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Abstract
This study explores the interaction among coal consumption, pollutant emissions, and real income for South Africa in a
multivariate setting. To achieve this objective, annual frequency data spanning from 1965 to 2017 is used for analysis. A series
of econometrics tests were conducted ranging from stationarity and non-stationarity tests for unit root properties of the variables
under consideration. Empirical evidence finds support for the inverted U-shaped pattern between energy consumption and
environmental degradation in South Africa. The Toda-Yamamoto Granger causality test shows a feedback causality between
economic growth and carbon dioxide emissions, as well as between GDP and coal consumption. All these highlighted findings
have inherent environmental implications. Based on these outcomes, policy directions such as diversification of the South Africa
energy mix to renewables and cleaner energy sources and also the adoption of carbon capturing and storage techniques were
suggested to engender a cleaner and friendlier environment.
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Introduction

A major challenge facing any country of the world endowed
with nonrenewable energy resources is the ability to formulate
energy and environmental strategic policies such that safe and
secured energy is produced to meet energy needs while

reducing significantly carbon dioxide (CO2) emissions (WCA
2019). This challenge requires growing attention as demand for
energy is rising (EIA 2018). The primary priority of players in
this sector is to diversify energy sources and discover secure
and stable energy supply (Gnansounou 2008; Ferguson 2007;
Toth and Rogner 2006). Majority of the endowment reserve
(i.e., crude oil and natural gas) sources are found around a
certain geographical region of the world, and specifically about
68% and 67%, respectively, are located in Middle East and
Russia. This suggests high risk to countries that depend signif-
icantly on importation of energy as there may be instability, and
the supply of these resources would not be guaranteed.
Ensuring the sustainability of crude oil supply has been of top
priority to countries bringing in oil especially after the crisis of
1973. Safeguarding the supply of oil in the oil-importing coun-
tries of the world has necessitated the search for an alternative
source of domestic energy. This motivated the quest for another
source of low-priced energy supply from many energy-
importing countries, as it is captured in their policy and strategy
documents (Toth and Rogner 2006).

Coal is globally abundant and most cheap in respect of
fossil fuel. With the need for cheap alternative energy supply
source, coal has the capability of providing adequate demand
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for secured energy (WCA, 2018). Current world deposit of
coal is projected to be available for about 136 years ahead,
whereas the projection for natural gas and crude oil is for
about 30 and 52 years, respectively (IEA 2017). By the year
2030, it is expected that coal becomes the second largest main
fuel or energy source (Shafiee and Topal 2008). In 2005, coal
accounted for the share of world energy as follows: 72% in
South Africa, 63.4% in China, 38.7% in India, 23.8% in USA,
23.1% in South Korea, and 21.1% in Japan (Shafiee and Topal
2008). Also, the total electricity generation from coal sources
is accounted in the following ways: 95% in South Africa, 79%
in China, 69% in India, 51% in the USA, 38% in South Korea,
and 29% in Japan.

Although coal enjoy acceptance as a creditable source of
energy due to the earlier factors mentioned, there is also a
group of persons that believe that global warming can be trace
to high consumption of coal which usually result in the carbon
dioxide (CO2) emission increase from burning coal. This
study therefore explores the interaction among coal consump-
tion, pollutant emission, and real income for South African
economy using the multivariate framework.

Even with the overwhelming evidence supporting coal
consumption as an important energy source for many coun-
tries, there are scanty studies that have engaged recent and
advance econometric techniques in testing the nexus between
coal consumption and economic growth (Jinke et al. 2008).
Hence, this study will further explore the importance of coal in
energy supply as well as validate the source of global warming
by using adequate and recent econometric methodologies.
The dynamic relationship between coal consumption, pollut-
ant emissions, and real income will be explored and
established.

One of the goals of the United Nations (UN) in terms of its
sustainable development growth (SDGs) is access to energy,
which is resonated in the goal 7 of the SDG. Across the globe,
economies are also confronted with climate change issues that
are aggravated by the greenhouse gas as results of CO2 emis-
sions, which is SDGs 13. All the above highlights inform the
choice of this study’s variables as well as investigate the rela-
tionship between energy (coal) consumption and economic
growth in South Africa.

