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Abstract: Climate change is one of the most important global problems faced by the international
community. It is generally believed that increasing the consumption of renewable energy is an effective
measure to promote CO2 emissions reduction. Therefore, renewable energy consumption has become
one of the best alternative strategies for sustainable development. Based on this, this paper employs
the 3SLS model to conduct an empirical study on the relations among real output, renewable energy
consumption, and CO2 emissions of BRICS countries (except Russia) in 1999–2014. The empirical
results support, for BRICS group, the complete tri-variate relationships (energy-output-emission
nexus), and renewable energy had a significant positive impact on the real output, and vice versa.
Besides, compared with other countries, Brazil also has the same tri-variate relationships as BRICS
group. However, China has no relationship from real output to renewable energy consumption
and from real output to CO2 emissions; India does not have the relationship from real output to
renewable energy consumption and the bilateral relationship between real output and CO2 emissions;
the relationship between variables in South Africa only occurs in the energy output chain. Finally,
according to the estimation results of the simultaneous equation, the BRICs governments should
consider the importance of human capital level and financial development when controlling the real
output level and pollution. In addition, it should be noted that effective energy policies help to reduce
carbon dioxide emissions without compromising real output.

Keywords: renewable energy consumption; real output; CO2 emissions; BRICS countries

1. Introduction

As we all know, global climate change caused by carbon dioxide emissions is endangering the
sustainable development of the world, and has become a hot topic in international political, economic,
and diplomatic discourse debate [1]. The rising total CO2 emissions are not only a threat to the health
of the biophysical ecosystem but also has a profound impact on human society. CO2 emissions, which
are closely related to climate change, have always been described as a “super wicked problem” [2] that
has an impact on human welfare. Therefore, how to formulate a policy of economic, energy, social
inclusion, and environmental sustainability is a serious challenge for all countries in the world.

With economic globalization, developing countries are staying in the key economic development
period. Especially, developing countries must show a rapid pace of economy growth in order to fight
against poverty and improve industrial structure and infrastructure. In recent years, the concept
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of BRICS is becoming more and more popular in public media and academia. As a typical kind of
the developing countries, BRICS countries have significant common characteristics, such as large
population, underdeveloped economy but rapid growth, and the willingness to embrace the global
market [3]. In the past 60 years, the BRICS economy has become increasingly prosperous [4]. The
research of Goldman Sachs [5] found that in less than 40 years, the BRICS may play a more and more
important role in the world economy than G6 (United States, Japan, Germany, France, Italy, and
United Kingdom), and the size of BRICS economies may account for more than half of G6 by 2025.
Especially according to the latest research of Pao and Tsai [6], the gross domestic product (GDP) of
BRICS countries is expected to exceed than that of the group of seven (seven developed economies,
namely United States, Canada, the United Kingdom, Germany, France, Italy, and Japan) by 2050. More
concretely, in 2018, the nominal GDP of BRICS countries was the US $18.6 trillion, accounting for more
than 23% of global output [7]. As shown in Figure 1, the GDP per capita of BRICS countries increased
from $2140.98 in 1960 (unchanged in 2010) to $7081.32 in 2018, with an average annual growth rate
of 2.11%. Its contribution to world economic growth should not be underestimated. With the rapid
economic growth, the relationship between economic growth and air pollution in BRICS countries is a
widely debated issue. Especially BRICS countries’ economic growth and industrialization level rely
heavily on high energy-consuming industries such as construction, mining, and manufacturing [8],
which also lead to a sharp rise in CO2 emissions in BRICS countries. As shown in Table 1, BRICS
countries occupy an important seat in the list of major carbon emitters in the world. In 2014, the CO2

emissions of the whole BRICS countries accounted for three-eighths of the world’s total, and of the first
three seats, BRICs hold two. It can also be seen from Figure 2 that the per capita CO2 emissions are
also rising rapidly with economic development. The deteriorating environment also makes us aware
of the consequent excessive CO2 emissions, which play a major role in the global greenhouse effect and
the world economic development [9]. During the fifth BRICS summit in 2013, BRICS countries sealed
a “multilateral agreement on climate cooperation and the green economy” to ensure the financial
support and the technical exchange to cope with the negative effect of climate change on developing
countries [8]. BRICS economies are currently located downstream of the global value chain, which
means that their environmental costs are high [7], and it is unsustainable to sacrifice environmental
quality to maintain economic growth [10].
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Figure 1. Per capita gross domestic product (GDP) trends of the BRICS countries from 1960 to 2018.
(Source: World Bank. BRA stands for Brazil, CHN stands for China, IND stands for India, ZAF stands
for South Africa.)
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Figure 2. Per capita CO2 trends of the BRICS countries from 1960 to 2014. (Source: World Bank. BRA
stands for Brazil, CHN stands for China, IND stands for India, ZAF stands for South Africa.)

Table 1. CO2 emissions of the BRICS countries in 2014.

Region Annual CO2 Emissions (kt) % of World Emissions Rank in the World

Brazil 529,808.16 1.47 13
China 10,291,926.88 28.48 1
India 2,238,377.14 6.19 3

South Africa 489,771.85 1.36 14
World 36,138,285 100

Source: World Bank.

