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Abstract

South Africa, one of the emerging markets and fast-developing economies in Sub-Saharan Africa recognised for varying
world’s natural assets on the international market, has recorded significant economic growth in the previous several years.
However, aside from the ecological repercussions of energy generation, how economic uncertainties moderate the effects
of energy intensity, renewable and non-renewable energy usage, and economic complexity on the environment has largely
gone unnoticed. As a result, this paper addresses an important empirical vacuum by exploring the moderating influence
of economic policy uncertainty in the environmental Kuznets curve for South Africa from 1960 to 2020. Results from the
novel dynamic autoregressive distributed lag simulations framework reveal the following key findings: (i) economic policy
uncertainty accelerates environmental degradation in both the short and long run; (ii) economic growth (as measured by the
scale effect) increases environmental degradation, whereas the square of economic growth (as measured by the technique
effect) slows it down, confirming the presence of the environmental Kuznets curve (EKC) hypothesis; (iii) environmental
quality is deteriorated by energy intensity, economic complexity, non-renewable energy usage, and trade openness; (iv) the
use of renewable energy and technological innovation increase environmental quality; (v) whereas the moderating effects of
economic policy uncertainty on the environmental impacts of energy intensity, renewable and non-renewable energy con-
sumption result in an increase in environmental destruction, its moderating effect on environmental implication of economic
complexity plays an important role in improving environmental quality. These findings permit us to draw important policy
recommendations for South Africa for improving environmental quality.
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Introduction immediately (Udeagha and Ngepah 2021a, 2021b). In recent

years, the world has seen a rapid increase in greenhouse gas
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is growing agreement that these concerns must be addressed
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(GHG) emissions, such as carbon dioxide (CO,) emissions,
which are the driving forces for climate change resulting
from internal changes within the climate system, from 22
billion tonnes in 1990 to over 34 billion tonnes emitted annu-
ally (World Bank 2021). The assumption that environmental
degradation exclusively affects industrialised nations and
not poor countries is no longer acceptable, at least in terms
of consequences (Bekun et al. 2021). The accumulation
of GHG emissions on the earth's surface has a significant
impact on all countries, developed and developing, regard-
less of who is releasing them. The earthquakes in Pakistan
and Haiti, the floods in Australia, the fires in Russia, and the
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tsunami in Japan are just a few of the significant catastrophes
that have occurred throughout the world in recent decades
that may be linked to the consequences of climate change
and environmental degradation (Hu et al. 2021). Many peo-
ple have died as a result of these catastrophes, which have
wreaked havoc on infrastructure and natural resources such
as forests, animals, agricultural output, and land throughout
the last several decades.

Environmental degradation has become a global prob-
lem since every country is affected, and many industrial
countries such as Germany, Japan, Russia, India, the USA,
and China, who are categorised as large GHG polluters,
bear responsibility for protecting the globe (World Bank
2021). Meanwhile, the commitment of these and a few
other nations is critical to reducing global CO, emissions.
However, because energy usage is essential for economic
growth and CO, emissions are linked to it, lowering CO,
emissions would result in lower output, which would slow
economic growth (Islam et al. 2021). This circumstance
makes it extremely difficult for these countries to commit
to or follow through on programs that are explicitly meant
to reduce global CO, emissions. As a result, better methods
for achieving green economic growth and improved envi-
ronmental circumstances are required. Some policymakers
throughout the globe have embraced a variety of tactics to
combat environmental degradation and global warming in
this endeavour (Ponce and Khan 2021). One of these meas-
ures, paying proper attention to economic policy uncertainty
(EPU), is seen to be a useful avenue for enhancing environ-
mental quality.

EPU is a result of the uncertainty created by government
policies, notably fiscal and monetary policies, which have
an impact on the economic activities that enterprises engage
in (Abbasi and Adedoyin 2021). EPU refers to the occur-
rences of certain news media references that deal with issues
such as uncertainties, policies, government acts, forecaster
disagreement rates, and the economy (Gu et al. 2021a). EPU
may be linked to the risks posed by the government's uncer-
tain policy responses as an economic agent in addressing
specific macroeconomic challenges and introducing certain
regulatory measures, which cause households and busi-
nesses to become indecisive and uncertain in their own deci-
sions, causing consumption and investment to be halted until
confidence in the environment is restored (Syed et al. 2022).
EPU, as Knight (1921) points out, comes from agents' inca-
pacity to forecast the likelihood of occurrences occurring.
Similarly, Binge and Boshoff (2020) define EPU as a lack
of information about a collection of potential outcomes and
their associated likelihoods, which makes prediction difficult
because the outcome is typically unique and tremendously
complex. Similarly, Shabir et al. (2022) see EPU as a result
of future policies implemented by state authorities, particu-
larly in the areas of environmental, taxing, fiscal, monetary,
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and regulatory policies, all of which have an impact on
economic activity, market volatility, and the environment
in which households and businesses operate. Political and
economic uncertainty exists all around the world as a result
of global instabilities that have a negative impact on eco-
nomic activity (Guidolin and La Ferrara 2010). In 2003, for
example, the second Gulf War created economic uncertainty
in the global market (Rigobon and Sack 2005). In 2008,
the globe was hit by a severe financial crisis that resulted
in enormous economic hardship (Amin and Dogan 2021).
Similarly, in 2009, the Eurozone debt crisis wreaked havoc
on several nations, with disastrous repercussions (Chu and
Le 2022). At this time, the covid-19 pandemic has become
a major concern for every country on the planet (Nakhli
et al. 2022). The fact that EPU is institutionally driven has
significant negative consequences for the business envi-
ronment (Ullah et al. 2022), financial markets (Phan et al.
2021), innovation activities(Guan et al. 2021), firm invest-
ment (Zhou et al. 2021), and real economy(Gu et al. 2021b).

South Africa has been engaged in a series of internal
political upheavals over the last three decades, as well as
being exposed to a number of global economic concerns
(Wen et al. 2022). The country, like every other emerging
economy, is considerably more vulnerable to long-term and
severe episodes of uncertainty brought on by political and
economic shocks. Frail confidence and prevailing political
instability have recently been identified as two important
causes for the country's growth estimate for 2018. (Interna-
tional Monetary Fund 2017). Following the global financial
crisis of 2008—the Great Recession—and the covid-19 pan-
demic, which decimated the country, the government and
policymakers in South Africa have increasingly focused on
uncertainty. For example, millions of South Africans lost
their money, houses, and jobs as a result of the global finan-
cial crisis of 2008 (Wu and Wu 2021). The crisis wreaked
havoc on the country's economy and created so much uncer-
tainty that no one, even the government and policymakers,
knew what the country's future contained. As the crisis
worsened, so did the economy's consequences, and South
Africa's financial market saw a dramatic shift in risk appe-
tite (Albert and Gémez-Fernandez 2021). The result was
a change from the decades of loose lending conditions to
a state of tight credit and, in some cases, a dysfunctional
market, accompanied by a loss of company and consumer
confidence, with significant negative implications on the
economy (Edey 2009). In order to deal with the crisis, the
administration ran enormous budget deficits in the public
sector. As a result, during a time when a balanced budget
and a decrease in the deficit should be strongly pursued in
South Africa, this action caused increased uncertainty and
enormous amounts of government borrowing (Balcilar et al.
2017). All of these characteristics make South Africa a com-
pelling case study for examining the moderating role of EPU
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in the traditional EKC framework via the channels of energy
intensity, renewable and non-renewable energy consump-
tion, and economic complexity.