The theme under considerations has received great atten-
tion in the energy economics literature for developed and
emerging economies. However, very few studies exist for
sub-Saharan African countries that explore the nexus among
energy, income and environment (Mapapu and Phiri 2018;
Amuakwa-Mensah and Adom 2017; Khobai and Le Roux
2017; Ben Jebli et al. 2015; Bildirici and Bakirtas 2014;
Kohler 2013; Shahbaz et al. 2013; Menyah and Wolde-
Rufael 2010). Thus, this study seeks to bridge this gap for
the case of South Africa, where only few studies exist
(Balcilar et al. 2010; Odhiambo 2009; Ziramba 2009). The
South African economy has a very rich and dynamic energy

mix which is worthy of investigation. This study aims to in-
vestigate Environmental Kuznets Curve (EKC) by incorporat-
ing coal consumption for South Africa.

The rest of the study takes the following sequence: section
2 provides some stylized facts. Section 3 briefly reviews the
related literature. Section 4 examines data methodology used
for the study, while section 5 focuses on empirical results and
discussion. Finally, section 6 gives concluding remarks to-
gether with plausible indications of policy.

A synopsis on energy mix in South Africa

South African economy is largely dependent on coal re-
sources. The major leading sectors are related to the electric-
ity: liquid fuels manufacture, basic iron, and steel, which col-
lectively account for more than 80% of domestic coal demand
in terms of value and 70% in terms of volume. Recent statis-
tics reveal that about 90% of the country power is generated
by using coal, followed by nuclear with about 5.2%, and 3.2%
from natural gas (EIA 2017). South Africa remains one of the
biggest players in the production of coal with 6th position in
terms of ranking in the world (Ratshomo and Nembahe 2018).
Coal is the primary driver of energy production in South
Africa, and it is known that its energy production and supply
chain is well organized. Inasmuch as South Africa is naturally
and abundantly endowed with coal energy production and
consequently importation, there is lack of such abundance in
natural gas and crude oil. South Africa is also endowed with
reasonable amount of renewable energy sources. DEM (2016)
reported the contribution of the renewable energy exploited
for electricity power generation for industrial and residential
consumption. According to Beg et al. (2002), approximately
250,000 jobs opportunities have been created by South
African energy sector to its citizenry, and this account for
about 15% of the total output of the economic activities in
the country.

Literature review

In recent times, energy consumption and real income nexus
have dominated literature, and this discussion is ongoing
(Balcilar et al. 2019; Gong et al. 2019; Nathaniel et al. 2019;
Zhang et al. 2018; Kurniawan and Managi 2018; Hao et al.
2016; Mohiuddin et al. 2016; Kim and Yoo 2016; Caraiani
et al. 2015). Despite the extensive and robust discussion on the
subject matter, consensus has not been reached with regard to
causality direction between these two variables. There are
three distinct yet competing hypotheses postulated with suffi-
cient evidence to support the relationship between energy con-
sumption and economic growth. Bi-directional causality (with
a feedback mechanism) is observed in some countries, where-
as in other countries there is no causality observed in any
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direction (neutrality hypothesis). In another evidence, there is
one-way causality interaction from economic growth toward
energy consumption while in several papers emerge an oppo-
site causality flow, from energy to economic growth
(Magazzino 2016b).

Parallel to the nexus between aggregate energy
consumption and real income, there is contradiction when
examining the empirical relationship between coal
consumption and economic growth. Raza and Shah (2019)
examined the causal relationship between coal consumption
and economic growth by including fiscal deficit, rural-urban
population, and unemployment for Pakistan over the period
1981–2017. Their results posit that there is a short-run and
long-run bi-directional causal relationship between coal
consumption and economic growth. Abuoliem et al. (2019)
evaluated the relationship between domestic, international
macroeconomic indicators, and financial sector index in a
frontier market (Amman Stock Exchange, ASE). Their find-
ings indicate that the deposit interest rate positively influences
the financial sector in the short and long run, while the pro-
ducer price index and the global oil price have significant
negative impacts on the financial sector. However, Al-mulali
and Che Sab (2018) showed that there is no short-run and
long-run Granger causality between coal consumption and
economic growth for panel countries. Bekhet et al. (2017)
examined the energy-financial development-growth nexus
for GCC countries. The empirical results show that economic
growth is associated with increased CO2 emissions in Saudi
Arabia, Oman, Qatar, and Bahrain; furthermore, financial
development is identified as a driver of energy emissions
reduction. Shahbaz et al. (2016) employed a time-varying
Granger causality technique to detect the direction of causality
among economic growth, energy consumption and CO2 for
Next 11 countries. They found that economic growth causes
energy consumption in the Vietnam, Turkey and Philippines
while bi-directional time-varying causal association between
economic growth and energy consumption in South Korea.
Matar and Bekhet (2015) assessed the empirical dynamic re-
lationship among the electrical consumption, economic
growth, export, and financial development in Jordan over
the 1976–2011 period, providing evidence of a long-run equi-
librium relationship between electricity consumption and the
economic growth and a unidirectional relationship from real
GDP to electrical consumption. Bildirici and Bakirtas (2014)
disaggregated energy consumption into coal, natural gas, and
oil consumption to detect causal relationship among coal, nat-
ural gas, oil consumption, and economic growth for BRICTS
countries. Their results also confirmed that bi-directional cau-
sality between coal consumption and economic growth for
China and India. These findings are in line with the results
of Lin et al. (2018). Nasiru (2012) for Nigeria found one-way
directional causality flowing from economic growth to coal
consumption. Li and Leung (2012) investigated the