Under the double challenges of the global climate crisis and economic growth pressure, the concept
of low-carbon development and green energy transformation is now essential for the international
community [11]. The main energy used by BRICS countries is fossil energy [12], and their dependence on
fossil energy has provoked alarm about fossil energy limited supply, energy security, and environmental
degradation [13]. The use of fossil energy is identified as a main factor in increasing greenhouse gas
emissions, which are the culprit of climate change and global warming [14]. Renewable energy is
considered to be the most effective way to reduce carbon dioxide emissions [15]. In order to achieve
the goal of sustainable development and protect the environment, renewable energy is promoted to
replace the fossil energy. Meanwhile, the use of renewable energy will not only increase environmental
benefits, but also help economies increase employment and reduce their dependence on foreign
resources [16]. Besides, renewable energy is the fastest-growing energy form. Therefore, as concerns
about environmental degradation and energy security grow, the search for and use of renewable
energy is considered as a solution for the sustainable development of BRICS countries. The per
capita consumption of renewable energy in the BRICS countries has not grown rapidly with the
development of the economy, as shown in Figure 3, so renewable energy has a bright future in the
BRICS countries. In 2013, four BRICS countries (China, Brazil, India, and South Africa) were among
the top 10 renewable energy investment countries [17]. Concern has been raised about the social and
environmental sustainability in BRICS countries. It is a top priority for BRICS countries to coordinate
the relationship between the economy and environment and mitigate the global greenhouse effect,
which is of great significance to the global sustainable development [9,18].
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Figure 3. Per capita renewable energy consumption trends of the BRICS countries from 1990 to 2014.
(Source: World Bank. BRA stands for Brazil, CHN stands for China, IND stands for India, ZAF stands
for South Africa.)

Given that carbon dioxide emissions and sustainable development are the main concerns of
policymakers and energy environmentalists, we will take BRICS countries (except Russia) as the
research objects based on the 3SLS model and carry out panel analysis on the relationship between real
output, renewable energy consumption, and CO2 emissions. To study the nexus between real output
and renewable energy consumption and carbon dioxide emissions, and how to adjust the relationship,
we will provide strong suggestions for climate change mitigation policies. In order to study this hot
issue, we analyzed the existing literature and adopted appropriate methods. Through unit root test,
cointegration test, model setting test, and 3SLS regression estimation we have studied the real output,
renewable energy consumption, and CO2 emissions of BRICS countries, providing a reference for
global sustainable development.

The main contributions of this paper to the existing research are as follows: (1) Although there is
a lot of literature on the relationship between per capita GDP (or real output) and energy consumption,
the literature on renewable energy consumption in BRICs countries, for example, is very scarce, and the
results are uneven [19]. As a potential variable, the consumption of renewable energy is added to the
relationship between real output and CO2 emissions. However, the contribution of renewable energy to
reducing CO2 emissions without damaging the actual output is ignored in the literature. As the results
of previous studies are not clear, further studies on the relationship between real output, renewable
energy consumption, and environmental degradation are needed as different comparative opinions.
(2) We study the relationship between real output, energy consumption, and CO2 emissions through
the energy output emission system, rather than using a simple single econometric model to describe
the relationship between them. Moreover, simultaneous equation technology can also effectively avoid
some econometric problems (such as endogenous problems and residual simultaneous correlation
problems). (3) In addition to real output and renewable energy consumption, financial development,
human capital level, physical capital, urban population, and trade openness are also included in the
research system to overcome regulatory deviation. It is generally believed that taking more factors
related to CO2 emissions into account in the model can ensure the accuracy of the calculation results [20].
(4) To find out the role of renewable energy consumption in real output and CO2 emissions is of great
significance to the sustainable development of developing countries, especially BRICs countries. It not
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only helps policy-makers and governments to reduce carbon dioxide emissions, but also promotes the
growth of the renewable energy industry.

The rest of the paper is arranged as follows: Section 2 states a literature review. Section 3
presents an introduction to the research framework and model. Data description, empirical results,
and discussion are described in Section 4. Section 5 introduces the conclusions, policy implications,
and study limitations.

2. Literature Review

Because of the incentive effect of CO2 emissions reduction policies, in recent years, more and more
empirical studies are devoted to the study of the relationship between various factors (such as real
output, urbanization, and energy consumption) and CO2 emissions, as well as the impact of these
factors on CO2 emissions. This paper reviews the existing literature from the following three aspects.

2.1. Real Output and CO2 Emissions

In the past decades, scholars in economics and environmental science have been focusing on
the carbon dioxide emissions caused by real output, which is considered to be the main cause of
global warming and climate change. Therefore, there is a large number of literatures extensively
discussing the relationship between real output and CO2 emissions. There are two main views on
the relationship between real output and CO2 emissions. One is to support the opinion of Grossman
and Krueger [21], that is, in the initial stage of economic growth, CO2 emissions will go up, but later,
with the increase of income, CO2 emissions will go down in the light of the environmental Kuznets
curve (EKC) [22–24]. For example, using a panel vector error correction model, Apergis and Payne [22]
studied the relationship between carbon dioxide emissions, energy consumption, and output for six
Central American countries from 1971 to 2004. The results show that there is an inverted U-shaped
relationship between real output and CO2 emissions in long-run equilibrium. Another view is that
there is a causal relationship between real output and carbon dioxide emissions [25–27]. For example,
Apergis and Payne [27] pointed out that long term elasticity estimates are positively correlated with
real GDP per capita, CO2 emissions per capita, and real oil prices in 11 South American countries from
1980 to 2010.

