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Abstract

Recent economic and environmental literature suggests that the current state of energy use in South Africa amidst rapid growing
population is unsustainable. Researchers in this area mostly focus on the effect of fossil energy use on carbon (CO,) emission,
which represents only an aspect of environmental quality. In contrast, the current study evaluates the influence of renewable
energy use, human capital, and trade on ecological footprint—a more comprehensive measure of environmental quality. To this
end, the study employs multiple structural breaks cointegration tests (Maki cointegration tests), dynamic unrestricted error
correction model through Autoregressive Distributed Lag (ARDL) model, and VECM Granger causality tests. The results of
the Maki cointegration tests reveal the existence of a cointegration between the variables in all the models with evidence of
multiple structural breaks. Further, the ARDL results divulge that an increase in renewable energy use, human capital, and trade
improves environmental quality through a decrease in ecological footprint, while an increase in income stimulates ecological
footprint. Moreover, causal relationship is found, running from all the variables to renewable energy and trade flow in the long
run, while in the short run, economic growth causes ecological footprint. Trade is found to Granger-cause human capital, while
human capital causes renewable energy. Additionally, human capital, renewable energy, and economic growth are predictors of
trade. The study therefore recommends South African policymakers to consider the importance of renewable energy, human
capital development, and trade as a policy option to reduce ecological footprint and improve environmental quality.
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Introduction

Recent developments in the global economy and the environ-
The original article was revised: The correct 1st sentence of the Abstract ~ ment suggest that the current state of the economy fueled by
is “Recent economic and environmental literature suggests that the the consumption ofenergy from non-renewables, rapid popu-
current state of energy use in South Africa amidst rapid growing . . . .
e . - lation growth, and trade is unsustainable. A direct conse-
population is unsustainable.”. . . . .
quence of this development is that economies are growing at
the cost of substandard environment. This development is
being influenced by the transformation in the global energy
systems from both supply and demand perspectives. While the
supply side effects may be attributed to the push for renew-
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economies’ growth, the demand side effect supports a positive
link between economic growth and fossil energy consump-
tion, which suggests that economic expansion translates into
higher energy consumption and consequently, higher carbon
emissions (Dogan and Turkekul 2016; Usman et al. 2020a;
Asongu et al. 2019; Torember et al. 2019; Aboagye 2017).
Relatedly, linking global trade with environmental quality
is important because economic expansion thrives on globally
intertwined markets and many of the environmental conse-
quences of the exploitation of natural resources are global in
nature (Hassan et al. 2019). Studies that support the positive
impact of trade on environmental quality (Dogan and Turkekul
2016; Hanif 2018; Hasson and Masih 2017; Rafindadi 2016;
Shahbaz et al. 2013a, b; Shafik and Bandyopadhyay 1992)
argue that expanding trade from domestic markets to interna-
tional market does not only increase market share of the trading
countries but also introduce competition among the countries
and improves efficiency in the utilization of scarce resources
which improves environmental quality. This suggests that a
country that is open to trade will observe less pollution because
higher levels of competition due to openness will results into
investment in new and efficient technologies that can abate
emission or pollution. On the contrary, Halicioglu and
Ketenci (2018), Copeland and Taylor (2001), and Khalil and
Inam (2006) observe that expansion of trade to international
markets is associated with depletion of natural resources and
increase in carbon emissions which ultimately deteriorates en-
vironmental quality. According to Hassan et al. (2019), global
trade is detrimental to the environment because it encourages
location of polluting industries in countries with low environ-
mental regulations such as South Africa where the recently
formulated CO, emission tax is yet to be fully implemented.
Regarding the role of human capital, little attention has
been paid to the relationship between human capital and en-

vironmental quality in South Africa in particular, and Africa in
general. However, the rapid population growth in South
Africa implies not only additional pressure on the environ-
ment but also more public investment on human capital
(e.g., education and health). A few of the studies on this rela-
tionship in other countries (see Ahmed et al. 2020; Shujah-ur-
Rahman et al. 2019; Wang et al. 2019; Mahmood et al. 2019;
Ahmed and Wang 2019; Bano et al. 2018; and Yang et al.
2017;) concur that development in human capital plays a cru-
cial role in environmental sustainability through reduction in
fossil energy consumption.

