015
year
nr = Brazil nr = Russia
nr = India nr = China

nr = South Africa

Figure 4. Panel data distribution of renewable energy. Source: Authors’ elaboration based on World

Development Indicators (2021).

Table 2 gives the general statistics for all variables considered in this study.

Table 2. Descriptive Statistics.

Descriptive Statistics LogCE LogGDP LogGDP? ECI LogREW

Mean 5.711 3.797 14.284 0.088 1.299
Median 6.016 3.859 14.512 0.234 1.406
Maximum 7.013 4.416 21.350 1.164 1.768
Minimum 3.760 2.992 7.9057 —1.442 0.508
Std. Dev. 0.928 0.345 3.214 0.581 0.413

Skewness —0.878 —0.541 —0.086 —0.948 —0.813
Kurtosis 2.576 2.501 2421 3.031 2.354
Probability 0.000 0.024 0.383 0.000 0.000

Observations 126 126 126 126 126

In this context, Table 2 reports that the variable of squared income per capita (LogGDP?)
and carbon dioxide emissions (LogCE) represent the higher value of Maximum. Moreover,
all variables demonstrate a negative skew. The variable of renewable energy (LogREW)
indicates the low Kurtosis value, and carbon dioxide emissions (LogCO,) present the low

Kurtosis value.

Table 3 presents the results of the panel unit root test considering the arguments of
Levin, Lin, and Chu, ADF-Fischer Chi-square, and Phillips—Perron. According to Table 3,
the variables of carbon dioxide emissions (LogCO,), income per capita (LogGDP), economic
complexity (ECI), and renewable energy (LogREW) are integrated at first difference.
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Table 3. Panel Unit Root Test.

Variables Level First Difference
Carbon Dioxide Emissions LogCE DLogCE
Method Statistic p-value Statistic p-value
Levin, Lin & Chu t 3.935 (1.000) —7.856 *** (0.000)
ADF—Fisher Chi-square 2.987 (0.987) 63.135 *** (0.000)
PP—TFisher Chi-square 3.296 (0.974) 69.846 *** (0.000)
Income per capita LogGDP DLogGDP
Method Statistic p-value Statistic p-value
Levin, Lin & Chu t 3.489 (0.992) —2.244 ** (0.012)
ADF—TFisher Chi-square 1.397 (0.999) 17.215* (0.069)
PP—Fisher Chi-square 0.077 (1.000) 20.376 ** (0.025)
Level First difference
Economic Complexity ECI DECI
Method Statistic p-value Statistic p-value
Levin, Lin & Chu t —1.050 (0.147) —5.6043 *** (0.000)
ADF—TFisher Chi-square 11.169 (0.344) 43.912 *** (0.000)
PP—Fisher Chi-square 11.682 (0.307) 54.697 *** (0.000)
Level First difference
Renewable Energy LogREW DLogREW
Method Statistic p-value Statistic p-value
Levin, Lin & Chu t —2.275** (0.011) —4.074 *** (0.000)
ADF—TFisher Chi-square 15.725 (0.101) 47 462 *** (0.000)
PP—Fisher Chi-square 32.948 *** (0.000) 75.539 *** (0.000)

***(1%), ** (5%), and * (10%) significance levels.

Table 4 reports the test of Pedroni cointegration and Kao residual cointegration test.
According to the tests, the variables considered in this research are cointegrated in the long
run. Based on the results showed, we observe that there exists cointegration between the
variables of income per capita (LogGDP), squared income per capita (LogGDP?), economic
complexity (ECI), renewable energy (LogREW), and CO, emissions (LogCE).

Table 4. Panel Cointegration test of Pedroni and Kao residual cointegration.

Within-Dimension

Weighted
Statistic Prob. Statistic Prob.
Panel v-Statistic 0.257 (0.080) —1.128 (0.870)
Panel rho-Statistic —0.207 (0.482) —0.005 (0.482)
Panel PP-Statistic —2.442 *** (0.007) —3.702 *** (0.000)
Panel ADF-Statistic —1.951 *** (0.000) —3886 *** (0.000)
Between-Dimension
Statistic Prob.
Group rho-Statistic 0.830 (0.875)
Group PP-Statistic —3.517 *** (0.000)
Group ADF-Statistic —3.200 *** (0.000)
t-Statistic Prob.
ADF —2.206 ** (0.014)
Residual variance 0.000710
Heteroskedasticity— and autocorrelation—consistent (HAC) variance 0.000745

% (1%), and ** (5%) ssignificance levels.
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The next step is to assess multicollinearity to see if we can specify econometric models.
The studies by Koengkan et al. [12] and Leitao [29] carried out this test before proceeding
with the model’s specification. The literature considers no multicollinearity problems when
the variance inflation factor (VIF) is less than five. As we observed in Table 5, the variables
in this investigation do not present multicollinearity problems.