South Africa, on the other hand, is classified as the 15th
greatest CO, emitter in the world (1.09 percent of global
emissions) and the highest emitter in Africa, with an
expected 390 million tonnes in 2020 (World Bank 2021).
The usage of coal appears to be the primary cause of the
country's ever-increasing CO, emissions (Udeagha and Nge-
pah 2021a, 2021b). Coal is the primary source of energy
in South Africa, and it is also the primary source of CO,
emissions. Coal accounts for around 77 percent of total pri-
mary energy supply, with 2% utilised for residential cook-
ing and heating, 12% for metallurgical industries, 33% for
petrochemical industries, and 53% for power generation
(Shahbaz et al. 2013). Meanwhile, South Africa has proven
coal reserves of 35,053 million tons (MMst) in 2020, and the
country is heavily reliant on the energy industry, with coal
consumption dominating industrial activities. These charac-
teristics make South Africa an ideal target for this research,
which will look at the indirect environmental consequences
of EPU via the channels of energy intensity, renewable and
non-renewable energy use, and economic complexity.

The influence of EPU on economic activities (such as
asset prices, investment, economic growth, stock market
volatility, firm investment, innovation activities, financial
market, and business environment) in South Africa has been
studied in several empirical studies. Kisten (2020) discov-
ered that EPU decreases industrial production and the actual
effective exchange rate using a time-varying parameter
(TVP) VAR approach for the period 1990-2015. Wu and Wu
(2021), who studied the EPU-tourism nexus in South Africa,
found a favourable link between EPU and tourist activities.
Balcilar et al. (2017) looked at the consequences of mon-
etary policy uncertainty in South Africa and found that when
uncertainty rises, interest rates, inflation, and production fall.
Wen et al. (2022) found that a rise in monetary policy uncer-
tainty affects stock returns in South Africa using a quantile-
on-quantile paradigm. Dave and Aye (2015) investigated the
impact of oil price uncertainty on savings in South Africa
and discovered that uncertainty reduces savings. Similarly,
Salisu and Isah (2021), who looked into the moderating role
of EPU in the capital flight-growth nexus from 1986 to 2010,
revealed that uncertainty in macroeconomic policies exac-
erbates capital flight's negative impact on economic growth
in South Africa and the rest of Sub-Saharan Africa. Despite
the fact that various studies have looked into the influence
of EPU on economic activities in South Africa, no research
has looked into the direct and indirect impacts of EPU on
environmental quality in the country.

Although some empirical studies have investigated the
relationship between EPU and environmental quality in a
global context by focusing primarily on direct effects of EPU

(Abbasi and Adedoyin 2021; Adedoyin et al. 2021), the indi-
rect effects appearing through energy intensity, renewable
and non-renewable energy consumption, and economic com-
plexity have been significantly overlooked particularly for
South Africa. It is therefore important to note that conduct-
ing tests for the indirect effects of EPU on environmental
quality through these variables is critical for the following
reasons: first, EPU influences energy generation, causes
energy prices to fluctuate, and leads to higher energy con-
sumption, all of which deteriorate environmental quality
significantly. Given this, this paper finds uniqueness in the
fact that previous research has not looked into the role of
EPU in energy generation, which has an impact on environ-
mental quality through higher energy intensity, with a large
number of previous studies focusing on factors influencing
energy demand (Ulusoy and Demiralay 2017; da Silva et al.
2018) and energy causality link (Zafar et al. 2019; Tugcu
et al. 2012). Second, EPU determines the levels of renew-
able and non-renewable energy consumption in an economy
because government actions, such as direct investment and
subsidies, are designed to create a more favourable macro-
economic environment for energy generation. This encour-
ages investment in the energy sector, which in turn boosts
both demand and supply. Previous research has not looked
into the role of EPU in promoting environmental qual-
ity through the channels of renewable and non-renewable
energy consumption, with most studies focusing on either
the nexus between renewable energy consumption and envi-
ronmental quality (Adedoyin et al. 2021; Sharif et al. 2020)
or non-renewable energy consumption-pollution relationship
(Ponce and Khan 2021; Ibrahim and Ajide 2021a). EPU can
stifle energy supply of both renewable and non-renewable
energy sources, which has an impact on environmental qual-
ity, due to oil shortages and price shocks. We contribute to
the current information on energy debate in South Africa by
highlighting the moderating influence of EPU on environ-
mental quality through the channels of both renewable and
non-renewable energy consumption. Finally, the EPU has
an impact on the relationship between economic complexity
and environmental quality. Economic complexity refers to a
country's diversity of knowledge and how that knowledge is
utilised to generate commodities and services in an efficient
and productive manner. Because the EPU has such a strong
impact on how this knowledge is integrated, it is natural
to assume that the nexus between economic complexity
and environmental quality is influenced by the unpredict-
ability of economic policy. Previous research has looked
into the relationship between economic complexity and
environmental quality (Shahzad et al. 2021; Rafique et al.
2021); however, the role that EPU plays in the economic
complexity—environmental quality nexus has been largely
overlooked. To the best of our knowledge, there is no study
that has explored this especially for South Africa. Therefore,
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Fig. 1 Trends in economic
policy uncertainty and CO,
emissions in South Africa,
1960-2020. Note: (i) We could
have used the economic policy
uncertainty index (EPU) sug-
gested by Baker et al. (2016), 2
but due to data unavailability
for South Africa, this study uses
the world uncertainty index
(WUI) developed by Ahir et al.
(2018) as a proxy for economic 1
policy uncertainty (EPU); (ii)
data on WUI(a proxy for EPU)
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this study fills this vital gap in the literature by investigat-
ing the moderating role of EPU on environmental quality
through the channels of energy intensity, renewable and non-
renewable energy consumption, and economic complexity.

Figure 1 depicts the relationship between EPU and CO,
emissions in South Africa from 1960 to 2020. In South
Africa, both EPU and CO, emissions are growing with
time, as seen in the graph. On the one hand, like every
other emerging economy, South Africa is considerably
exposed to chronic and severe bouts of uncertainty stem-
ming from political and economic shocks, as seen in the
graph. On the other hand, the graph shows that the coun-
try's CO, emissions in metric tons have been rising from
1960 to 2020. Meanwhile, with an expected 390 million
tonnes of CO, emissions in 2020, South Africa is rated as
the 15th greatest emitter in the world and the highest emit-
ter in Africa, accounting for 1.09 percent of global CO,
emissions (World Bank 2021). The increased trend of CO,
emissions, as seen in Fig. 1, visually illustrates this point.
The usage of coal, which is the primary source of CO,
emissions, appears to be the cause of the increased trend
in South Africa's CO, emissions. As a result, the purpose
of this article is to see if the higher trend in EPU has any
meaningful influence on rising CO, emissions in South
Africa between 1960 and 2020.