More so, researches on the growth-energy-environment
nexus have mostly employed carbon emission (CO,) to mea-
sure environmental degradation, despite the fact that CO,
emissions is limited and represents only one aspect of envi-
ronmental quality—air pollution (see Usman et al. 2020a;
Saud et al. 2020; Iorember et al. 2020; Alola 2019; Shahbaz
et al. 2019; Usman et al. 2019; Rafindadi and Usman 2019;
Yilanci et al. 2019; Ulucak and Lin 2017; Shahbaz et al. 2016;
Apergis and Payne (2012). In order to produce a reliable
result, ensure a comprehensive measurement of environ-
mental quality, and track the impact of climate change
policy (Bekum et al. 2020; Usman et al. 2020b; Usman
et al. 2020c; Alola et al. 2019; Ahmed and Wang 2019;
Haider and Akram 2019; Uddin et al. 2017), we use eco-
logical footprint as a proxy for environmental quality.
Originally developed by Rees (1992) and Rees and
Wackernagel (1996), “the ecological footprint is the only
metric that measures how much nature we have and how
much nature we use” Global Footprint Network (2018). In
other words, it is an indicator of human demand on natu-
ral resources (Ulucak and Lin 2017; Hassan et al. 2019).
As noted by Rudolph and Figge (2017), the ecological
footprint is an aggregate indicator determined on the basis

Table 1 Sources and measurement of data of the study
Variable Acronym Measurement Source
Environmental quality ~EFP Ecological footprint index of built-up land, grazing land, cropland, forestland, Global Footprint Network
(ecological footprint) carbon footprint, and fishing grounds expressed in global hectare (gha) per capita (GFN 2018)
Renewable energy RE Gigawatt hours (equivalent of one million kilowatt hours) per capita International Energy
Agency (IEA 2018)
Human capital HC Index of human capital, based on years of schooling and returns to education Penn World Table (PWT
development 9.12019)
Trade flow TRF Import and export as percentage of gross domestic product per capita (constant 2010 World Development
US$) Indicators (World Bank
2018)
Economic growth GDP Gross domestic product per capita (constant 2010 US$) World Development
Indicators (World Bank
2018)

Source: Author’s construction
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of six sub-components of biodiversity land-use types,
namely, crop land, grazing land, forest land, fishing
grounds, built-up land, and carbon footprint. The ecolog-
ical footprint index entails built-up land, grazing land,
cropland, forestland, carbon footprint, and fishing
grounds.

The choice of South Africa for this study is influ-
enced on the basis that as the second largest economy
on the African continent (See WDI 2015), the country
is heavily dependent on fossil energy (coal) to drive
growth, and it is a major emitter of carbon dioxide in
Africa. As reported by the British Petroleum Statistical
Review (2017), over 70% of the total primary energy
consumption comes from coal in South Africa. This
makes the country to constitute about 42% of the total
carbon dioxide (CO,) emissions in Africa, more than
1% of the total world CO, emissions, and 7t largest
emitters of greenhouse gas (GHG) in the world.
Specifically, the GHG emissions in South Africa stood
at 510.2377 M,CO,e) in 2014, accounting for 1.13% of
the world total and the fossil fuel CO, emissions in
2015 stood at 417,161.(kilo tones), accounting for
1.16% emissions of CO, in the globe. Moreover,
South Africa is also one of the leading countries on
the continent to initiate the implementation of the car-
bon dioxide (CO,) tax laws and other policies and strat-
egies to reduce GHG emissions. For example, in 2003
the country introduced a strategy to control exhaust
emission from road-going vehicles as well as integrated
clean household energy strategy. The country, also in
2004, implemented the climate change response strategy
and energy efficiency strategy in 2005 as well as clean-
er energy production strategy in 2005—all targeting to
reduce environmental pollution and climate change in
South Africa. Furthermore, the country also has sound
education system for human capital development, and it
is open to international trade participation.

To the best of our knowledge, studies that use ecolog-
ical footprint as a proxy for environmental quality, in the
context of renewable energy, human capital, and global
trade, are scarce in South Africa. To fill this research
gap, the current study contributes to the literature of en-
vironmental and energy economics by exploring the eco-
nomic growth-renewable energy-ecological footprint nex-
us, while accounting for other plausible regressors such as
human capital and trade flows in South Africa. Unlike the
previous literature, we employ index of human capital,
based on years of schooling and returns to education.
This is more comprehensive and robust to the economet-
ric techniques employed.

The rest of the paper is organized as follows: the “Data
and model specification” section focuses on the data and
methodology which discusses sources of data, model
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specification, and estimation techniques. The “Empirical
results and discussion” section presents the empirical re-
sults and discussions. The “Conclusion and policy recom-
mendations” section 4 concludes the paper and discusses
policy implications.