2.2. Renewable Energy Consumption and CO2 Emissions

Inspired by the ecological challenges and theoretical debates, a large number of studies have
empirically studied renewable energy consumption, one of the determinants of carbon dioxide
emissions [28–34]. For example, Menyah and Wolde-Rufael [28] explored the relations between CO2

emissions, renewable energy and nuclear energy consumption, and real GDP in the United States
from 1960 to 2007 through the modified Granger causality test. It is found that the one-way causal
relationship from nuclear energy consumption to CO2 emissions has no feedback, however, there is
no causal relationship between renewable energy and carbon dioxide emissions. Based on the data
of OECD member countries from 1980 to 2011, Shafiei and Salim [29] tried to explore the factors
affecting CO2 emissions through the STIRPAT model. The results confirm that nonrenewable energy
consumption causes the increase of CO2 emissions, while renewable energy consumption causes the
decrease of CO2 emissions. Apergis et al. [34] studied the causality between carbon dioxide emissions,
nuclear energy consumption, renewable energy consumption, and economic growth in a group of 19
developed and developing countries from 1984 to 2007. The empirical results show that there is a
short-term two-way causal relationship between economic growth and renewable energy and nuclear
energy consumption, which supports the feedback hypothesis.

2.3. CO2 Emissions' Factors and CO2 Emissions in BRICS Countries

A large number of studies use statistical tools and regression models to study the impact factors of
CO2 emissions in BRICS countries. For example, Wang and Zhang [10] used the least square method
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to conduct empirical research on R&D investment and CO2 emissions of BRICS countries in 1996–2014.
Their results show that increasing R&D investment has a positive impact on the decoupling of economic
growth and environmental pressure. Wang and Kubota [18] tried to make an empirical study on the
relationship between urbanization and CO2 emissions in BRICS countries over the period 1985 to
2014. The results bored out that there is a long-term equilibrium cointegration relationship between
urbanization and CO2 emissions. Table 2 is a summary of empirical research on the relationship
between various influencing factors and CO2 emissions in BRICS countries. In general, the findings of
the existing literature show that few studies attempt to explore the relationship between the renewable
energy consumption and CO2 emissions of BRICS countries (Dong et al. [9]), and the research results
are uncertain and mixed. It is necessary to further explore the causality between real output, renewable
energy consumption, and CO2 in the BRICS context. As a developing country with a large emerging
economy, BRICS countries are concerned about the relationship between these variables, both in
policy and academic circles. In order to understand this knowledge gap and contribute to the existing
literature, given this motivation, our experience in this area will try to provide profound policy insights
to help policymakers develop sustainable energy policies to support efficient or optimal growth paths
in BRICS countries.

Table 2. Summary of the relevant literature of BRICS.

Authors Period Method/Model Results

Wang and Zhang [10] 1996–2014 FMOLS R&D→CO2↓

Wang et al. [18] 1985–2014 PGC URB→CO2↑

Adedoyin et al. [35] 1990–2014 ARDL CR→CO2↓

Baloch and Wang [36] 1996–2017 WPC, DKSEPR, PMG, and DOLS Governance→CO2↓

Sinha et al. [37] 1990–2017 GMM Corruption→CO2↑

Dong et al. [9] 1985–2016 AMG NGC→CO2↓REC→CO2↓

Wu et al. [38] 2004–2010 NMVGM EG→CO2↓ in Brazil and Russia,
EG→CO2↑ in China and South Africa

Mahalik et al. [39] 1980–2013 ARDL and VECM II→CO2↑ in Brazil, India and China,
II→CO2↓ in South Africa

Khattak et al. [40] 1980–2016 CCEMG and AMG
IC↔CO2↑ in Russia, India, China,
and South AfricaREC↔CO2↓in
Russia, India, and China

Liu, et al. [41] 1992–2013 VECM PO→CO2↓, PREC→CO2↓,
PNREC→CO2↑, PAE→CO2↑

Pao and Tsai [42] 1992–2007 ECM, OLS and VECM FDI↔CO2

Haseeb et al. [43] 1990–2014 FMOLS

URB→CO2↑ (except Russia);
GDP→CO2↓ in Brazil, Russia, and
South Africa, GDP→CO2↑ in India
and China; EC→CO2↑ in Brazil, India,
and China, EC→CO2↓ in Russia

Dai et al. [44] 1995–2014 LMDI EI→CO2↓

Balsalobre et al. [45] 1990–2014 DOLS and FMOLS AO→CO2↑, TO→CO2↑, ELC→CO2↑

Adewuyi et al. [46] 1980–2010 3SLS BIO↔CO2, GDP↔CO2 in West Africa

Note: “↑”: positive effect, “↓”: negative effect, “↔”: bidirectional causality effect. Variables: Research and
development (R&D), urbanization rate (URB), coal rents (CR), natural gas consumption (NGC), renewable energy
consumption (REC), economic growth (EG), income inequality (II), innovation activities (IC), per capita output (PO),
per capita renewable energy consumption (PREC), per capita nonrenewable energy consumption (PNREC), per
capita agriculture exert (PAE), foreign direct investment (FDI), energy consumption (EC), per capita gross domestic
product (GDP), energy intensity (EI), agriculture output (AO), trade openness (TO), biomass consumption per
capita (BIO), electricity consumption (ELC). Methods: Fully modified OLS (FMOLS), Panel Granger causality (PGC),
additional autoregressive distributed lag (ARDL), Westerlund panel cointegration (WPC), Driscoll-Kraay standard
error panel regression (DKSEPR), pooled mean group (PMG), dynamic ordinary least square (DOLS), generalized
method of moments (GMM), augmented mean group (AMG), novel multi-variable grey model (NMVGM), vector
error correction model (VECM), Common correlated effect mean group (CCEMG), error-correction model (ECM),
ordinary least squares (OLS), log mean Divisia index (LMDI), three-stage least squares (3SLS).