The remainder of the work is organised as follows. The
second section examines the relevant literature on the link
between EPU and environmental quality. The material and
methodological framework are discussed in Sect. 3, and the
findings are presented in Sect. 4. The policy consequences
are discussed in Sect. 5.
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Literature review and contributions
of the study

This section is divided into two subheadings in this study.
We discuss and present theoretical and empirical literature
on the EPU-environmental quality relationship in the first
subheading, while the literature gap and contributions of
the current study to the scholarship on the impact of EPU
on environmental quality are discussed and presented in the
second subheading.

Review of previous literature

Only a few theoretical studies have been able to relate EPU
to environmental quality. For example, Jiang et al. (2019)
found two mechanisms via which EPU influences envi-
ronmental quality, namely direct policy change effect and
indirect policy demand effect. The former illustrates how
an increase in EPU typically delays and diverts the govern-
ment's emphasis on resolving environmental deterioration,
because more effort is spent to managing uncertainty than
improving environmental quality. As a result, all resources
are devoted toward ensuring economic stability, resulting in
an increase in environmental degradation. According to the
latter, the EPU has an impact on the economic behaviour
and decision-making activities of both consumers and enter-
prises when it comes to energy consumption. EPU increases
energy usage, which has a negative impact on the environ-
ment. However, as Wang et al. (2020) pointed out in another
theoretical study, EPU has an impact on environmental qual-
ity through consumption and investment channels. On the
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one side, EPU improves environmental quality by reducing
the use of energy-intensive consumable products through
the consumption channel. EPU, on the other hand, degrades
environmental quality through the investment channel by
impeding technological innovation and development as well
as limiting investment in research and development (R&D).
Uncertainty in economic policy stifles technological innova-
tion, inhibits additional investment in R&D, and so contrib-
utes to increased CO, emissions. Yu et al. (2021) identified
three pathways via which EPU effects environmental quality:
energy intensity, fraction of fossil fuel energy, and innova-
tion. To begin, the energy intensity channel demonstrates
that EPU increases energy intensity, resulting in severe deg-
radation of environmental quality. Second, in terms of the
percentage of fossil fuel energy, uncertainty in economic
policy leads to an increase in the share of non-renewable
energy sources, which significantly increases CO, emissions.
Finally, according to the innovation channel, EPU reduces
technological innovation and development, inhibits capital
investment in energy-efficient technology, and has a negative
impact on environmental quality. Uncertainty in economic
policy decreases R&D investment, stifles technological inno-
vation and progress, and increases CO, emissions.

Several research have looked at the EPU-environmen-
tal quality nexus, according to empirical literature. How-
ever, the findings of these research are contradictory and
diverse, depending on the methodological techniques used
and the nations studied. EPU has been shown to improve
environmental quality in a number of studies (Ahmed et al.
2021; Chu and Le 2022; Ivanovski and Marinucci 2021;
Liu and Zhang 2022; Gu et al. 2021a; Xin and Xin 2022;
Zeng and Yue 2022; Chen et al. 2021). For example, Ahmed
et al. (2021) reported that EPU decreases CO, emissions
in the USA using the nonlinear autoregressive distributed
lag (NARDL) technique for the period 1985-2017. Chu and
Le (2022) employed fully modified ordinary least squares
(FMOLS) and fixed-effect techniques to support this empiri-
cal finding.

Chu and Le (2022) employed fully modified ordinary
least squares (FMOLYS) and fixed-effect techniques to study
the role of EPU in nurturing environmental quality and
found that EPU enhances environmental quality by decreas-
ing CO, emissions among the G7 nations under considera-
tion. Similarly, an empirical study by Ivanovski and Mari-
nucci (2021) using the dynamic common correlated effect
mean group (DCCEMG) and common correlated effect
mean group (CCEMG) methods, found that EPU helps to
reduce environmental pollution in both developed and devel-
oping countries between 1990 and 2015. In addition, Liu and
Zhang (2022), who used panel data analysis to evaluate the
dynamic effect of EPU on environmental quality in China
from 2003 to 2017, found that EPU reduces CO, emissions.
Gu et al. (2021b) came to a similar conclusion after studying

the effects of EPU on CO, emissions in China using spatial
econometric models. In a similar vein, Xin and Xin (2022)
found that EPU enhances environmental performance in 25
nations from 1976 to 2018. In addition, empirical research
by Zeng and Yue (2022) used the nonlinear autoregressive
distributed lag-pooled mean group (NARDL-PMG) frame-
work to evaluate the environmental effect of EPU and found
that EPU enhances environmental quality for the BRICS
economies throughout the period 1991-2019.

Another group of studies, on the other hand, found that
EPU degrades environmental quality (Adedoyin et al. 2021;
Amin and Dogan 2021; Anser et al. 2021a; Atsu and Adams
2021; Khan et al. 2022; Lei et al. 2022; Nakhli et al. 2022;
Shabir et al. 2022; Syed et al. 2022; Ullah et al. 2022; Xue
et al. 2022; Yu et al. 2021; Zakari et al. 2021; Zhang et al.
2022; Zhao et al. 2022; Adams et al. 2020; Adedoyin and
Zakari 2020; Jiang et al. 2019; Pirgaip and Dingergok 2020;
Ulucak and Khan 2020). Adedoyin et al. (2021), for exam-
ple, used the dynamic panel system-GMM technique to eval-
uate the environmental effect of EPU in Sub-Saharan Africa
from 1996 to 2014, and found that EPU degrades environ-
mental quality. Similarly, Amin and Dogan (2021) found
that EPU contributes significantly to increased CO, emis-
sions in China using the dynamic simulated ARDL tech-
nique. Furthermore, Anser et al. (2021b) demonstrated that
EPU deteriorates environmental performance in the top 10
carbon emitter nations from 1990 to 2015. Atsu and Adams
(2021) found similar results for BRICS' countries; Khan
et al. (2022) for East Asian economies; Lei et al. (2022) for
China; Nakhli et al. (2022) for USA; Shabir et al. (2022) for
24 developing and developed countries; Syed et al. (2022)
for BRICST? countries; Ullah et al. (2022) for low and high
globalised OECD? economies; Xue et al. (2022) for France;
Yu et al. (2021) for Chinese manufacturing firms; Zakari
et al. (2021) for OECD countries; Zhang et al. (2022) for
USA and China; Zhao et al. (2022) for China; Adams et al.
(2020) for resource-rich countries; Adedoyin and Zakari
(2020) for UK; Jiang et al. (2019) for USA; Pirgaip and
Dingergok (2020) for G7 countries; and Ulucak and Khan
(2020) for USA.