Data and model specification
Data

The variables used include ecological footprint per capita, real
gross domestic product (GDP) per capita, renewable energy
per capita, human capital development, and trade flows.
Table 1 presents sources and measurement of data for this
study.

Multiple structural breaks cointegration test

It has been extensively argued in the recent literature that
the conventional cointegration tests may poorly perform
due to structural breaks, which are inherently associated
with economic and financial time series data. To avoid
this situation, the current study applies multiple structural
breaks cointegration tests proposed by Maki (2012). This
test provides results that are robust to structural breaks.
To execute the test, four regression models are consid-
ered with the underlying condition that the series inte-
grated of the same order, i.e., I(1). These models are as
follows:'

k0 ,
Model 0 : Zi=p+ Y wDii+ By, + 1 (1)
i=1
Kl , Kl
Model 1 : Zi=pu+ Y Dy + By, + X ByDii+ 1y (2)
i=1 i=1
k2 , K2
Model 2 : Zi=p+ Y D+t + By + X ByDis+ 1y (3)
i=1 i=1

B B , B
Model 3 : Zi=p+ ¥ wDis+t+ X vitDig + By, + X By Dis + 1y (4)
i=1 i=1 i=1

where D; , perhaps denotes dummy variable, which simply
means D; ,=1if t> Tg;, and 0 if otherwise. T, is simply the
breakpoints, and yi, represents the residual term. z, and y, = (y;.
5 V2 --s Yme) are assumably I(1) variables. We test the null
hypothesis of no cointegration in the presence of structural
break.

! Equation 1 presents a model with the level shifts. Equation 2 is a model with
level shifts and trend. Equation 3 presents a model with regime shifts, while
Equation 4 presents a model with a model with regime shifts and trend.
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Model specification

We model the ecological footprint sensitivity to economic
growth, renewable energy, human capital development, and
trade flows in South Africa from 1990 to 2016. The general
form of the ecological footprint function for South Africa is
represented by the following equation:

EFP = f(GDP, RE, HC, TRF) (5)

where the ecological footprint (EFP) is the dependent
variable, while economic growth renewable energy use,
human capital development, and trade flows are explan-
atory variables. The log-log specification of Eq. (5) pro-
vides efficient empirical results as compared to a spec-
ification in a simple linear form. The reason as given in
Usman et al. (2020a, b) is that the log-log form helps to
stabilize variance and as such interpret the estimated
results in elasticities. Therefore, the log-log specification
is as follows:

IEFP, = oy + 6,lnGDP, + w0, InRE; + w;3InHC,

+ o, TRE, + & (6)°

where InEFP, InGDP, InRE, InHC, and TRF are the nat-
ural logarithms of ecological footprint, gross domestic
product, renewable energy use, and human capital devel-
opment, but trade flow is not in its natural logarithm.? sz is
the error term, assumed to be normally distributed. We
obtain the long-run and short-run effect of the indepen-
dent variables on the dependent variable by estimating a
dynamic unrestricted error correction model (UECM)
through the Autoregressive Distributed Lag (ARDL)
modeling approach as follows:

P P
IMEFP, = 09+ 3. oinEFP.; + Y. /\17,~lnGDPH + Y onRE,
i=1 :1

i i=1

p p
+ Y a3 lnHC,; + Y a4, TRF,; +¢, (7)
i=1 i=1

where p and g are the optimal lag length and the other
variables remain as previously defined. If InEFP, InGDP,
InRE, InHC, and TRF are cointegrated, it invariably im-
plies that they will maintain level relationships specified
via long-run coefficients. To this extent, these variables
can be presented through an error correction model

2 “Trade flow is already in percentage. Generally, log of a variable measured
in percentage is not preferred in empirical studies when other variables are in
log levels” ( Balcilar et al. 2020).

(ECM), while the long-run coefficients are obtained based
on the following regression:

P
InEFP, = ag + 8,/nGDP, + &,InRE, + 85inHC, + 0,TRF, + Y, &; AInEFP, ;
k=1

pl P2 P3 P4
+ Y a4 AInGDP + Y. ar ) AINRE, 4 + Y. a3, AInHC,— + Y a4y ATRF - + &

= 1 =) =
(8)

where A is the first differenced operator, which is defined
generically as Ay, =y,—y,—1. We obtain the long-run coeffi-

cients of the variables as 3; = 9;/ (1—23:1%) ,i=1,2,3,4.