relationship between coal consumption and economic growth
using provincial level panel data for the case of China. Their
findings were conflicting as coastal region revealed a bi-
directional causal interaction between, whereas for central re-
gion the causal relationship was unidirectional, from econom-
ic growth toward coal consumption. The bi-directional causal-
ity implies both coal consumption and economic growth can
have lasting impact on each other. Take for instance, should
policies of energy conservation be adopted as the policy di-
rection, this may retard coal consumption, and this will impact
economic growth. Likewise, an expansionary energy policy
will accelerate economic growth and induce more coal con-
sumption. Wolde-Rufael (2010) and Li et al. (2008) examined
causal relationship between coal consumption and GDP in
China. They found unidirectional causal relationship running
from economic growth to coal consumption. Reynolds and
Kolodziej (2008) investigated the energy-economic growth
nexus in the case of former Soviet Union, discovering a uni-
directional causal relationship from economic growth to coal
consumption. A similar study was conducted by Jinke et al.
(2008), and their finding revealed a one-way directional cau-
sality flow from economic output toward coal consumption in
Japan and China, whereas in South Africa, South Korea, and
India, there was no evidence of causality in any. Yuan et al.
(2008) examined the relationship between economic growth
and coal consumption in China and found no causality. Yoo
(2006) in his investigation for South Korea discovered a bi-
directional causality from coal consumption to economic
growth. Soytas and Sari (2006) investigated the relationship
between energy consumption and economic growth in China
using aggregated and disaggregated levels of energy
consumption. They found no causal relationship between
total energy consumption and economic growth. Zhou and
Chau (2006) found unidirectional causal relationship from
oil consumption to economic growth in the short run, whereas
in the long run, a bi-directional causal relationship was found.
Wolde-Rufael (2004) discovered for Shanghai a unidirectional
link from coal consumption to real GDP. Lee and Chang
(2005) found evidence of bi-directional causal relationship
between coal consumption and economic growth in Taiwan.
Fatai et al. (2004) did not find any causality link between coal
consumption and economic growth in the case of New
Zealand. Fatai et al. (2004) for Pacific Rim countries of
Australia and New Zealand found a unidirectional causal re-
lationship from economic growth to coal consumption for
Australia, using Johansen-Juselius and Toda-Yamamoto tests;
however, any causality nexus emerges when the ARDLmodel
is used. Magazzino and Cerulli (2019) examined the relation-
ship among carbon dioxide emissions, GDP, and energy in the
MENA countries by using a Responsiveness Scores approach,
over the period 1971–2013. The empirical findings suggest
that GDP per capita and energy consumption show positive
RSs, while trade and urban population negative ones.
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Moreover, energy consumption and urban population reveal
moderate increasing returns to scale, while GDP per capita
exhibits decreasing positive returns. Magazzino (2019) inves-
tigated the stationarity and convergence of CO2 emissions
series in MENA countries. The author finds that relative per
capita CO2 emissions in the 19MENA countries are a mixture
of I(0) and I(1) processes and there is a weak evidence to
support the stationarity of CO2 emissions. After having veri-
fied the presence of cross-sectional dependence in the series,
the panel unit root tests in presence of cross-section depen-
dence show strong evidence in favor of non-stationarity. In
addition, after performing tests for ß-convergence, it is also
found that per capita CO2 emissions are converging on aver-
age in 11 out of 19 sample’s countries.