Table 1 also includes a summary of studies on the asso-
ciation between EPU and environmental quality in order to
facilitate comparisons across countries and areas.

Literature gap and contributions of the study
According to a review of the literature, the environmental

impact of EPU is debatable, and it has created significantly

! Brazil, Russia, India, China, and South Africa.
2 Brazil, Russia, India, China, and South Africa, and Turkey.
3 Organisation for Economic Co-operation and Development.
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Table 1 Synopsis of studies
S/N Investigator (s) Timeframe Nation (s) Technique(s) Findings
1 Abbasi and Adedoyin (2021) 1970-2018 China Dynamic simulated ARDL EPU does not have any effect
on CO, emissions
2 Adedoyin et al. (2021) 1996-2014 Sub-Saharan Africa Dynamic Panel System- EPU aggravates the level of
GMM emissions
3 Amin and Dogan (2021) 1980-2016 China Dynamic simulated ARDL EPU deteriorates environmen-
tal quality
4 Ahmed et al. (2021) 1985-2017 United States NARDL EPU improves environmental
quality
5 Anser et al. 2021a 1990-2015 Top ten carbon emitter PMG-ARDL EPU increases carbon emis-
countries sions
6 Atsu and Adams (2021) 1984-2017 BRICS CS-ARDL, FMOLS EPU accelerates environmen-
tal quality
7 Chu and Le (2022) 1997-2015 G7 countries FMOLS, Fixed effect EPU improves environmental
quality
8 Gu et al. (2021a) 2006-2016 China Spatial Econometric models  EPU decreases carbon emis-
sions
9 Ivanovski and Marinucci 1990-2015 Global perspective FMOLS, DOLS, ARDL- EPU reduces carbon emissions
(2021) PMG, CCEMG, DCCEMG
10 Khan et al. (2022) 1997-2020 East Asian economies PMG EPU deteriorates carbon emis-
sions
11 Leietal. (2022) 1990-2019 China Nonlinear ARDL approach EPU worsens the level of
emissions
12 Liu and Zhang (2022) 2003-2017 China Panel data analysis EPU improves environmental
quality
13 Nakhli et al. (2022) 1985-2020 USA Bootstrap rolling approach EPU increases carbon emis-
sions
14 Shabir et al. (2022) 2001-2019 24 developing, and developed DSUR, VECM, DCCET, EPU intensifies carbon emis-
countries fixed-effect panel quantile sions
regression
15 Syedet al. (2022) 1990-2015 BRICST countries AMG, CCEMG, panel quan- EPU worsens environmental
tile regression quality
16  Ullah et al. (2022) 1996-2019 Low and high globalised AMG EPU deteriorates environmen-
OECD economies tal quality
17 Xin and Xin (2022) 1976-2018 25 countries Panel data analysis, fixed- EPU improves environmental
effect quality
18  Xue et al. (2022) 1987-2019 France Augmented ARDL EPU worsens environmental
quality
19 Yuetal. (2021) 2008-2011 Chinese manufacturing firms Panel data analysis, fixed- EPU deteriorates environmen-
effect method tal quality
20  Zakari et al. (2021) 1985-2017 OECD countries PMG-ARDL EPU increases carbon emis-
sions
21 Zeng and Yue (2022) 1991-2019 BRICS economies NARDL-PMG EPU decreases the level of
emissions
22 Zhang et al. (2022) 1995-2019 USA, China ARDL, non-linear ARDL EPU does not have any effect
on CO, emissions
23 Zhao et al. (2022) 1985-2018 China System dynamics, LEAP EPU deteriorates environmen-
model, Monte Carlo simu- tal quality
lation, mixed method
24 Chen et al. (2021) 1997-2019 15 countries Mixed panel data model EPU lowers the level of emis-
sions
25 Adams et al (2020) 1996-2017 Resource-rich countries PMG-ARDL EPU worsens environmental
quality
26  Adedoyin and Zakari (2020) 1985-2017 UK ARDL approach EPU deteriorates environmen-

tal quality

@ Springer



Environmental Science and Pollution Research (2022) 29:77199-77237

77205

Table 1 (continued)

S/N Investigator (s) Timeframe Nation (s)

Technique(s) Findings

27  Jiang et al. (2019) 1985-2017 USA
28  Pirgaip and Dingergok (2020) 1998-2018 G7 countries

29 Ulucak and Khan (2020) 1985-2017 USA

Granger causality in quantiles EPU intensifies level of emis-
sions

EPU worsens environmental
quality

Bootstrap panel Granger
causality test

Dynamic ARDL model EPU increases environmental

degradation

BICST: Brazil, India, China, South Africa, Turkey; ARDL: autoregressive distributed lag; DOLS: dynamic ordinary least squares; FMOLS:
fully modified ordinary least squares; NARDL: nonlinear autoregressive distributed lag; NARDL-PMG: nonlinear autoregressive distributed
lag—pooled mean group; ARDL-PMG: autoregressive distributed lag—pooled mean group; DSUR: dynamic seemingly unrelated regression;
DCCET: dynamic common correlated effects technique; AMG: augmented mean group; PMG: pooled mean group; PMG-ARDL: pooled mean
group-autoregressive distributed lag model; VECM: vector error correction model; CS-ARDL: cross-sectional augmented autoregressive distrib-
uted lag; CCEMG: common correlated effect mean group; DCCEMG: dynamic common correlated effect mean group

more heat than light. These contentious shards of evidence
have prompted a number of scholars to study the role of
EPU in promoting environmental quality using a variety of
samples and recently developed approaches. Furthermore,
previous research on the EPU—environmental quality nexus
focuses mostly on EPU's direct effects on environmental
quality. However, the indirect effects appearing through the
channels of energy intensity, renewable and non-renewable
energy consumptions, and economic complexity, notably
in South Africa, have been largely ignored. In the com-
monly used traditional EKC paradigm for South Africa, this
research proposes a new mechanism to explore the moder-
ating impact of EPU. The extended forms of the EKC have
been studied in the previous studies. Meanwhile, statistical
theory implies that moderation occurs when two variables
interact in such a way that a third variable, the moderator,
is required. This work adds to the current literature on the
EPU-pollution nexus by adopting and creating certain inter-
action terms. To the best of our knowledge, this is the first
study in South Africa that aims to experimentally analyse the
moderating role of EPU in the environmental Kuznets curve
(EKC). As a result, this research sheds fresh light on the role
of EPU as a moderator in the conventional EKC in reducing
environmental degradation in South Africa.