The long-run coefficients are expressed in elasticities because
the variables are already in their natural logarithms while the
error correction term (ECT) is defined as ec; = Inefp,— 3,Ingdp,
— Bolnre,— Bslnhc,— Gatrf,, where the coefficients 3, 3>, (33, and
Oarepresent the long-run estimates of the economic growth, re-
newable energy, human capital development, and international
trade flow. If there is a short-run disequilibrium, the ECM cap-
tures the speed of adjustment to the long-run equilibrium level
path. Therefore, the ECM equation can be expressed as:

pl
q
InFPT, = i+ Y, & AlEFP_ + Y, ay ;) AlnGDP;
. k-1

P2 p3
+ > ap s AInRE, + Y a3 AlnHC,—

k-1 k=1
yZ

+ Z a4‘kATRF[—k + aECt + &t (9)
k=1

where the coefficients ®;, o, oy, az,and ayrepresent the short-
run effect of ecological footprint inertia, economic growth, re-
newable energy, human capital development, and international
trade flow, respectively. This method of modeling is suitable for
a situation whereby the integrating properties of the series are
I(1) or I(0) or mutually cointegrated. The model is flexible and
can be used even though the period of study is small as in our
case. Another important advantage of using the ARDL model is
that it simultaneously estimates both long-run and short-run
effects. Before model estimation, the integrating properties of
the series are checked so as to avoid integrating order higher
than one as indicated in Pesaran et al. (2001). In doing this, we
apply the conventional unit root tests such as Augmented
Dickey-Fuller (ADF) and Phillips-Perron (PP) unit root tests.
However, the fact that these tests do not capture structural
breaks in the series, which could lead to their poor performance,
we move further to perform a robustness test based on Zivot and
Andrews (1992) unit root tests.

VECM causality tests

In this paper, we apply the vector error correction model
(VECM) causality tests to determine the long- and short-run
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causal relationship between the variables. This approach is
suitable if a long-run cointegration is established. To perform
this test, we follow Iorember et al. (2020) and Usman et al.
(2020c) by specifying the framework of VECM as follow:

LnEFP, a
LnGDP; an
(I-L)| LnRE, | = |3
LnHC, ay
TRF, a5
D11jD12jP13;P14;P15)
» D)1 /D22 D23 P24;Pos
+ Y (1-L) | D31/P32jP33;P34;P35
=l Dy /P2 jPu3 P4 jPas
D51 jPspjPs3Ps4Pss
[ LnEFP,
LnGDP,
x | LnRE,
LnHC,_j
| TRF:;
_91 €1
0, )
+ | 65 |ECTy1 | &3
04 &4
_95 Es
(10)

where the differenced operator is represented by (1 — L)and
one-period lag of residual from the long-run model is repre-
sented by ECT;_ . €, &5, €3, €4 and €5 are the residual terms,
invariably assumed to have zero means and distributed nor-
mally. If ECT, _, is statistically significant, it therefore suggest
a long-run causal relationship between the variables. In addi-
tion, we used F-statistic of the first differenced variables to test
whether there is a short-run causal relationship between the
variables. Specifically, a causal relationship flows from
[nEFP, to TRF, if ®5;#0V,. Conversely, a causality flows
from TRF, to InEFP, if psi; # 0V,

Empirical results and discussion
Visual properties of the variables

Figure 1 depicts the visual properties of the series with respect
to the existence or otherwise of trend, seasonality, structural
breaks, and drift. Evidently, the time plots show absence of
trend, and seasonality in all the variables except for the log of
human capital (LNHC) which maintains a constant upward
movement over the study period. However, there is evidence
to suggest the existence of structural breaks in the series given
their upward and downward movements. The breaks are
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associated with periods of political and economic phenomena
in the country such as the apartheid era, trade policies as well
as the global efforts towards efficient energy use and environ-
mental sustainability. Particularly, the rising of InEFP from
1998 afterwards could be attributed to steady growth follow-
ing the transition of the political landscape of the country to a
more democratic regime while the decline of InEFP from 2008
could be traceable to sound environmental policies and strat-
egies to combat environmental pollution as a result of eco-
nomic growth in South Africa. The sharp decrease of InEFP
could be explained by the shock to oil price in 2014 which
reduced growth rate in South Africa.

Descriptive statistics

Table 2 shows the descriptive statistics of the series. The re-
sults show that the log of renewable energy (LNRE) has the
highest mean value 9.390694, followed by the log of RGDP
(LNRGDP) with 8.776783. The series with the lowest mean
value is the log of human capital (LNHC) with 0.808052.
Further, the results show that all the series have low standard
deviations except trade flows. This implies that, with the ex-
ception of trade flow, other variables are less volatile. Turning
to correlation analysis, the results indicate positive and signif-
icant correlation between ecological footprint and all the var-
iables except the correlation between ecological footprint and
renewable energy which is positive but not statistically
significant.