From the previous studies, we can observe contradictory
outcomes with regard to the interactions and causal relation-
ship between coal consumption and real income, and this have
serious implications on policy directions. Suppose there is
one-way directional causality flowing from real income to
coal consumption, this would suggest that policies that is
targeted at reducing coal consumption, if executed, will have
little or no negative impact on the economic growth. But, if the
unidirectional causal effect is opposite of the aforementioned,
then policies that are targeted at reducing coal consumption
could be detrimental and may result to less economic growth.
Alternatively, where there is absence of causality between the
variables under investigation, neutrality hypothesis is taken
into account, and measures taken by policymakers and stake-
holders to reduce coal consumption may have no significant
impact on economic output or income. On the other hand,
where there is bi-directional causal relationship flowing from
coal consumption toward economic growth and vice versa,
coal consumption is capable of stimulating economic growth,
and the increase in real income further induces more demand
for coal. This situation therefore allows both coal consump-
tion and economic growth to serve as perfect complement for
each other. This further implies that coal conservative policies
are very likely to be injurious to economic growth. Hence, this
study aims to contribute to the existing literature in three dif-
ferent fronts: (a) investigating the EKC for South Africa, (b)
the exploration of role of coal consumption on its economic
output over the investigated period, and (c) the adoption of
recent and more robust econometric procedures (Maki 2012;
Toda and Yamamoto 1995).

Data and empirical strategy

This study uses annual time series over the period 1965–20171

to address the nexus between carbon dioxide emission (CO2)
(kt), real per capita gross domestic product (GDP) (constant

2010$), the square of real per capita gross domestic product
(GDP2), and coal consumption (COAL) (kt) in South Africa.
We derived data on GDP and CO2 from the World
Development Indicators (WDI 2019) database, while COAL
series was retrieved from US Energy Information
Administration (EIA database). CO2 variable is used as a
proxy for environmental degradation, while GDP is used as
a proxy of economic growth. We follow the empirical works
of Magazzino (2016a) and Balcilar et al. (2019):

CO2 ¼ f GDP;GDP2;COALð Þ ð1Þ
lnCO2t ¼ αþ δ1GDPt þ δ2GDP2t þ δ3COALt þ εt ð2Þ
where α denotes the constant term, δ′s are the slope parame-
ters, and εt is the error term with zero mean and constant
variance, i.e., εt~IN(0, σ

2). Also, all variables are taken in their
natural logarithm form.

The first investigation of the selected series pertains their
stationarity properties. Among the battery of tests proposed in
the econometric literature, we applied the augmented Dickey
and Fuller (ADF, 1979), the Leybourne (1995), the Dickey
and Fuller generalized least squares (DF-GLS), the Elliott
et al. (ERS, 1996), the Phillips and Perron (PP, 1988), the
Kapetanios et al. (KSSUR, 2003), the Kapetanios and Shin
(KSUR, 2008), the Ng-Perron (NP, 2001), and the
Kwiatkowski, Phillips, Schmidt, and Shin (KPSS, 1992) tests.
These tests are also used to identify the maximum integration
order of the variables. However, the aforementioned unit root
and stationarity tests are not reliable to decide the order of
integration of the variables in the presence of structural
break(s). Thus, to consider a possible structural break in the
series, we also employ the Zivot and Andrews (ZA, 1992) unit
root test, which suggests three different specifications as
follows:

Specification 1: Structural break in the intercept term

Δmt ¼ ϕ1 þ ϕ2t þ σzt−1 þ βDUt þ ∑
r

k¼0
δkΔmt−k þ εt ð3Þ

Specification 2: Structural break in the trend

Δmt ¼ ϕ1 þ ϕ2t þ σzt−1 þ φDTt þ ∑
r

k¼0
δkΔmt−k þ εt ð4Þ

Specification: Structural break in the intercept term and
trend

Δmt ¼ ϕ1 þ ϕ2t þ σzt−1 þ βDUt þ φDTt þ ∑
r

k¼0
δkΔmt−k þ εt ð5Þ

where DUt = 1 and DTt = t − Tb if t > Tb, otherwise, it
will be 0. Tb represents the possible break point, and
r stands for the upper limit of the lag length of the
independent variables.