Furthermore, existing studies in the global context,
including the ones mentioned above, that assessed the EPU-
CO, emissions relationship while controlling for trade open-
ness have been criticised for using a one-dimensional trade
proxy that fails to capture the true environmental effect of
trade openness. In the link between EPU and environmen-
tal quality, previous studies have consistently employed
trade intensity (TI) as a measure of trade openness and
applied the basic ARDL methodology. The ratio of trade
(exports +imports) to GDP, which primarily captures "TI,"
was traditionally used to define and proxy trade openness in
these studies. This trade openness metric solely considers
a country's relative position in terms of trade performance
inside its own economy. As a result, this metric effectively

overlooks a country's openness to global trade and fails to
represent the true environmental impact of trade openness
(Squalli and Wilson 2011). Although intuitively sound, this
metric falls short of addressing the ambiguity in the defini-
tion and proper assessment of trade openness. The TI-based
measure of trade openness has a significant flaw in that it
only analyses one component of trade openness: the coun-
try's relative position in terms of trade performance in its
own economy. By the implication, this measure considerably
ignores a country’s openness to world trade, thus practically
fails to reflect the accurate environmental impact of trade
openness (Squalli and Wilson 2011). As a result, large and
wealthy economies are incorrectly labelled as closed, while
their smaller and poorer equivalents are lauded as open. For
example, applying TI penalises larger and performing econ-
omies like South Africa, Japan, China, France, the USA,
Germany, and many others since they are classified as closed
economies due to their larger GDP. Howeyver, this measure of
trade openness improperly classifies relatively poor nations
(such as Togo, Nigeria, Ghana, Uganda, Venezuela, Zambia,
Zimbabwe, and many more) with comparatively small GDP
as open economies (Squalli and Wilson 2011).

Furthermore, model misspecifications, nations sampled,
and methodological framework discrepancies are among the
causes for the lack of empirical consensus and inconsistent
(mixed) findings on the role of EPU in alleviating environ-
mental degradation.

In light of this, this research adds to the current litera-
ture on EPU's environmental consequences in the following
ways: (i) to the best of our knowledge, this is the first study
in South Africa that aims to experimentally investigate the
moderating role of EPU in EKC. The study uses the EKC
framework to test whether EPU affects environmental quality
in South Africa, as well as (ii) whether EPU helps to buffer
the environmental impact of energy intensity. (iii) The study
explores and evaluates whether EPU mediates the impacts of
renewable and non-renewable energy consumption, as well
as economic complexity, on environmental quality, using the
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EKC framework and treating EPU as a moderating factor. It
is also important to note that testing for the indirect effects
of EPU on environmental quality via these factors is criti-
cal because—(a) on the one hand, EPU influences energy
generation, causes energy prices to fluctuate, and leads to
higher energy consumption, which significantly worsens
environmental quality; on the other hand, EPU encourages
firms to switch to high-energy-based techniques powered by
relatively cheap fossil fuels, which also significantly wors-
ens environmental quality. (b) Since government policies
are designed to provide a more favourable macroeconomic
environment for energy generation, in the form of direct
investment and subsidies, EPU impacts the levels of renew-
able and non-renewable energy consumption in an economy.
(c) By influencing how knowledge is integrated, EPU has
a substantial impact on the nexus between environmental
quality and economic complexity (which encompasses a
country's diversity of knowledge and how this information
is effectively and productively combined to generate com-
modities and services). (iv) This research employs Brambor
et al. (2006)'s robust technique to visually depict the envi-
ronmental implications of EPU via the channels of energy
intensity, renewable and non-renewable energy consump-
tion, and economic complexity. Using this robust method,
we can estimate the environmental marginal impacts of all
of these factors at various EPU levels, as well as systemati-
cally analyse the EPU threshold values required to reduce
the negative environmental consequences of all of these vari-
ables. Despite the allure of Brambor et al. (2006)'s robust
modelling method, no previous studies have employed it to
study the hypothesised link. (v) Previous studies of the EPU-
CO, emissions relationship in the global context, including
the ones mentioned above, have frequently used the simple
ARDL framework proposed by Pesaran et al. (2001) and
other cointegration approaches that can only investigate the
short- and long-run nexus between the variables under con-
sideration. However, this study adds to the current literature
on a methodological level by utilising an advanced econo-
metric methodology, the novel dynamic ARDL simulations
model created by Jordan and Philips (2018), to overcome
the limits and problems of the simple ARDL approach.
The novel dynamic ARDL simulations model competently
overcomes the limitations and challenges in the result inter-
pretations of the simple ARDL approach by automatically
simulating and plotting to predict graphs of (negative and
positive) changes in the variables, as well as examining the
associated short-run and long-run relationships among the
variables under consideration. As a result, the implementa-
tion of this unique technique in this study produces trustwor-
thy and impartial results. (vi) Previous studies that looked
at the EPU-CO, emissions link while controlling for trade
openness were criticised for employing a one-dimensional
trade proxy that fails to reflect the true environmental impact
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of trade openness. This study adds to the existing litera-
ture on the relationship between EPU and environmental
quality by carefully employing a new and innovative trade
openness proxy developed by Squalli and Wilson (2011)
to account for two dimensions of trade openness: the trade
share in GDP and the size of trade relative to global trade.
As aresult, utilising the Squalli and Wilson measure of trade
openness sets us apart from previous studies that assessed
and proxied trade openness using conventional trade inten-
sity. (vii) Finally, this article employs second-generation
econometric approaches to adequately assess and capture
the consequences of multiple structural breaks, which have
hitherto been disregarded. Because empirical data show
that structural breaks are permanent, and structural breaks
impact a wide range of macroeconomic variables, including
CO, emissions and EPU, failing to account for them might
lead to misleading and inconsistent results. In this direction,
we use Narayan and Popp (2010)'s structural break unit root
test to check for structural breaks in our dataset.

Material and methods

Using the novel dynamic ARDL simulations model, this
work seeks to empirically analyse the moderating influ-
ence of EPU on environmental quality for South Africa for
the period 1960-2020. We begin by doing a unit root test
on the variables to explore their sequence of integration
before using the novel dynamic ARDL simulations model.
The Kwiatkowski—Phillips—Schmidt—Shin (KPSS), Aug-
mented Dickey—Fuller (ADF), Phillips—Perron (PP), and
Dickey—Fuller GLS (DF-GLS) tests are used in this study
to achieve this goal. Because structural breaks are wide-
spread, and failure to control them might lead to biased and
inconsistent findings, the work uses the technique suggested
by Narayan and Popp (2010) to control for them. The novel
dynamic ARDL simulations model is used to explore the
long- and short-run coefficients of the variables. Finally,
the research employs Brambor et al. (2006)'s comprehen-
sive modelling methodology to graphically depict the envi-
ronmental implications of EPU as they manifest themselves
through the channels of energy intensity, renewable and non-
renewable energy consumption, and economic complexity.