Unit root tests

Precursory to the application of the Maki cointegration and the
ARDL long-run and short-run analysis, we check for the unit
root properties of the variables. The results establish that all
the variables (LNEFP, LNRGDP, LNRE, LNHC, and TRF)
are stationary at I(1) processes for both ADF and PP tests
using intercept as shown in Table 3. Similarly, the results of
the ZA unit root test with structural breaks in Table 4 confirms
stationarity at first difference with clear evidence of structural
breaks in all the variables.

Cointegration analysis

Table 5 presents results of the Maki cointegration tests with
the trimming parameter of 0.05. Based on the results, we con-
clude that there is existence of cointegration among the vari-
ables in all the models with evidence of structural breaks.
Particularly, in the first model with level shifts, the test statistic
is greater than the critical value at 1% level. Equally, in a
model with level shifts and trend, we also find evidence of
cointegration. This is also applied to the model with regime
shifts as well as model with regime shifts and trend. Overall,
since the calculated test statistics exceed the critical values at
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Fig. 1 Time series plots of LNEFP, LNRGDP, LNRE, LNHC, and TRF

10%, 5%, and 1% levels in all the models, we conclude that
there is a long-run relationship between the variables.
Furthermore, we apply the ARDL bounds testing approach
to cointegration to check the robustness of the cointegration
tests by Maki (2012). The results presented in Table 6 show
that the calculated F-statistics are greater than the upper criti-
cal bounds at 5% levels when all the variables are treated as
forcing variables except GDP. This implies that there are four
cointegrating vectors confirming the presence of long-run re-
lationship among the series over the sample period.

Table 7 presents results of the ARDL long-run and short-
run estimates. Evidently, the results show that renewable en-
ergy use has elastic, negative, and statistically significant
short-run effect on ecological footprint at 5% level of signif-
icant. The coefficient of renewable energy use indicates that
1% increase in renewable energy use enhances environmental

LNRGDP
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quality by decreasing 1.25% ecological footprint. This finding
concurs with the findings of Dogan and Seker (2016); Usman
et al. (2020a), Iorember et al. (2020); Alvarez-Herranz et al.
(2017); Sinha et al. (2017); Zoundi (2017); Allard et al.
(2018); Balsalobre-Lorente et al. (2018), Dogan et al.
(2019); and Apergis and Payne (2012) who establish that re-
newable energy use supports improvement in environmental
quality. This finding points to the fact that even though it is
impossible to stop the use of energy from fossil fuels, partic-
ularly, from coal which is the dominant source of energy and a
major ingredient of economic growth in South Africa, the
country can improve its environmental quality by enhancing
consumption of energy from renewable sources. Similarly, the
results show that human capital and trade flows have statisti-
cally significant contribution to decreasing ecological foot-
print in the short run. The coefficient of human capital entails
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Table 2 Descriptive statistics and
pairwise correlations of variables

Variable LNEFP LNRGDP LNRE LNHC TRF
Mean 1.206281 8.776783 9.390694 0.808052 53.02982
Median 1.188255 8.742896 9.409421 0.790097 53.14912
Maximum 1.351891 8.933624 9.473259 1.016282 72.86539
Minimum 1.094481 8.615685 9.259200 0.645974 37.48746
Std. Dev. 0.064410 0.120886 0.052240 0.119514 9.388873
Skewness 0.408172 0.101080 —1.135367 0.291853 —0.009749
Kurtosis 2.363070 1.321939 3.449886 1.707392 2.151050
Jarque-Bera 1.206110 3.213853 6.028460 2.262992 0.811232
Probability 0.547137 0.200503 0.049084 0.322550 0.666566
Sum 32.56959 236.9731 253.5487 21.81740 1431.805
Sum Sq. Dev. 0.107864 0.379946 0.070954 0.371371 2291.924
Observations 27 27 27 27 27
LNEFP, 1.000000
LNGDP, 0.657710 1.000000
0.0002
LNRE; 0.214546 0.660823 1.000000
0.2825 0.0002
LNHC; 0.481163 0.854655 0.784056 1.000000
0.0111 0.0000 0.0000 -
TRF; 0.550145 0.865602 0.838139 0.856999 1.000000
0.0029 0.0000 0.0000 0.0000 -