Table 5. Multicollinearity Test considered OLS estimator.

Variables Variance Inflation Factor (VIF) 1/VIF
LogGDP 1.23 0.812
ECI 1.34 0.749
LogREW 1.33 0.755
Mean VIF 1.30

Table 6 presents the econometric results using the panel fully modified least squares
(FMOLS), panel dynamic least squares (DOLS), and fixed effects (FE). The results are
similar between the three estimators.

Table 6. Panel Fully Modified Least Squares (FMOLS), Panel Dynamic Least Squared (DOLS), and
Fixed Effects (FE).

Variables FMOLS DOLS Fixed Effects
Coef. Coef. Coef.
LogGDP 1.080 *** 1.471 *** 2.214 ***
(0.000) (0.007) (0.000)
—0.076 *** —0.130 *** —0.204 ***
2
LogGDP (0.000) (0.006) (0.000)
ECI —0.119 ** —0.227 *** —0.216 **
(0.018) (0.000) (0.016)
—0.708 *** —1.681 *** —0.642 ***
LogREW (0.002) (0.000) (0.004)
1.077 ***
Constant (0.000)
Observations 121 111 126
Adj R? 0.389
Hausman Test: Chi-Sq. Statistics (4) = 214.275 ***

% (1%), and ** (5%) significance levels.

As mentioned in Section 3, the fixed effects model is estimated from a weighted
average of the OLS estimator. Thus, it appears that, although the FMOLS estimator and
the fixed effects estimator present the same trend, the estimates obtained through the fixed
effects are higher for the reasons given.

The coefficients of income per capita (LogGDP), squared income per capita (LogGDP?),
and renewable energy (LogREW) are statistically significant at 1% levels. Nevertheless, the
economic complexity index (ECI) is statistically significant at a 5% level with FMOLS-panel
fully modified least squares, FE-fixed effects, and 1% level with DOLS panel Dynamic
Least Squared.

As Leitao [29] refers, the Hausman test compares random effects (RE) versus fixed
effects. According to our result, the fixed effects are more sustainable than random effects
(e.g., Wooldridge [37]; Arellano [38]; Leitdao and Balsalobre-Lorente [39]). Based on the
assumptions of EKC, the variables of income per capita and squared income per capita
present a positive and negative impact on carbon dioxide emissions (CE). The empirical
studies of Khattak et al. [3], Can and Gozgor [5], and Balsalobre-Lorente et al. [13] also
found a positive correlation between income per capita and carbon dioxide emissions and
a negative impact of squared income per capita and carbon dioxide emissions.
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Economic growth and economic activity accentuate environmental problems in an
initial stage; however, countries are concerned with environmental issues and improve-
ments (e.g., Balsalobre-Lorente et al. [13]; Leitao and Balsalobre-Lorente [39]). The previous
studies of Santana et al. [1], Azevedo et al. [2], Khattak et al. [3], Ummalla and Goyari [4]
also found the same tendency for BRICS countries.

Besides, the variables of economic complexity (ECI) and renewable energy (LogREW)
are negatively associated with carbon dioxide emissions, illustrating that the structural and
innovation of countries and clean energies encourage environmental improvements.

According to the perspective of Hidalgo [16], Zhu and Li [17], and Sweet and Mag-
gio [20], the level of economic development and innovation are factors that contribute
to sustainable development. The results that we obtained are in this line. The empirical
studies of Dogan et al. [6], Chu [7], Romero and Gramkow [8], and Boleti et al. [9] also
found a similar conclusion. On the other hand, renewable energy makes it possible to
reduce carbon emissions (EC). According to our estimates, carbon dioxide emissions de-
crease (—0.708%), (—1.681%), and (—0.642%). The studies by Pata [23]; Aziz et al. [24];
Elshimy and El Aasar [25]; Leitao [29] support our results demonstrating the importance
of using clean energy to conserve the environment. The result obtained is still in line with
the Kyoto Protocol and Paris Agreement (e.g., Dogan et al. [6]; Leitao [29]; Leitao and
Balsalobre-Lorente [39]).

Table 7 shows the empirical results using panel quantiles regression, i.e., the Method
of Moments Quantile Regression (MMQR).

Table 7. Panel Quantiles Regression.

Variables Quantile 25th Quantile 50th Quantile 75th
Coef. Coef. Coef.
LogGDP 3.607 ** 4.387 *++ 5.504 *++
(0.000) (0.000) (0.000)
—0.415 *+ —0. 579 *** —0.820 *+
2
LogGDP (0.000) (0.000) (0.000)
el —1.234 —0.849 *** —0.069 **
(0.000) (0.006) (0.577)
—1.880 *** —2.088 *** —2.561 *+
LogREW (0.000) (0.000) (0.000)
Observations 126 126 126
0.230 0.230 0.230
Wald test (0.994) (0.994) (0.994)

#** (1%), and ** (5%) significance levels.