1 The data span is selected based on data availability.
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To examine the existence of long-run equilibrium relationship
among the non-stationary series, we applied the Maki (2012)
cointegration test under consideration of multiple structural
breaks. Unlike other traditional cointegration tests – as
Johansen (1991), Johansen and Juselius (1990), and Engle and
Granger (1987) – this technique accounts for existence of struc-
tural break(s) in the series. Subsequently, most of finance and
economic series have jumps and break due to the economic or
financial crisis in the country. That is major argument canvassed
byMaki (2012), Gregory and Hansen (1996), and Gregory et al.
(1996). In this regard, Maki (2012) cointegration test is superior
to the other conventional test to avoid from spurious or biased
results. The only condition for employing this technique is that
all the examined series are integrated of order 1, i.e., I(1). Four
different models exist to apply the Maki (2012) cointegration
techniques. These models are given as follows:

Model 1: With break in intercept and without trend

yt ¼ μþ ∑p
i¼1μiDi;t þ θ

0
zt þ μt ð6Þ

Model 2: With break in intercept and coefficients and with-
out trend

yt ¼ μþ ∑p
i¼1μiDi;t þ θ

0
zt þ ∑p

i¼1θ
0
iztDi;t þ μt ð7Þ

Model 3: With break in intercept and coefficients and with
trend

yt ¼ μþ ∑p
i¼1μiDi;t þ αt þ θ

0
zt þ ∑p

i¼1θ
0
iztDi;t þ μt ð8Þ

Model 4: With break in intercept, coefficients and trend

yt ¼ μþ ∑p
i¼1μiDi;t þ αt þ ∑p

i¼1αitDi;t þ θ
0
zt þ ∑p

i¼1θ
0
iztDi;t þ μt

ð9Þ
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Fig. 1 Evolution of the selected variables (level form)

Table 1 Descriptive statistics and
correlation analysis Variable Mean Median Std. Dev. Skewness Kurtosis JB test Range IQR

CO2 5.599 5.727 0.430 −0.648 2.118 5.430* (0.062) 1.361 0.757

COAL 4.042 4.199 0.433 −0.747 2.107 6.685** (0.035) 1.351 0.739

GDP 26.157 26.120 0.381 −0.023 2.154 1.585 (0.453) 1.381 0.568

Notes: ***p < 0.01, **p < 0.05, *p < 0.10

Source: our elaborations
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The causality term refers to existence of predictability power
of one series on the other one. Toda-Yamamoto (TY, Toda and
Yamamoto 1995) causality test is carried out to investigate the
presence and direction of causal relationship between the vari-
ables in this study. The TY causality is a modified version of
Wald test that has superior traits than the conventional Granger
causality test. This superiority ranges from its resilient and robust
nature. In addition, this test can be performed irrespective to the
integration order of the analyzed series (Amiri and Ventelou
2012). The TY technique is conducted on Vector
AutoRegressive (VAR) with (k+dmax) lags, where k denotes the
optimum lag order. The equations can be formulated as follow:

CO2 ¼ α0 þ ∑k
i¼1α1iCO2;t−i þ ∑dmax

j¼kþ1α2 jCO2;t− j

þ ∑k
i¼1δ1iCOALt−i þ ∑dmax

j¼kþ1δ2 jCOALt− j

þ ∑k
i¼1β1iGDPt−i þ ∑dmax

j¼kþ1β2 jGDPt− j þ ε1t ð10Þ

COAL ¼ δ0 þ ∑k
i¼1δ1iCOALt−i þ ∑dmax

j¼kþ1δ2 jCOALt− j

þ ∑k
i¼1α1iCO2;t−i þ ∑dmax

j¼kþ1α2 jCO2;t− j

þ ∑k
i¼1β1iGDPt−i þ ∑dmax

j¼kþ1β2 jGDPt− j þ ε2t ð11Þ

GDP ¼ β0 þ ∑k
i¼1β1iGDPt−i þ ∑dmax

j¼kþ1β2 jGDPt− j

þ ∑k
i¼1δ1iCOALt−i þ ∑dmax

j¼kþ1δ2 jCOALt− j

þ ∑k
i¼1α1iCO2;t−i þ ∑dmax

j¼kþ1α2 jCO2;t− j þ ε3t ð12Þ

Empirical results and discussions

This section focuses on the empirical results and their discus-
sion. Preliminary analyses such as graphical plot, summary
statistics, and correlation matrices are the first point in data
analysis. This enables us have to have a glimpse of the vari-
ables under consideration (Magazzino 2017a, 2017b).