Energies 2020, 13, 960 7 of 18

3. Theoretical Framework and Methodology

3.1. Theoretical Framework

Capital, labor, and energy are essential resources for economic growth and social development of
an economy. However, since the industrial revolution, human society has not only promoted economic
growth and social prosperity by consuming a lot of energy but also triggered the emergence of global
climate change. Therefore, energy input must be used in an environmentally friendly way to achieve
sustainable development. The current research mainly focuses on the relationship between overall
energy consumption and real output. There are a few kinds of literature on the relationship between
renewable energy consumption and real output. Therefore, it is necessary to study the relationship
between energy consumption, real output, and ecological environment. We construct an enhanced
endogenous growth model that explores in detail the link between renewable energy consumption
growth, real output, and CO2 emissions. The endogenous growth model emphasizes the role of human
capital and physical capital in economic growth. Since energy plays a vital role in the key inputs of
labor and capital, energy should be regarded as an important input in the production process. In this
study, an enhanced endogenous growth model [46] is used to describe the role of physical capital (K),
the labor force (L), human capital (H), energy (E), and system efficiency (A). System efficiency is the
ability to improve environmental quality by reducing CO2 emissions in some ways. Therefore, the
specific model is as follows:

Yt= KtLtHtEtCO2t (1)

where At = A(CO2t).
In the literature on the relationship between renewable energy consumption and real output,

energy consumption has both direct and indirect effects on real output. On the one hand, energy is the
main input of the production process and commercial activities. As a result, the increased demand for
energy may lead to huge investment by local and foreign investors in the energy sector, which promotes
the technical efficiency of renewable energy that needs a higher level of technology and also contribute
to the real output in the process. The cost of renewable energy is relatively high, such as wind power
and nuclear power. The cost of both is more than twice that of thermal power. However, because of
environmental protection and the rapid growth of energy demand, the high demand for renewable
energy creates employment opportunities for those directly engaged in green energy production and
supply. More importantly, the long industrial chain of the renewable energy industry can drive the
increase in employment in all sectors. The increase of real output will increase the per capita real
income. The increase of per capita income will make the improvement of people’s quality of life and
the requirements of environmental quality will also increase. Green energy has become an alternative
to reduce CO2 emissions without reducing the actual output. The demand for renewable energy will
rise. On the other hand, for those economies that rely on resource exports, real output may reduce local
energy consumption because of social governance and other reasons. Asafu [47] believes that there is a
two-way causal relationship between energy consumption and economic growth. The complementary
relationship between energy consumption and economic growth, unfortunately, the research results
of some countries show that the impact of energy consumption on real output is ignored. Therefore,
this hypothesis does not consider that there is a causal relationship between energy consumption and
real output.

With the rapid real output growth and increasing global energy consumption, CO2 emissions
tend to rise, at least beyond the low-income level (EKC assumption). CO2 emissions may also have a
causal impact on GDP. Under the premise of maintaining real output growth, there are two ways to
reduce energy consumption: industrial structure adjustment and substitution between input factors.
Therefore, the research of high efficiency, low cost, and environment-friendly renewable energy has
become a research hotspot. With the highlight of the greenhouse effect and the frequent occurrence of
extreme weather, CO2 emissions have a great impact on the global climate and environment. Excessive
carbon dioxide emissions also have an impact on the weather conditions in an area, especially in terms
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of human health and the temperature of agricultural products, while having a negative impact on
health and labor productivity. The increase in energy consumption may have more and more impact
on carbon dioxide emissions. How to achieve energy conservation and emission reduction while
ensuring economic development, and achieve sustainable economic development? Renewable energy
alternative fossil energy has huge benefits (Reinhardt and Falkenstein [48]).

The production function of CO2 emissions describes the generation of CO2 emissions as a function
of economic activity level (Yt), urbanization rate (U), energy consumption (E), and technical efficiency
(At), because the energy efficiency is improved by obtaining foreign investment through economic and
trade opening (T).

CO2t = AtYtUtEt (2)

where Att= A(Tt).
Therefore,

CO2t= YtEtUtTt (3)

The production function of CO2 emission conforms to the EKC hypothesis [21]. The production of
CO2 emissions mainly depends on the level of output (Y). The growth of output needs a lot of energy,
followed by the growth of CO2 emissions. Besides, the level of urbanization is usually closely related
to the level of CO2 emissions [18,43]. The cross-regional flow of goods and services brought about by
economic opening up also has an important impact on the CO2 emissions level of a specific economy.

Energy demand (Ed) is closely related to economic and social factors. Household energy demand
(Ehd) is mainly affected by per capita income level (Y), energy price (P), and urbanization rate (U). The
energy demand (Efd) of enterprises is also affected by income (Y), physical capital (K), labor force (L),
human capital development (H), financial development (F), and production system efficiency (A).

Ehd= E(Yt, Pt, Ut) (4)

Efd= E(At, Yt, Kt, Lt, Ht, Ft) (5)

where A = A(CO2t,).
Efd= E(Yt, Kt, Lt, Ht, Ft, CO2t,) (6)

Therefore, the energy equation can be written as follows:

Ed= E(Yt, Pt, Ut, Kt, Lt, Ht, Ft, CO2t,) (7)