Functional form

This research investigates the moderating influence of EPU
on environmental quality in South Africa using the robust
empirical method used in prior works and the usual EKC
hypothesis methodology. According to the EKC theory,
environmental degradation accelerates as economic growth
accelerates, particularly during the early stages of society's
development. This is because society is more concerned with
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achieving higher economic growth than with achieving lower
environmental decay; therefore, a rise in income (economic
growth) leads to an increase in environmental degradation.
This concept explains the positive association between the
scale effect (a proxy for economic growth) and environ-
mental quality intuitively and fundamentally. The industrial
stage of development, on the other hand, results in higher
degrees of environmental deterioration. As society industri-
alises, moving away from agricultural-dominated production
activities, environmental deterioration accelerates; as a result,
people become more environmentally sensitive, leading to
the implementation of stricter environmental regulations to
enhance environmental quality. Thus, people's desire for a
clean environment, as well as the government's enforcement
of increasingly stricter environmental rules, significantly
contributed to the improvement of environmental quality
throughout the advanced industrial stage of societal develop-
ment. Consequently, as income (economic growth) rises, so
does environmental damage. This notion explains intuitively
the negative relationship between the technique effect (square
of economic growth) and environmental quality.

As aresult, we propose the typical EKC hypothesis as fol-
lows, based on Udeagha and Ngepah (2022, 2021c), Udea-
gha and Breitenbach (2021), and Cole and Elliott (2003):

CO2, = F(SE, TE) (1

where CO, denotes the CO, emissions, a proxy for environ-
mental quality; SE is a scale effect that captures economic
growth (income); and TE is a technique effect that captures
the square of economic growth. Log-linearising Eq. (1)
yields the following:

InCO2, = a + @InSE, + InTE, + ¢, 2)

As income grows, the scale effect (economic growth)
adds to increased environmental degradation; however,
the technique effect lessens environmental decay as much
stricter environmental regulations are enacted to improve
environmental quality (Ling et al. 2015; Cole and Elliott
2003; Udeagha and Ngepah 2021a). As a result, the validity
of the EKC hypothesis requires that ¢ > 0 and § < 0. Fol-
lowing literature, trade openness and technological innova-
tion are both controlled for in the model. Thus, we specify
our baseline model, which captures the main effects without
multiplicative interaction terms, as follows:

InCO2, =a + 9InCO2,_, + @InSE, + PInTE, + wInEPU,
+ zInEl, + $InREC, + tInNREC, + ¢InECI, 3)
+ wIlnOPEN, + pInTECH, + U,

where InEPU, denotes the economic policy uncertainty;

InEl, stands for the energy intensity; InOPEN, signifies
the trade openness, InREC, denotes the renewable energy

consumption; InNREC, signifies the non-renewable energy
consumption; InECI, represents the economic complexity
index; InTECH, is the technological innovation; and all
variables are in their natural log. @, f, v, p, z, 6, 7, candw
are the coefficients to be estimated, which capture various
elasticities, while U, is the stochastic error term with stand-
ard properties. The paper uses the first lag of the dependent
variable (InCO2,_,) to capture the dynamic effect of CO,
emissions in the model.

Equation (3) hypothesises the standalone (direct) envi-
ronmental impact of EPU while validating the presence of
EKC hypothesis. In the first step, this paper argues that EPU
can serve as a moderating variable in the nexus between
energy intensity and environmental quality (see Amin and
Dogan 2021; Chu and Le 2022; Adedoyin and Zakari 2020;
Ulucak and Khan 2020). Thus, Eq. (3) is augmented by add-
ing the multiplicative interaction term of EPU and energy
intensity (EI) to capture this impact. We have the following
equation:

InCO2, = a + 9InCO2,_, + @InSE, + InTE, + wInEPU, + nInEl,
+x*In(El, * EPU,) + 8InREC, + tInNREC, + ¢InECI,
+@InOPEN, + pInTECH, + U,

“

Adding the multiplicative interaction term captures the
moderating impact of EPU in the nexus between energy
intensity and environmental quality (see Amin and Dogan
2021; Chu and Le 2022; Adedoyin and Zakari 2020; Ulucak
and Khan 2020). Since EPU influences energy generation,
causes the price of energy to fluctuate, leads to higher energy
consumption, and substantially deteriorates environmental
quality, EPU will serve as a moderating (mediating) factor in
the relationship between energy intensity and environmental
quality when 7z is positive and statistically significant and 7*
is negative and statistically significant. Therefore, the multi-
plicative interaction term in Eq. (4) is expected to be statisti-
cally significant to validate the presence of moderating role
of EPU in the energy intensity—environmental quality nexus
(Amin and Dogan 2021; Chu and Le 2022; Adedoyin and
Zakari 2020; Ulucak and Khan 2020).

Similarly, the moderating impact of EPU in the nexus
between renewable energy consumption (REC) and envi-
ronmental quality can be investigated using the following
equation:

InCO2, = a + 9InCO2,_, + @InSE, + fInTE, + wInEPU, + nInEl,
+8InREC, + 6*In(REC,  EPU,) + tInNREC, + ¢InECI,
+@InOPEN, + pInTECH, + U,

&)

Likewise, in the relationship between non-renewable

energy consumption (NREC) and environmental quality,

the moderating impact of EPU can be assessed using the
following equation:
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InCO2, = a + 9InCO2,_, + @InSE, + PInTE, + wInEPU, + nInEI,
+6InREC, + tInNREC, + t*In(NREC, * EPU,) + ¢InECI,
+wInOPEN, + pInTECH, + U,

(6)

Following the same fashion, this study investigates the
moderating impact of EPU on environmental quality through
the channel of economic complexity (ECI). To capture this
effect, we further augment our baseline model by adding the
multiplicative interaction term of EPU and ECI as follows:

InCO2, = a + 9InCO2,_, + @InSE, + PInTE, + wInEPU, + nInEl,
+8InREC, + tInNREC, + ¢InECI, + ¢*In(ECI, * EPU,)
+wInOPEN, + pInTECH, + U,

(N

Lastly, the paper follows the robust modelling technology

suggested by Brambor et al. (2006) to graphically illustrate

and estimate the marginal impacts of energy intensity, renew-

able energy consumption, non-renewable energy consump-
tion, and economic complexity for various levels of EPU.

Measuring trade openness

To successfully overcome the inadequacies of trade intensity
(TT) utilised in earlier research, this study employs the com-
posite trade intensity (CTI) suggested by Squalli and Wilson
(2011). The CTI effectively accounts for two characteris-
tics of trade openness: the percentage of trade in GDP and
the quantity of trade in relation to global trade. As a result,
adopting the Squalli and Wilson measure of trade openness
separates our study from previous studies that used the tradi-
tional TI to measure and proxy trade openness. Furthermore,
by employing this comprehensive method of capturing trade
openness, the constraints of the traditional TI are effectively
addressed. In essence, the new CTI comprises more essential
aspects about a country's trade contribution share in respect
to the global economy (Squalli and Wilson 2011). Further-
more, because it accounts for two aspects of a country's rela-
tionships with the rest of the globe, this novel proxy for trade
openness reflects trade result reality. As suggested by Squalli
and Wilson (2011), we show the CTT as follows:

X+M), X+ M),

i X+ M), i

1
n
where i denotes South Africa; j reflects her trading part-
ners; X represents the exports; and M denotes the imports.