Table 2 Results for unit roots and
stationarity tests Variable Unit root and stationarity tests

ADF Leybourne DF-GLS ERS PP KSUR KSSUR

CO2 −2.912*
(−2.929)

1.032

(−2.300)
0.125

(−2.250)
0.125

(−2.343)
−2.731*
(−2.928)

−0.386
(−2.558)

−1.837
(−2.934)

COAL −2.666*
(−2.929)

0.873

(−2.300)
0.164

(−2.250)
−0.038
(−2.343)

−2.401
(−2.928)

−0.546
(−2.558)

−2.230
(−2.934)

GDP −2.616
(−3.499)

−1.407
(−3.113)

−1.666
(−3.171)

−1.666
(−3.228)

−2.373
(−3.498)

−2.760
(−3.243)

−2.987
(−3.406)

ΔCO2 −3.986***
(−2.930)

−5.766***
(−2.296)

−3.566***
(−2.256)

−5.688***
(−2.288)

−6.297***
(−2.929)

−2.892***
(−2.563)

−2.930*
(−2.935)

ΔCOAL −4.152***
(−2.930)

−5.620***
(−2.296)

−3.379***
(−2.256)

−5.236***
(−2.288)

−6.248***
(−2.929)

−2.661**
(−2.563)

−2.940**
(−2.935)

ΔGDP −4.545***
(−2.930)

−4.058***
(−2.296)

−3.879***
(−2.256)

−4.238***
(−2.288)

−4.673***
(−2.929)

−3.985***
(−2.563)

−4.499***
(−2.935)

Notes: the tests are performed on the log-levels of the variables. ADF, augmented Dickey-Fuller test; DF-GLS,
Dickey-Fuller GLS test; ERS, Elliott, Rothenberg, and Stock test; PP, Phillips-Perron test; KPSS, Kwiatkowski,
Phillips, Schmidt, and Shin test; KSSUR, Kapetanios, Shin, and Snell test; KSUR, Kapetanios and Shin test.
Deterministic component: constant. When it is required, the lag length is chosen according to the SBIC. 5%
critical values are given in parentheses. ***p < 0.01, **p < 0.05, *p < 0.10

Table 3 Unit root test results without consider structural break(s)

KPSS Ng-Perron

Variable KPSSa KPSSb MZac MZad

Level

CO2 0.925* 0.229* 0.841 −0.697
COAL 0.784* 0.232* 0.617 −0.767
GDP 0.973* 0.112* 1.262 −6.984
First-differences

ΔCO2 0.576 0.066 −24.570* −25.215
ΔCOAL 0.569 0.079 −23.987* −25.026
ΔGDP 0.240 0.157 20.352* −21.913

Notes: * denotes 0.01 significance level. All variables are in their natural
logarithm form
aKPSS test with constant term; the null hypothesis of stationary for one-
sided test; 0.01,0.05, and 0.10 critical values are 0.216, 0.146, 0.119,
respectively
bKPSS test with constant term and linear trend; the null hypothesis of
stationary for one-sided test; 0.01,0.05, and 0.10 critical values are 0.739,
0.463, and 0.347, respectively
c Ng-Perron unit root test with constant term
dNg-Perron unit root test with constant term and linear trend
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Figure 1 depicts the evolution of the series. All variables show
positive trend over the investigated period. Thus, this study
investigates dynamic interactions within the variables. Table 1
presents the summary statistics and correlation matrices for
the variables. Economic growth has the highest mean, while
coal consumption exhibits the lowest mean. All variables
show significant departure from their mean as reported by
the standard deviation. In terms of symmetry, all series are
negatively skewed. The relationship between the variables is
reviewed with the correlation analysis in the last column of
Table 1. We observed strong and significant positive correla-
tion coefficients. Thus, the need to further validate or refute
the above assertion is needed given that correlation analysis is
not sufficient.

The next step is to check the integration order of the series
to avoid spurious and biased results (Magazzino 2017a,
2017b). Hence, the study conducts several stationarity and
unit root tests. We applied time-series techniques on station-
arity and unit root processes. Table 2 gives the results, to
determine the order of integration.

All tests lean toward the conclusion that the original series
(CO2, COAL, and GDP) are non-stationary. However, their
first-differences can be considered as stationary processes.
Thus, the carbon dioxide emissions, coal consumption, and
real GDP are integrated of order one or I(1). This leads to
the question whether these series are cointegrated. In fact,
starting from multiple series that alone are non-stationary,
we can discover a linear combination of them that is station-
ary. This is the case when the original series share a common
trend in the long run.