The demand for energy (such as renewable energy) is a function of income levels, real output,
and affordable alternatives. The development of the financial sector can simplify the process of
capital accumulation and energy procurement financing, and the use of sufficient funds and advanced
technology can make more effective use of energy [49]. As a result of real output growth and social
development, a large labor force is transferred from agriculture to urban industry, and urban economic
activities are more intensive, resulting in the rapid increase of energy use in urban areas [18,43,49,50].
According to the International Energy Agency (IEA) estimate [51], from the perspective of production,
about 70% of global energy-related CO2 emissions come from urban areas, and by 2030, this proportion
is expected to be as high as 76%. As a result, high population growth or urbanization leads to increased
energy demand. Urbanization has become an important factor in climate change management and
sustainable development for academics and policymakers. Labor and capital are the main inputs of
production activities, which have a crucial impact on the development of enterprises. Improving human
capital through education will improve labor productivity and reduce the use of energy-intensive
technologies or carbon-intensive energy products. The higher the CO2 emissions of an energy source,
the less the demand for it if there are equally affordable alternative energy sources because of the
harmful effects of pollution. Therefore, the relationship between energy- output-emission in this paper
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can be described by a simultaneous equation model based on the combination of Equations (1), (3),
and (7), as follows:

Yt= f(Kt, Lt, Ht, Et, CO2t) (8)

CO2t= f(Yt, Et, Ut, Tt) (9)

Et= f(Yt, Pt, Ut, Kt, Lt, Ht, Ft, CO2t,) (10)

3.2. Methodology

According to the above analysis framework, the EKC equation, real output equation, and
energy demand equation are jointly composed of the following simultaneous equations. Thus, the
simultaneous equations can be re-specified in the log-linear form as follows:

ln(PGDPit) = ∂0 + ∂1ln(RECit) + ∂2ln(Kit) + ∂3ln(Hit) + ∂4ln(CO2it) + µit (11)

ln(RECit) = β0 + β1ln(CO2it) + β2ln(PGDPit) + β3ln(Hit) + β4ln(Kit)

+β5ln(FDit) + β6ln(URBit) + νit
(12)

ln(CO2it) = λ0 + λ1ln(RECit) + λ2ln(URBit) + λ3ln(PGDPit)

+λ4ln(OPENNESSit) + θit
(13)

where PGDP = GDP per capita; REC = proportion of renewable energy consumption to total
energy consumption.

CO2 = CO2 emissions per capita; K = physical capital.
H = human capital development; FD = financial development.
URB = urbanization rate; OPENNESS= trade openness.
µit, νit, and θit = Error terms.
Considering the internal correlation between the explanatory variables and the error term in the

specified equation, the simultaneous equation model may be biased if it is estimated by the ordinary
least square method (OLS). In this study, the three-stage least square method (3SLS) is used. The 3SLS
proposed by Zellner and Theil [52] is a kind of complete information estimation method for estimating
the simultaneous equation model. Its basic idea is to construct the statistics of the covariance matrix
of random disturbance term of the model by using the estimation error of two-stage least square
method, so as to carry out the generalized least square estimation for the whole model. Compared
with 2SLS, 3SLS allows the correlation between unobserved interferences between different equations
to be used in the analysis and has better asymptotic efficiency. In this paper, R software is used to
estimate the equations.

4. Results Analysis

4.1. Preliminary Analysis

4.1.1. Descriptive Statistic

As mentioned earlier, CO2 emissions are considered to be the main greenhouse gases that
contribute to global warming. This paper aims to study the impact of renewable energy consumption
and real output on CO2 emissions of BRICS countries (Brazil, China, India, Russia, South Africa). All
data were obtained from the World Bank. Russia’ data on financial development are not available
before 2014, thus Russia is excluded from the BRICs sample. Because of data availability constraints,
the research period was extended from 1999 to 2014. Before conducting the empirical analysis, all the
data were converted to the natural logarithm, see Table 3 for details of selected variables.
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Table 3. Variable description and data sources.

Variable Definition Source

CO2 Carbon dioxide emissions (metric tons per capita) World Development Indicators

REC Renewable energy consumption (% of total final
energy consumption) World Development Indicators

FD Domestic credit to the private sector (% of GDP) World Development Indicators

H School enrollment, primary (% gross) World Development Indicators

K Gross fixed capital formation (% of GDP) World Development Indicators

PGDP GDP per capita (constant 2010 US$) World Development Indicators

URB Urban population (% of the total population) World Development Indicators

OPENNESS Trade (% of GDP) World Development Indicators

Notes: All of the data are annual over the period 1999–2014. Data source: World Development Indicators
(https://data.worldbank.org).

CO2 is measured in metric tons per capita. Real output is measured by GDP per capita (constant
2010 US$), and the renewable energy consumption is measured by the percentage of renewable energy
consumption in total energy consumption. As the relationship between CO2 emissions, real output,
and renewable energy consumption may be affected by other factors, according to the theoretical work,
traditional experience and previous literature in Section 3.1 [9,18,45], this model includes additional
explanatory variable vectors composed of trade openness, financial development level, urbanization,
physical capital, and human capital level.

Table 4 shows the descriptive statistics of the variables. The distribution of all variables is skewed.
The kurtosis value indicates that the distribution of the eight sequences is more concentrated than the
normal distribution with a long tail. At the same time, the correlation matrix in Table 4 shows that all
variables are positively correlated with carbon dioxide except for the proportion of renewable energy,
physical capital, and human capital. Descriptive statistics do not reveal the causal relationship but need
empirical research on the causal relationship between carbon dioxide and the predicted variables in
the study.

Table 4. Results of descriptive statistics and correlation matrix.