Authors’ computation

that 1% development in human capital improves the environ-
mental quality by reducing 1.04% ecological footprint in
South Africa. This finding is consistent with the findings of
Shujah-ur-Rahman et al. (2019) and Bano et al. (2018) and
inconsistent with that of Danish and Wang et al. (2019) which
establish a weak and insignificant relationship between human
capital and ecological footprint. Given that the unsustainable
human activities contribute majorly to environmental degra-
dation, South Africa has over the years devoted attention to-
wards human capital development as a tool to achieving

sustainable environment as evidenced by the recent introduc-
tion of the carbon tax. Also, the coefficient of trade flows
reveals that 1% increase in international trade enhances envi-
ronmental quality by declining 0.33% ecological footprint in
the short run. This finding is in line with the findings of
Iorember et al. (2019), Hanif (2018), Hasson and Masih
(2017), and Rafindadi (2016). The implications for this
finding is that higher levels of competition due to trade
openness will results into investment in new energy effi-
cient technologies that improve environmental quality.

Table 3 Results of ADF and PP

unit root tests ADF test PP test

Variables Intercept Intercept and trend Intercept Intercept and trend
InEFP; —1.8200 — 1.8965 —1.7768 —1.8875
InGDP, - 1.0794 —2.3999 —0.1817 —3.0058
InRE, —12149 - 1.7774 —2.4918 —2.3631
InHC, —0.4963 —2.5052 —2.6149 —2.0680
TRF, - 13912 —2.7768 —1.2124 —2.7768
AInEFP; — 5.8485%%* —5.8018%#* — 5.8485% %k —5.8018%%*
AlnGDP; —2.7999%* —2.4667 —2.6768* —2.1600
AInRE; —3.2155%* —2.9476 —3.2236%* —2.9691
AlnHC; — 4.5509%** — 5.7258%** —4.5110%** — 5.7145%%*
ATRF, — 5.5385% %% — 54721 %% — 6.7245%%* — 8.3207%**

#x ok and * denote significance level at 1%, 5%, and 10% levels
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Table 4 Results of Zivot-

Andrews (ZA) unit root test ZA test at level ZA test at first difference
Variables Statistic value Breakpoint Statistic value Breakpoint
InEFP, —3.2816 (1) 2004 —7.1361 (2)*** 2009
InGDP; —4.2458 (1) 2004 —4.8130 (1)* 2009
InRE; —2.4661 (2) 2007 —4.7914 (4)* 1999
InHC, —2.9461 (1) 2008 —8.0289 (4)*#* 2001
TRF, —3.7249 (1) 2009 -5.6208 (4)*#* 2003
Critical values

1% —5.34 -5.34
5% —4.93 -4.93
10% —4.58 —4.58

*#% *% and * denote significance level at 1%, 5%, and 10% levels

Regarding the effect of economic growth on environmen-
tal quality, the coefficient of gross domestic product indi-
cates that a rise in economic growth deteriorates environ-
mental quality by increasing 1.47% ecological footprint in
the short run. This finding agrees with the findings of
Iorember et al. (2019), Usman et al. (2020b), and
Shujah-ur-Rahman et al. (2019). This is expected since
South Africa’s economy is driven largely by coal which
is a significant influencer of ecological footprint.

Turning to the long-run effect, the results in Table 7 estab-
lish that renewable energy use and human capital have nega-
tive and statistically significant effect on ecological footprint.
This suggests that 1% increase in renewable energy use will
decrease 1.05% ecological footprint and 1% rise in human
capital development will decrease 0.87%. More so, the effect
of international trade on ecological footprint is a decreasing
one but statistically not significant. The coefficient of trade
flows reveals that 1% rise in international trade reduces
0.0016% ecological footprint in the long run. Similar to the
short run, the coefficient of the long-run economic growth
reveals that 1% increase in economic growth degrades the
environment by increasing 1.23% ecological footprint.

Furthermore, we check for the validity and stability of the
estimates using Breusch-Godfrey LM test for serial correla-
tion, ARCH test for heteroscedasticity, Ramsey RESET test
for functional form, and Jarque-Bera tests for normality (see
Table 7). Evidently, all the tests report probability values of
greater than 0.05, suggesting that the estimates are valid and
reliable. Similarly, the tests for the residuals (CUSUM and
CUSUM Square) also show that the estimates are stable and
good for policy issues (see Fig. 2).

Table 8 presents the results of the Chow forecast test. This
test primarily examines whether the structural breaks identi-
fied by the Maki cointegration tests are attributed to imple-
mentation of various energy and environmental policies in
South Africa, particularly during the post-apartheid era.
During this period, the government of South Africa has paid
more attention towards achieving environmental improve-
ment and sustainability by aligning its energy and environ-
mental policies with the Kyoto Protocol agenda to overcome
the greenhouse effects. As displayed in Table 8, the F-
statistics calculated indicate that there is no significant struc-
tural break in the South African economy over the period of
study. In other words, the structural breaks identified are not
statistically significant. This test as shown by Shahbaz et al.