Moreover, also the NP and KPSS tests indicate that the
series are integrated of order 1, at the 1% statistical signifi-
cance level. This implies that all the variables are first-
difference stationary.

Subsequently, given the integration property of the series, the
need to conduct cointegration test is vital to examine the long-
run relationship among the variables. This study applies the
novel and recent Maki cointegration test under multiple structur-
al breaks (SBs). Table 3, 4, and 5 reports the Maki cointegration
test results for five SBs. The test statistics were rejected for
several SBs models. This means that these series converges to
a long-run equilibrium path over the sample period.2

Table 6 renders the long-run coefficients and magnitudes of
the variables. This study found statistical significance positive
relationship for GDP and negative for its squared term (GDP2)
on CO2. This outcome is in line with Environmental Kuznets

Table 5 Maki (2012) cointegration test results

Break years Models Test statistics Break years

TB ≤ 4
Model 0 −5.854 (−5.871) 1977,1989,1996,2004

Model 1 −5.272 (−6.086) 1979,1989,1998,2004

Model 2 −8.954** (−7.625) 1974,1989,2001,2009

Model 3 −9.710** (−8.269) 1978,1990,1997,2003

TB ≤ 5
Model 0 −5.854 (−6.038) 1977,1989,1996,2004,2010

Model 1 5.272 (−6.250) 1974,1979,1989,1998,2004

Model 2 −8.954** (−8.110) 1974,1982,1989,2001,2009

Model 3 −9.710** (−8.800) 1978,1990,1997,2003,2009

Notes: (1) Critical values are given in the brackets at 0.05 significance
level which are provided fromTable 1 ofMaki (2012). (2) ** indicates the
rejection of null hypothesis of no long-run relationship under multiple
structural breaks at 0.05 significance level. For brevity other models re-
sults can be made available upon request

2 This study is also conducted the ARDL Bounds testing for robustness check.
The result is consistent with Maki cointegration results. See Appendix for the
ARDL Bounds test results.

Table 4 Unit root test under
structural break Level Δ

Variable ZAT ZAI ZAB ZAT ZAI ZAB

CO2 −3.218 −2.318 −4.262 −7.399* −7.606* −8.098*

Time break 1985 1980 1981 2008 1989 2003

Lag length 0 0 0 0 0 0

COAL −3.548 −2.598 −4.741 −7.351* −7.495* −7.973*

Time break 1985 1979 1981 1982 1989 1983

Lag length 0 0 0 0 0 0

GDP −3.223 −3.998 −3.807 −5.224* −5.779* −5.950*

Time break 1986 1985 1990 1984 1994 1994

Lag length 1 1 1 0 0 0

Notes: (1) The symbol Δ means the first difference. (2) The * denotes 0.01 significance level. (3) ZAT, ZAI and
ZAB refer to the model with a structural break in trend; with a structural break in the intercept and with a structural
break in trend and intercept, respectively
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Curve (EKC) hypothesis in the energy literature. The EKC
hypothesis postulates a trade-off relationship between environ-
mental degradation and economic growth. This means that an
economy at the early stage of its growth trajectory focuses more
on economic growth rather than on the quality of its environ-
ment. This is the current position for South Africa as it is still at
the scaled stage of its growth path (Bekun et al. 2019a; Bekun
et al. 2019b; Saint Akadiri et al. 2019). The scale stage of the
Southern economy is insightful to government official and en-
ergy administrators. Thus, policies to stimulate the economy are
welcome with caution on the quality of the environment
(Shahbaz and Sinha 2019). There exists a positive relationship
between energy consumption (COAL) and CO2. A 1% increase
in coal consumption increases environmental degradation by
0.76%. This reflects the current energy position of South
Africa as it ranks seventh largest greenhouse gas (GHG) top
in coal consumption, which is in nonrenewable energy source
(Winkler 2007). The coal-driven economy is laudable in South
Africa. However, there is a need for policy mix by government
administrators to match the breaks on the excessive pollutant

emission (CO2) from emanating from the exploration of coal.
As such, South African energy administrators need to diversify
the energy portfolio to renewable energy like biomass, hydro,
and solar energy sources (Emir and Bekun 2019).

The fitted model passes conveniently the 0.05 threshold of
stability test as reported in the CUSUM and CUSUMsq plots
in Fig. 2.