Variable LNCO2 LNREC LNFD LNH LNK LNPGDP LNURB LNOPENNESS

Mean 1.160 3.327 4.277 4.711 3.236 8.287 3.925 3.7185

Median 0.968 3.510 4.408 4.674 3.174 8.676 4.013 3.840

Maximum 2.301 3.947 5.076 5.110 3.822 9.392 4.448 4.289

Minimum −0.042 2.460 3.236 4.528 2.718 6.697 3.312 3.044

Std. Dev. 0.809 0.518 0.6209 0.132 0.356 0.882 0.391 0.362

Skewness 0.087 −0.242 −0.238 1.245 0.215 −0.487 −0.158 −0.407

Kurtosis 1.504 1.385 1.456 3.851 1.575 1.740 1.656 1.691

Jarque-Bera 6.053 ** 7.577 ** 6.960 ** 18.456 *** 5.909 * 6.764 ** 5.080 * 6.338 **

Correlation matrix

LNCO2 1

LNREC −0.934 1

LNFD 0.909 −0.909 1

LNH −0.322 0.508 −0.508 1

LNK −0.106 −0.221 0.172 −0.476 1

LNPGDP 0.530 −0.280 0.258 0.510 −0.579 1

LNURB 0.383 −0.119 0.097 0.626 −0.635 0.983 1

LNOPENNESS 0.639 −0.746 0.746 −0.622 0.327 −0.159 −0.310 1

Note: *** Statistical significance at the 1% level, ** statistical significance at the 5% level, and * statistical significance
at the 10% level.

https://data.worldbank.org
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4.1.2. Test for Cross-Sectional Dependence

We used the Pesaran [53] test to diagnose whether cross-sectional dependencies exist in our panel
variables. The zero hypothesis of this test assumes that the cross-section is independent of the other
hypothesis of cross-section dependence. Table 5 shows the cross-sectional correlation test results for all
variables. All variables are strongly opposed to the zero assumption of cross-sectional independence.
We conclude that cross-sectional dependence exists as expected.

Table 5. Cross-section dependence test.

Variable Breusch-Pagan LM Pesaran Scaled LM Bias-Corrected Scaled LM Pesaran CD

LNCO2 45.015 *** 11.263 *** 11.129 *** 6.072 ***
LNREC 37.518 *** 9.098 *** 8.965 *** 2.083 **

LNPGDP 91.315 *** 24.628 *** 24.495 *** 9.554 ***
LNFD 34.692 *** 8.283 *** 8.149 *** 5.322 ***
LNH 36.331 *** 8.756 *** 8.622 *** −1.274
LNK 42.545 *** 10.550 *** 10.416 *** 6.404 ***

LNOPENNESS 21.467 *** 4.465 *** 4.332 *** 4.039 ***
LNURB 95.525 *** 25.844 *** 25.710 *** 9.774 ***

Note: The null hypothesis is no cross-section dependence (correlation). **, *** represent 5%, and 10% significant
levels respectively.

See Table 6 for panel unit root test results. Four-panel unit root tests [54–56] are used to determine
the stability of the series. The results show that the BRICS panel is integrated with the first stage,
i.e., I (1).

4.2. Results and Analysis

Based on the analysis and test of the data, this paper uses the 3SLS model to estimate the
relationship between the real output, renewable energy consumption, and CO2 emissions of BRICS
countries. The estimation results of the simultaneous equation show that there is a ternary relationship
between BRICS group variables (energy—output—emission). We present a detailed analysis of the
impact and direction between the specific variables below.

4.2.1. Effects of Renewable Energy Consumption and CO2 Emission on Real Output

Based on the constructed simultaneous equation model (Equation (9)), this paper uses the
three-stage least square method (3SLS) to estimate the BRICS group (except Russia) and individual
BRICS countries (Brazil, China, India, and South Africa). Table 7 shows the impact of the proportion
of renewable energy consumption (REC) and carbon dioxide emissions (CO2) on the per capita GDP
(PGDP) of the selected BRICS countries. From the perspective of the BRICS group, renewable energy
consumption and per capita CO2 emissions have a significant positive impact on the per capita GDP of
BRICS. The share of renewable energy consumption (or per capita CO2 emissions) increased by 1%, and
the per capita GDP increased by 2.194% (or 2.077%). At the same time, the increase of CO2 emissions
will lead to output growth, which may be because BRICS, as the fastest-growing developing country
at this stage, mainly relies on the secondary industry to promote its output growth, and the energy
currently used is mainly fossil energy. Therefore, it will lead to a large number of CO2 emissions, to
some extent, it is still to sacrifice the environment to promote its rapid output growth. Among the
control variables, the impact of physical capital on per capita GDP is not significant, while the impact
of the human capital level on per capita GDP is extremely significant. This means that education has a
significant effect in promoting the overall output growth of BRICS.
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Table 6. Unit root tests results (panel).

Variable
Levin, Lin and Chu t * Lm, Pesaran, and Shin W-Stat ADF-Fisher Chi-Square PP-Fisher Chi-Square

Decision
Level First

Difference Level First
Difference Level First

Difference Level First
Difference

LN CO2 −1.315 * −5.261 *** 1.941 −3.548 *** 5.780 26.662 *** 2.549 25.337 *** I(1)
LNREC −0.836 −2.877 *** 0.661 −1.927 ** 4.675 16.083 ** 2.987 15.600 ** I(1)

LNPGDP −1.158 −3.440 *** 1.798 −2.433 *** 3.689 19.955 ** 2.723 29.999 *** I(1)
LNFD −2.222 ** −4.706 *** −0.130 −2.187 ** 6.705 19.280 ** 7.001 35.075 *** I(1)
LNH −1.160 −5.103 *** 0.101 −4.089 *** 7.613 30.081 *** 6.105 26.536 *** I(1)
LNK −1.609 * −4.529 *** 0.160 −3.040 *** 5.052 22.695 *** 8.153 22.025 *** I(1)

LNOPENNESS −2.131 ** −7.230 *** −1.248 −4.143 *** 11.838 30.165 *** 13.815 * 39.459 *** I(1)
LNURB −38.368 *** −4.301 *** −30.394 *** −10.735 *** 46.387 *** 31.148 *** 20.269 *** 44.984 *** I(0)

Note: *, **, *** represent 1%, 5% and 10% significant levels respectively.
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Table 7. Estimation results of the renewable energy and CO2 emissions on GDP (3SLS).