In Eq. (8), while the first segment captures world trade share,
the second portion accounts for South Africa’s trade share.

Variables and data sources

We use annual time series data spanning the years 1960 to
2020 in our analysis. The dependent variable in this study,
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CO2 emissions (kg per 2015 US$ of GDP), is employed as a
proxy for environmental quality. World Bank World Devel-
opment Indicators provided data on CO2 emissions (kg per
2015 USS$ of GDP) from 1960 to 2020. Another dependent
variable, the ecological footprint (EFP) in million gha, is
utilised to check for robustness. The Global Footprint Net-
work provided data for EFP from 1960 to 2020. To confirm
the validity of the EKC hypothesis, we use the scale effect
to represent economic growth and the technique effect to
express the square of economic growth. The World Bank
World Development Indicators are used to gather relevant
data for the scale and technique effects from 1960 to 2020.
The world uncertainty index (WUI)* is a proxy for economic
policy uncertainty (EPU), and it counts the frequency of
articles in EIU? reports that use the word "uncertainty." WUI
data are available from https://fred.stlouisfed.org/series/
WUIZATF for the period 1960 to 2020. Energy intensity
(EI) is measured in kilograms of oil equivalent; renewable
energy consumption (REC) is measured in British thermal
unit (BTU) and includes hydroelectric power, geothermal,
solar, wind, and biomass; non-renewable energy consump-
tion (NREC) is measured in BTU and contains petroleum,
natural gas, and coal; and economic complexity index (ECI)
is a measure of a country's export diversity and ubiquity.
World Bank World Development Indicators provide data on
EI, REC, and NREC from 1960 through 2020. The Observa-
tory Economic Complexity (OEC 2020) provides ECI data
from 1960 to 2020, and data are available at Data Avail-
ability | OEC—The Observatory of Economic Complexity.
Following empirical studies, control variables include trade
openness (OPEN), which is calculated using a composite
trade intensity as shown above, and technological innovation
(TECH), which is measured by gross domestic spending on
Research and Development (R&D). The World Bank World
Development Indicators are used to gather data for OPEN
from 1960 through 2020. Due to a lack of data for TECH,
this analysis only covers the years 1997 to 2020, with data
from the World Bank World Development Indicators. The
definitions of variables and the data sources are summarised
in Table 2.

4 Rather than using Baker et al. (2016)'s economic policy uncertainty
index (EPU), which is only available for a few countries (exclud-
ing South Africa), this analysis employs Ahir et al. (2018)'s world
uncertainty index (WUI) as an approximation for EPU. WUI is cal-
culated for 143 countries, including South Africa, based on: (i) count-
ing the number of times the word uncertainty (or its variant) appears
in Economist Intelligence Unit country reports; (ii) normalising the
number by rescaling with the total number of words and multiplying
by 1000; and (ii) a high WUI value indicates a higher level of uncer-
tainty and vice versa.

5 Economist Intelligence Unit.
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Table 2 Definition of variables and data sources
Variable  Description Expected sign Source
CO, CO, emissions (kg per 2010 US$ of GDP) N/A WDI
EFP Ecological Footprint in million gha N/A Global Footprint Network
EI Energy intensity, kilograms of oil equivalent Positive WDI
EPU World uncertainty index that deals with the frequency of articles, which Positive or negative  https://fred.stlouisfed.org/series/
contain “uncertainty” — as shown in EIU reports WUIZAF, accessed on 22
February 2022
TECH Technological innovation is measured by gross domestic spending on R&D Negative or positive = WDI
(% GDP)
OPEN Trade openness is computed as composite trade intensity introduced by Positive or negative ~ WDI, Authors
Squalli and Wilson (2011) capturing trade effect
SE Real GDP per capita capturing scale effect Positive WDI
TE Real GDP per capita squared capturing technique effect Negative WDI, Authors
REC Renewable energy consumption, which includes hydroelectric power, Positive or negative =~ WDI
geothermal, solar, wind, and biomass is measured in British thermal unit
(BTU)
NREC Non-renewable energy consumption comprising petroleum, natural gas, Positive or negative =~ WDI
and coal is measured in BTU
ECI Economic complexity index is measured by a country’s diversity of exports Positive or negative ~ OEC 2020

and its ubiquity

N/A: Not available; WDI: World Development Indicators; EIU: Economist Intelligence Unit

Narayan and Popp’s structural break unit root test

We begin by doing a unit root test on the variables to
explore their order of integration before using the novel
dynamic ARDL simulations model. The Kwiatkowski—Phil-
lips—Schmidt—Shin (KPSS), Augmented Dickey—Fuller
(ADF), Phillips—Perron (PP), and Dickey—Fuller GLS
(DF-GLYS) tests are used in this study to achieve this goal.
Because structural breaks are widespread, and failure to con-
trol them might lead to biased and inconsistent findings, the
work uses the technique suggested by Narayan and Popp
(2010) to control for them.

ARDL bounds testing approach

We employ the bounds test framework to investigate the
moderating role of EPU on environmental quality. For illus-
tration, Eq. (3), our baseline model without multiplicative
interaction terms is used here. In subsequent illustrations,
we will focus more on the models with the multiplicative
interaction terms. Following Pesaran et al. (2001), we pre-
sent the ARDL bounds testing approach as follows:

AInCO2, =y, +60,InCO2,_; + 6,InSE,_; + 6;InTE,_; + 6,InEPU, _;
+05InEl,_+0¢InREC,_, + 0,InNREC,_, + 04InECI,_, + 0,]nOPEN,_, + 0,)InTECH,_,
+ X7 ruAInCO2,_; + 21‘2:0 YuDInSE,_; + X1 vy AInTE,; 31 v, AInEPU,_;

+ Z?:n v AEl_; + Z?:O Y6 AREC,_; + E?:O y7iAINNREC,_; + E?:O vsi AINECI,_;

+ Z?:n Y9;AINOPEN,_; + 2?:0 710/ AINTECH,_; + ¢,

®

where A represents the first difference of InEPU, InREC,
InECL InOPEN, InNREC, InEL InTECH, InTE, InSE, InCO,
and ¢, signifies the white noise. Meanwhile, t-i is the ideal
lags determined by Schwarz's Bayesian Information Crite-
rion (SBIC), and € and y are the long- and short-run coeffi-
cients to be calculated, respectively. The ARDL model for the
long and short runs will be approximated if the variables are
cointegrated. The null hypothesis for long-run nexus is as fol-
lows:w, : 0, =0,=0,=0,=0,=0,=0, =0, =0, = 0,,=0) against the
alternative hypothesis (i, : o, # 6, # 6, £ 0, 0, # 0, # 0, # 6, £ 0, # 0,0 £0)