The empirical studies of Koengkan et al. [12] and Balsalobre-Lorente et al. [13] sug-
gested that the Wald test aims to interpret proportional quantiles. Concerning the Wald
test, we observe that the estimates are not constant across quantiles.

The variables that analyze the classic Kuznets environmental curve (income per capita
and squared income per capita) validated hypothesis H1. The coefficients of income
per capita (LogGDP) and squared income per capita (LogGDP?) confirm a positive and
negative effect on carbon dioxide emissions, and these are statistically significant at a
1% level (Figure 5). The previous studies of Khattak et al. [3], Aziz et al. [24], Elshimy
and El-Aasar [25] give support to our result. Further, the economic complexity (ECI)
and renewable energy (LogREW) variables are negatively associated with carbon dioxide
emissions. These results are according to Can and Gozgor [5], Dogan et al. [6], Chu [7],
Romero and Gramkow [8]), i.e., these studies also found a negative correlation between
economic complexity and pollution emissions. Furthermore, Balsalobre-Lorente et al. [13],
Koc and Bulus [28], and Leitao [29] also demonstrated a negative correlation between
renewable energy and CO, emissions.
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Figure 5. Graphical scheme. Source: Authors’ elaboration.

5. Conclusions

This investigation assesses the relationships between economic growth, renewable
energy, economic complexity, and carbon dioxide emissions applied to the BRICS group of
countries (Brazil, Russia, India, China, and South Africa) for 1990-2015. Our choice fell on
these countries since these economies are experiencing rapid growth and development (e.g.,
Azevedo et al. [2], Khattak et al. [3], Ummalla and Goyari [4], and Goldman Sachs [14]).
The assumptions of the environmental Kuznets curve are also considered (e.g., Khattak
etal. [3], Ummalla and Goyari [4], Balsalobre-Lorente et al. [13], and Koc and Bulus [28].
Also, the impact of the economic complexity index on carbon emissions (EC) allows us to
differentiate from previous studies when applied to the BRICS.

The panel unit root test Levin- Lin- Chu, Augment Dickey, and Fuller- Fischer, and
Phillips—Perron applied (e.g., Levin et al. [30], Choi [31]) demonstrated that the variables
used in this research are integrated into the first differences. When we applied the Pe-
droni [32,33] and Kao [34] tests to check the cointegration in the long run, we observed
that carbon emissions (CE), income per capita (GDP), squared income per capita (GDP?),
renewable energy (REW), and economic complexity index (ECI) are cointegrated in the
long run.

The econometric methodology applying FMOLS (panel fully modified least-squares)
and DOLS (panel dynamic least squares), FE (fixed effects estimator), and the panel quantile
regressions revealed that the coefficients present the same tendency between them.

The econometric results obtained demonstrate that the environmental Kuznets curve
is valid for the BRICS countries.

Then, the empirical results also indicate that economic complexity and renewable
energy present a negative association with carbon emissions (CE). This conclusion is
according to previous studies and reveals the improvement of climate change in BRICS.

Furthermore, the results allow us to present some recommendations for policymakers.
First, these countries seem to be at a stage of considerable development, so renewable
energies and the structures of the economy (economic complexity) make it possible to
improve the environment. Therefore, the governments and the government policy of these
countries must encourage sustainable practices to verify decarbonization and sustainably
achieve economic growth. Consequently, BRICS requires boosting the energy sector and
high-tech infrastructures to reduce environmental pressure. It is crucial to refer to the effect
of economic complexity and the role of foreign business over economic growth in further
research to facilitate additional recommendations for this panel of emerging countries.
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In summary, it is pertinent for pragmatic steps to be taken to strengthen environmental
and energy regulations in BRICS countries, given the findings from this current study. The
promotion of energy technologies is essential to reducing carbon emissions, especially
carbon emissions, to achieve the global climate goal targets. Therefore, we consider the
need for more efficient and environmentally friendly energy usage as the principal requisite
that triggers the paradigm shift from non-renewable energy consumption to renewable
energy consumption. Thus, on this premise, the following action directions are rendered
for policymakers in BRICS.

In terms of future work, we think it would be interesting to assess the relationship
between foreign direct investment (FDI), economic complexity, carbon dioxide emissions,
renewable energies, and economic growth applied to the BRICS.

Moreover, we think it will be interesting to test the impact of the structure of produc-
tivity and innovation (via economic complexity) on the inputs of foreign direct investment
by the BRICS. On the other hand, the resources of these economies and renewable energies
may contribute to innovation factors and as positive externalities and sustainable devel-
opment factors. Another variable that seems essential to us to introduce in future work
is democratization since it allows evaluating the development of economies and citizens’
freedom of expression.
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