Dependent Variable: GDP per Capita (PGDP)

Variable Panel BRA CHN IND ZAF

(Intercept) −15.405 *** 5.060 *** −5.843 5.694 ** 19.274 ***
LNREC 2.194 *** 0.990 *** 1.979 *** −0.829 ** −0.990 ***

LNK 0.070 0.252 ** −0.364 −0.092 0.366 **
LNH 2.919 *** −0.183 ** 1.014 1.016 ** −1.860 **

LNCO2 2.077 *** 0.793 *** 3.128 *** 0.388 −0.023
Adjusted R-Squared 0.803 0.983 0.977 0.982 0.853

Note: **, *** represent 5%, and 10% significant levels respectively.

From the empirical results of individual countries, all variables in Brazil (i.e., REC, K, H, CO2)
have a significant impact on GDP, among which REC, K, and CO2 have a positive impact on GDP, while
H has a negative impact. Consistent with the research results of Fang [57], this paper also confirms
that REC and CO2 in China have a significant positive impact on GDP. REC and H of India and South
Africa have a significant impact on GDP. The similarity between both countries is that their REC and
GDP change in the opposite direction. The difference is that India’s H and GDP change in the same
direction, and South Africa’s H and GDP change in the opposite direction. In terms of control variables,
the impact of physical capital on per capita GDP only has a significant positive impact in Brazil and
South Africa. The impact of human capital development on per capita GDP is significant in Brazil
(negative), India (positive), and South Africa (negative). This shows that education promotes India’s
real output, but hinders Brazil’s and South Africa’s real output. Of course, education also has a positive
impact on China’s real output, but it is not significant.

4.2.2. Effects of Real Output and CO2 Emission on Renewable Energy Consumption

Table 8 shows the impact of GDP per capita and CO2 emissions per capita on the proportion of
renewable energy consumption to total energy consumption. In general, from the group’s estimates,
GDP per capita has a positive and significant influence on the share of renewable energy consumption,
while CO2 per capita has a significant negative impact on the share of renewable energy. The increase
in income will require higher environmental quality and increase investment in renewable energy.
Of course, the increase in income also increases the consumption of energy. The use of renewable
energy and nonrenewable energy together may reduce CO2 emissions. However, it depends on the
availability of alternative energy. Besides, high levels of CO2 emissions will damage the quality of the
environment, thus affecting human health and productivity, and thus GDP. GDP per capita (or CO2 per
capita) increased by 1%, and the proportion of renewable energy increased by 0.158% (or decreased
by 0.923%). In terms of control variables, except for physical capital and financial development, the
influence of other control variables is not significant. Physical capital has a significant negative impact
on the proportion of renewable energy, while financial development has a significant positive effect on
the proportion of renewable energy.

At the national level, except that Brazil’s per capita GDP has a significant positive impact on
Brazil’s share of renewable energy consumption, the other three countries are not significant. CO2

is different. Except for South Africa, it has a significant negative impact on the share of renewable
energy consumption in the other three countries. As far as other variables are concerned, physical
capital has a significant negative impact only in Brazil and China. The level of human capital only
has a significant impact on India (positive) and South Africa (negative). Financial development and
urbanization rate only have a positive and significant impact in China. Therefore, compared with
other BRICS countries, China has obvious advantages in the effective use of energy by obtaining funds
through financial sector development.
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Table 8. Estimation results of GDP and CO2 emissions on renewable energy consumption (3SLS).

Dependent Variable: Renewable Energy Consumption (REC)

Variable Panel BRA CHN IND ZAF

(Intercept) 3.604 *** −0.276 3.621 ** 4.024 13.998 ***
LNCO2 −0.923 *** −0.837 *** −0.879 *** −0.402 *** −0.324

LNPGDP 0.158 ** 0.984 *** −0.320 −0.240 −0.414
LNH −0.006 0.080 −0.169 0.381 ** −1.216 *
LNK −0.470 *** −0.200 * −0.554 ** −0.035 0.147

LNFD 0.326 *** 0.037 0.365 ** −0.022 0.024
LNURB −0.092 −0.985 1.133 * −0.008 −0.413

Adjusted R-Squared 0.994 0.900 0.998 0.982 0.735

Note: *, **, *** represent 1%, 5% and 10% significant levels respectively.

4.2.3. Effects of Real Output and Renewable Energy Consumption on CO2 Emission

The impact of per capita real GDP and renewable energy consumption on per capita carbon
dioxide emissions are shown in Table 9. From the perspective of the BRICS group as a whole, GDP per
capita and the proportion of renewable energy have a significant impact on per capita CO2 emissions.
The proportion of renewable energy increased by 1%, per capita CO2 emissions decreased by 1.144%,
while per capita GDP increased by 1%, per capita CO2 emissions increased by 0.696%. This is also in
line with the “priority” expectation that as a group of developing countries, the use of energy-intensive
technologies (with low per capita income) will generate high pollution (EKC assumption). The
influence of control variables on per capita CO2 emissions is not significant. The increase in income
leads to an increase in energy consumption, which is closely related to CO2 emissions. The increase in
the proportion of renewable energy can significantly reduce per capita CO2 emissions, so for BRICS
countries, the feasible way to solve the energy demand and environmental quality is to vigorously
develop renewable energy.