Table 5 Results of Maki

cointegration test with multiple Model specifications

structural breaks
Model 0:

Model 1:

Model 2:

Model 3:

Test statistic Breakpoints

—10.320%** 1991, 1996, 1998, 2004, 2010
[~ 6.856, — 6.306, — 6.039]

— 8.1805%** 1991, 1992, 1996, 2004, 2010
[=7.053, — 6.494, — 6.220]

— 8.8962%* 1991, 2003, 2008, 2010, 2014
[-9.441, — 8.869, — 8.541]

— 12.9826%** 1994, 1995, 2008, 2010, 2014

[~ 10.08, — 9.482, — 9.151]

*##% and ** denote 1% and 5% significance levels. The trimming parameter is 0.05, and the maximum number of

breaks is 5
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Table 6 Results of ARDL

bounds testing cointegration Variable InEFP InGDP InRE InHC TRF
F-Statistics 10.809"" 3.0761 4.7079%#% 8.3996% 13.624%%
Critical value 1% level 5% level 10% level
Lower bounds 3.74 2.86 245
Upper bounds 5.06 4.01 3.52

*#*represents the null hypothesis of no cointegration which is rejected at 1% level of significance and the critical
value is determined where & = 4 independent variables with unrestricted intercept and no trend. The maximum lag
order is 3, while optimal lag order is selected by the Akaike Information Criterion (AIC)

(2016) is more reliable than the use of graphs. Therefore, since
the structural breaks are not significant, it implies that the
ARDL estimates are efficient and as such reliable.

VECM Granger causality

Table 9 presents results of the VECM Granger causality for
both the long- and short-run causality. Regarding the long-run
causality, the results show that the coefficient of the (ECM,_ ;)
is significant for renewable energy use and trade flows equa-
tions, suggesting that in the long run, ecological footprint,
economic growth, human capital, and trade flows Granger
cause renewable energy, use while ecological footprint, eco-
nomic growth, renewable energy use, and human capital
Granger cause trade flows. This result is consistent with Tke
et al. 2020a, b) that economic growth Granger causes trade.
Our result is also similar to Usman et al. (2020b) who find
evidence of causal relationship between economic growth and
renewable energy for the USA. Turning to the short-run

causality, the results divulge that economic growth Granger
causes ecological footprint and trade flows. This finding is
expected given the fact that South Africa economy is driven
largely by fossil energy (coal energy) which is a major source
of environmental degradation (high ecological footprint),
hence the need for increasing the share of renewable energy
use in the total energy mix to reduce ecological footprint
and improve the quality of the environment. This finding is
consistent with Shujah-ur-Rahman et al. (2019), Iorember
et al. (2020), and Usman et al. (2020a) who establish a
causal relationship between economic growth and environ-
mental degradation. We also find evidence of a one-way
causal relationship running from human capital to renew-
able energy. Furthermore, we find evidence in support of a
unidirectional causal relationship running from economic
growth, renewable energy, and human capital to trade
flows. This concurs with lke et al. (2020c) who suggest a
causal relationship between renewable energy and trade for
G-7 countries.

Table 7 Results of long-run and

short-run coefficients Dependent Variable = AInEFP,

Variables Coefficient t-Statistic p value

Short-run parameters

Constant 1.1789%** 8.4913 0.0000

AlnEFP, — 1.1975%%* —6.1930 0.0000

AlnGDP, 1.4725%* 24316 0.0302

AlnRE, — 1.2547%* —2.3873 0.0329

AlnHC, — 1.0435% —1.8350 0.0895

ATRF, —0.3284** —2.7464 0.0167

ect,— — 1.1975%# — 8.4069 0.0000
Long-run parameters

InGDP, 1.2296%* 3.1007 0.0084

InRE, — 1.0478* —2.1171 0.0541

InHC, - 0.8714* —2.1247 0.0534

TRF, —-0.0016 —0.0110 0.9914
Residual diagnostics Statistic p value

Breusch-Godfrey serial LM test [1] 0.8687 0.3697

ARCH test for heteroscedasticity [1] 0.6844 04174

Ramsey RESET test [1] 0.7142 0.4888

Jarque-Bera normality test 0.5266 0.7686

CUSUM Stable

CUSUM SQ. Stable

##% #% and * denote significance at 1%, 5%, and 10% significance level, respectively. The maximum lag order
selected is 3 based on Akaike Information Criterion (AIC)
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Fig. 2 Plots of CUSUM and
CUSUM square of recursive
residuals
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Conclusion and policy recommendations