In order to detect the causality relationship between vari-
ables, we employed the TY causality method as reported in
Table 7. We observe a two-way causality relationship between
GDP and CO2. This implies that there is a trade-off between
economic growth and environmental degradation for South
Africa.

This result supports the study of Tang and Tan (2013),
Zhou and Chau (2006), and Wolde-Rufael (2004). Also, a
feedback causality emerges between GDP and COAL. This
is also consistent with the study of Bekun et al. (2019a), Li and
Leung (2012), Yoo (2006), and Yang (2000). These results are
insightful for government administrative in South Africa since
the economy strives on its energy sector. Hence, these out-
comes are indicative to the decision-makers in energy market.
Attempt to implement energy conservative policies will hurt
economic growth.

-30

-20

-10

0

10

20

30

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

CUSUM 5% Significance

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

CUSUM of Squares 5% Significance

Fig. 2 Plot of CUSUM and CUSUMsq

Table 6 FMOLS results for CO2 = f(GDP,GDP2,COAL)

Variables Coefficient Standard Error t-statistic

Constant −49.626** 20.253 −2.450** (0.018)
GDP 3.709** 1.532 2.421** (0.019)

GDP2 −0.066** 0.029 −2.271** (0.028)
COAL 0.755* 0.026 29.446*** (0.000)

Adj. R2 0.999

S.E. Regression 0.011

J-B statistic 0.604

Notes: ***p < 0.01, **p < 0.05, *p < 0.10. P values are reported in
parentheses

Table 7 Test results of Toda-Yamamoto causality tests

Causality direction

Dependent variable CO2 COAL GDP

CO2 1.689 (0.194) 3.761* (0.053)

COAL 1.873 (0.171) 2.998* (0.083)

GDP 3.175* (0.075) 3.970** (0.046)

Notes: ***p < 0.01, **p < 0.05, *p < 0.10
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Conclusions and policy implications

The present study applies recent and up-to-date econometrics
procedure to explore the relationship among coal consump-
tion, economic growth, and carbon dioxide emissions in the
case of South Africa. This is in a bid to arm decision-makers
for better decision-making.

Empirical results show statistical relationship among coal
consumption, economic growth, and CO2 emissions. This
means that all variables are critical for economic growth as
an equilibrium relationship is observed among them.
However, there is a trade-off with the quality of the environ-
ment. Our empirical results highlight that as the South African
economy grows, there is an increase in the environment pol-
lutant to a certain threshold (turning point), after which a de-
cline is experienced. This pattern is known as the EKC phe-
nomenon, validated here in the long run. In addition, the co-
efficient of GDP is statistically significant and positive, with
its square term negative. This is indicative and put caution for
South Africa to strengthen its environmental treaty agreement
implementation. As a matter of urgency and deliberately on
the South Africa government official’s other local environ-
mental regulation are needed, like the Action Plan for
Energy, Climate for the City of Cape Town as well as the
adoption of renewable technologies in its energy mix. Thus,
the need for synergy between sustainable and efficient energy
consumption and environmental consciousness with key mac-
roeconomic objectives is pivotal for robust and sound policy
formulation. Departure from the already itemize trajectory
will not only jeopardize economic progress but also increase
environmental degradation in the country.

Based on the highlighted findings, focus is on envi-
ronmental sustainability for nations across the globe and
South Africa is no exception. Thus, pragmatic joint ef-
forts on the part of government and private sector is
needed to attain the SDG’s. The following policy direc-
tion will aid to attain the SDGs:

(a) The need for adoption of more efficient, cleaner, and
cheaper energy technologies. This entails the transition
from fossil fuel-based energy sources to renewables in
the energy portfolio. This is a foundational prerequisite
for sustainable economic growth without threat for envi-
ronmental quality.

(b) Government administrators should reinforce commit-
ment to both national and international energy and envi-
ronmental treaties. For instance, the South Africa gov-
ernment has made stride with the Action Plan for Energy,
the Climate for the City of Cape Town, and the adoption
of renewable technologies in its energy mix.
Nevertheless, more is required to attain the SDGs on
climate change and access to energy. It is also worthy
to mention that South Africa is a signatory of the Kyoto
Protocol agreement.

Conclusively, findings from this study serve as a
blueprint for other economies on the continent to
curb environmental issues. As line of further stud-
ies, more investigation might be needed to ascer-
tain if asymmetry exists on the nexus among ener-
gy consumption, economic growth, and environ-
ment degradation.
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