Table 9. Estimation results of GDP and renewable energy consumption on CO2 emission (3SLS).

Dependent Variable: CO2 Emissions per Capita (CO2)

Panel BRA CHN IND ZAF

(Intercept) 1.998 ** −0.682 0.795 3.437 2.377
LNREC −1.144 *** −1.148 *** −0.728 *** −1.240 *** −0.574

LNPGDP 0.696 ** 1.033 *** 0.191 0.261 1.199
LNURB −0.827 −0.821 0.336 −0.075 −2.026

LNOPENNESS 0.119 −0.045 0.010 −0.029 −0.208
Adjusted R-Squared 0.952 0.976 0.997 0.983 0.632

Note: **, *** represent 5% and 10% significant levels respectively.

From the results of individual countries, although the per capita GDP of BRICS countries has a
positive impact on per capita CO2 emissions, only Brazil’s results are significant. Compared with the
per capita CO2 emissions, the proportion of renewable energy in all countries has a negative impact
on per capita CO2 emissions. Except for South Africa, the impact of the other three countries is very
significant. As a control variable, urbanization rate and trade openness have no significant impact on
per capita CO2 emissions.

4.2.4. The Relationship between Renewable Energy, Real Output, and CO2 Emissions in BRICS
Countries

Table 10 is a summary of the results of the relationship between the three core variables, renewable
energy, real output, and CO2 emissions. The BRICS and Brazil variables have a completely significant
interaction (simultaneous) effect (energy output emissions). There is an incomplete link between China
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(no output emission relationship) and India (no output emission relationship) variables. Renewable
energy has a positive impact on real output and vice versa, especially in Brazil compared with other
countries. For South Africa, only a binary link between energy and output has been found. The rising
incomes will require higher environmental quality and increase investment in renewable energy. Of
course, the income grew also increases the consumption of energy. The use of renewable energy and
nonrenewable energy together may reduce CO2 emissions. However, it depends on the availability of
alternative energy. Also, high levels of CO2 emissions will damage the quality of the environment,
thus affecting human health and productivity, and thus GDP.

Table 10. Summary of results of the relationship between real output, renewable energy consumption
and CO2 emission.

Country REC→PGDP PGDP→REC CO2→PGDP PGDP→CO2 CO2→REC REC→CO2

Panel + + + + - -
BRA + + + + - -
CHN + × + × - -
IND - × × × - -
ZAF - × × × × ×

Note: + Signifies positive relationship exists; - signifies negative relationship exists. × signifies no relationship exists.

5. Conclusions

This paper studies the relationship between real output, renewable energy consumption, and CO2

emissions in BRICS countries from 1999 to 2014. Through the energy output emission relationship,
a simultaneous equation model is established. On this basis, this paper estimates the simultaneous
equation model by three-stage least square method (3SLS) and makes an empirical analysis of the
results of the BRICS group and individual countries. The empirical results show that for BRICS,
there is a complete ternary relationship between BRICS variables (energy—output—emission), and
renewable energy has a significant positive impact on real output, and vice versa. Compared with other
countries, this result is particularly significant in Brazil. There is an incomplete link (no output emission
relationship) between China and India variables. However, the correlation between variables in South
Africa mainly occurs in the energy output chain (renewable energy GDP per capita). In addition,
financial development plays a significant role in promoting the development of renewable energy.
Financial development can simplify the process of capital accumulation and energy procurement
financing, contribute to more investment in renewable energy, and enable BRICS countries to benefit
from the transfer of “green technology.”

The results show that the relationship among real output, renewable energy consumption, and
CO2 emissions is different in different countries. There are also imbalances in the internal development
of BRICS countries, so each country should also adapt its energy policies to local conditions. For India
and South Africa, increasing renewable energy consumption can reduce CO2 emissions at the expense of
real output. For economies such as India and South Africa in urgent need of development, encouraging
renewable energy consumption is not necessarily an effective way to reduce CO2 emissions. How to
achieve sustainable development is crucial for South Africa and India. In order to make per capita GDP
reach the turning point of Kuznets curve, it is necessary to improve citizen consciousness, industrial
structure reform, and human capital level. The increase in income will have higher requirements for
environmental quality, which will eventually lead to increased investment in renewable energy in India
and South Africa. For China and Brazil, how to achieve low-carbon growth by increasing investment
in renewable energy and adjusting energy consumption structure without reducing real output. In
addition, the positive role of financial development in promoting renewable energy consumption
should not be ignored, so it is suggested that BRICS countries can improve the renewable energy
financing network and reduce the financing cost of renewable energy. As a group of developing
countries with rapid development, sustainable development is the most important, and environmental
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pollution is the obstacle to sustainable development. Therefore, effective measures must be taken
to adapt to local conditions. Finally, BRICS countries should act together, strengthen cooperation,
jointly promote the development of renewable energy and energy conservation and emission reduction
technologies, and meet the growing energy demand by finding alternative clean energy.

The relationship between real output, renewable energy consumption, and CO2 emissions of
BRICS countries is studied in this paper. This research also has some shortcomings, such as: (1) lack of
Russia’s data makes the BRICS sample data incomplete. In future studies, enough data samples can
be collected for in-depth analysis. Of course, similar groups of countries can repeat this analysis. (2)
Although our research focuses on renewable energy, there are many types of renewable energy that
were not covered. In future studies, we can analyze the impact of different types of renewable energy
on real output and CO2 emissions.
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