The present study analyzes the influence of renewable energy
use, human capital, and trade flows in reducing ecological
footprint in South Africa using multiple cointegration analy-
sis, flexible Autoregressive Distributed Lag approach, Chow
forecast, and VECM granger causality for the period covering
1990 to 2016. The study employs ADF and PP as convention-
al unit root tests and ZA test as one structural break test. The
results indicate that all the variables are of I(1) processes,
suggesting that all the variables are stationary at first differ-
ence. Also, the results of the Maki cointegration tests with the
trimming parameter of 0.05 reveal the existence of
cointegration among the variables in all the models with

Table 8 Results of Chow forecast test

evidence of multiple structural breaks. Furthermore, the re-
sults of the ARDL bounds testing approach confirm the pres-
ence of long-run relationship among the series. The empirical
results further divulge that increase in renewable energy use
improves environmental quality by decreasing ecological
footprint both in the long-run and short-run. Similarly, human
capital ensures environmental quality by decreasing ecologi-
cal footprint both in the long and short run, while the effect of
trade flows in reducing ecological footprint is not significant.
As expected, the results show that a rise in economic growth
deteriorates environmental quality by increasing ecological
footprint both in the short run and long run. To validate our
findings, we estimate the Chow forecast test, and the results
indicate that the findings of the ARDL estimates are robust

Chow forecast test: forecast from 1996 to 2016

F-statistic 6.734606 Probability 0.2961

Likelihood ratio 133.8883 Probability 0.0000
Chow forecast test: forecast from 2000 to 2016

F-statistic 2.813992 Probability 0.1283

Likelihood ratio 63.66033 Probability 0.0000
Chow forecast test: forecast from 2008 to 2016

F-statistic 1.450072 Probability 0.2628

Likelihood ratio 18.76752 Probability 0.0000
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Table 9  Result of VECM causality test

Short-run causal relationship Long run
Dep. variable AInEFP,_ AInGDP,_, AInRE, AlInHC, ATRF,_,; ECM,_,
AInEFP, — 5.4775% 4.5847 1.0344 1.6336 —
(0.0646) (0.1010) (0.5962) (0.4419)
AlInGDP, 0.4298 — 1.7485 1.0973 3.8311 —
(0.8066) (0.4172) (0.5777) (0.1473)
AInRE, 3.3628 0.7035 — 5.8712% 3.1246 0.0137#*
(0.1861) (0.7035) (0.0531) (0.2096) [2.9660]
AInHC, 1.3157 0.8687 2.3263 — 4.7435%* —
(0.5180) (0.6477) (0.3125) (0.0933)
ATRF, 0.3514 23.318%** 11.669%%#* 13.416%%* — 0.1415%#*
(0.8389) (0.0000) (0.0029) (0.0012) [4.4515]

w#k %k and * denote rejection of the null hypothesis at 1%, 5%, and 10% significant levels. p values are presented in parenthesis ( ) and t-statistic values

are denoted by [ ]

(efficient and reliable) since the identified structural breaks are
statistically not significant. More so, the findings of the
VECM Granger causality test suggest that in the long run,
ecological footprint, economic growth, human capital, and
trade flows Granger cause renewable energy use, while eco-
logical footprint, economic growth, renewable energy use,
and human capital Granger cause trade flows. In addition,
we find that economic growth Granger causes ecological foot-
print and trade flows in the short run, while human capital
Granger causes renewable energy. Similarly, we find evidence
of unidirectional causality from economic growth, renewable
energy, and human capital to trade flows.

These findings present the need for policies that bring
about increase in the share of renewable energy use in the total
energy output of South Africa in order to reduce ecological
footprint and improve the quality of the environment. Some of
these policies include strengthening the implementation of the
carbon tax laws, which is at the early stage of implementation
in the country. This should be implemented in a manner that
will not scare both domestic and foreign investors in energy.
Energy and environmental policies should target increasing
the capacity of the investors and households to enable them
adopt new and cleaner energy technologies in their businesses
and homes. In this case, the government and its managers
should create a conducive environment so that cleaner energy
can be affordable by the investors and households.
Furthermore, international trade should be enhanced particu-
larly investments in the area of renewable energy through the
removal of obnoxious trade restrictions, and ensuring inves-
tors’ confidence by way of reducing trade tensions between
the host communities and investors as well as guaranteeing
energy investment security.
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