Meanwhile, whether the null hypothesis may be
accepted or rejected is determined by the value of the
derived F-statistic. When the estimated F-statistic value
exceeds the upper bound, the null hypothesis is rejected,
and we infer that the variables are cointegrated. When the
estimated F-statistic falls below the lower bound, on the
other hand, we accept the null hypothesis and conclude
that the variables are not cointegrated. Furthermore, when
the calculated F-statistic value falls between the lower and
upper bounds, the ARDL bounds test is inconclusive. The
long-run ARDL model is stated as follows:

InCO2, = fy + Y| @,InCO2,_; + X! 0, InSE,_; + Y1 3InTE, ; + ¥ 0,InEPU,_;
+ X8 wsInEl,_; + Y1 wgInREC,_; + Y1 0,InNREC,_; + Y1 w4 InECI,_;

+ X7 @oInOPEN,_; + ¥ @,)InTECH,_; + ¢,

(10)

The long-run variance of the variables in Eq. (10) is
denoted by w. The correct lags are selected using the SBIC.
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The error correction model for short run is presented as
follows:

q q q

AInCO2, = fy+ Y, 7 AInCO2,_; + 3 1, AInSE,_; + ¥, 7 AINTE,
i=1 i=0 i=0

q q q

+ 2 T AIEPU,_ + Y msAInEl_; + Y 7gAInREC,_;

i=0 i=0 i=0

. g 1)

7, InANREC,_; + Y, mgAInECI,_; + ¥, 7y AINOPEN .,
i=0 i=0

+

Mo 1M

+ ) moAIMTECH,_; + QECT,_; + ¢

t

Il
o

The short-run variability of the variables is captured by =
in Eq. (11), whereas ECT denotes the error correction term
that captures the adjustment speed of disequilibrium. We
further use a good number of diagnostic tests to check for
the stability of the model. Serial correlations are checked in
the model using the Breusch—Godfrey LM test; the presence
of heteroscedasticity in the model is tested using the ARCH
and Breusch—Pagan—Godfrey tests; correct model specifica-
tion is checked using the Ramsey RESET test; and normality
is checked using the Jarque—Bera Test. Finally, structural
stability is checked using the cumulative sum of squares
of recursive residuals (CUSUMSQ) and cumulative sum of
recursive residuals (CUSUM).

Dynamic autoregressive distributed lag (Dynamic
ARDL) simulations

On the one hand, the traditional ARDL framework devel-
oped by Pesaran et al. (2001), which yields long- and
short-run estimations, has often been employed in pre-
vious research that studied the link between EPU and
environmental quality. The ARDL approach is commonly
utilised in energy, economic, and environmental inves-
tigations because of its statistical benefits. In the case
of small sampling, the ARDL framework is very suit-
able, robust, and appropriate (Pesaran et al. 2001). The
autocorrelation problem is not an issue with the ARDL
approach, and the endogeneity problem is solved by
choosing the right lag length (Langnel and Babington
2020). Also, the ARDL approach may be used whether
the variables under examination are stationary at level
I(0) or at the first difference I(1). This approach also
yields the long- and short-run cointegration parameters
of an error correction model in a single equation. On the
other hand, in energy and environmental economics, the
novel dynamic ARDL simulations model for time series
data has gained popularity. This is because it overcomes
the challenges in interpreting estimations obtained by the
usual ARDL technique for examining long- and short-run
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coefficients of study variables (Jordan and Philips 2018).
Dynamic simulation approaches are gaining popularity
as a convenient way to obtain practical conclusions from
time-series models, whose coefficients may have nonin-
tuitive or "hidden" meanings (Jordan and Philips 2018).
The novel dynamic ARDL simulations model can esti-
mate, simulate, and automatically plot the actual positive
and negative shocks in regressors and dependent vari-
able while controlling for other variables. It is necessary
to guarantee that the dependant variable is stationary
at the first difference when using the dynamic ARDL
simulations model. Second, in the model, the order of
integration for regressors cannot be greater than I(1).
Even if the analysis does not have to make the poten-
tially tough I (0)/I (1) decision, all regressors must be
checked for explosiveness or seasonal unit roots (Jordan
and Philips 2018). Thus, the use of this novel methodol-
ogy in this work leads to reliable and unbiased results.
The dynamic ARDL error correction algorithm uses 1000
simulations in this paper because of multivariate nor-
mal distribution for the parameter vector. In addition,
this work employs the graphs to investigate the actual
changes of the independent variables and their effects
on the dependent variable. Meanwhile, a large number
of empirical studies have employed this robust technique
to study the short- and long-run correlations between the
variables under consideration. For example, Pata and Isik
(2021) utilised this approach to investigate the impacts of
human capital, natural resource rent, per capita income,
and energy intensity on the load capacity factor for China
from 1981 to 2017, which focuses on environmental
issues on both the supply and demand sides. Similarly,
Li et al. (2022) used this technique to explore the link
between income inequality and environmental quality by
adding the effects of human capital and globalisation
in the model. Likewise, the study by Khan and Ulucak
(2021) employed the novel ARDL simulations framework
to examine the role that technological innovation plays
in fostering environmental quality in both the USA and
China. Using Eq. (3), our baseline model and following
Jordan and Philips (2018), we present the novel dynamic
ARDL simulations model as follows:

AInCO2;, = ay + poInCO2,_ + @ AInSE, + p\InSE,_| + @, AInNTE, + p,InTE,_,
+@3AINEPU, + p3InEPU,_ + @ AInEl, + pyInEl,_, + @sAIMREC,
+05InREC,_; + @6 AINNREC, + poInNREC,_ + @7 AIECI, + pyInECL,_,  (12)
+@gAINOPEN, + pgInOPEN,_| + @y AINTECH, + poInTECH,_;
+0ECT,_, + ¢,
To test the moderating role of EPU on environmental qual-

ity through energy intensity (EI) channel, Eq. (4) is rewritten
in the novel dynamic ARDL simulations model as follows:
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AInCO2, = ag + poInCO2,_ + @ AInSE, + p\InSE,_| + @, AInTE, + p,InTE,
+ @3AINEPU, + p;InEPU,_| + @,AInEl, + p,InEl,_,
+ (pfAIn(EI, * EPU,) +p, In(EI,_; * EPUH) + @5 AInREC,
+ psInREC,_| + @sAInNNREC, + pgInNREC,_| + @, AInECI,
+ p,InECI,_ + 93 AInOPEN, + pgInOPEN,_,

+ @oAINTECH, + poInTECH, | + SECT, | +¢,
(13)

Similarly, the moderating impact of EPU in the nexus
between renewable energy consumption (REC) and envi-
ronmental quality can be investigated by rewriting Eq. (5)
in the novel dynamic ARDL simulations model as follows:

AInCO2;, = ay + poInCO2,_ + @ AInSE, + p\InSE,_| + @, AINTE, + p,InTE,_,
+ @3 AIEPU, + p3InEPU,_| + @ AInEI, + p,InEl,_| + ¢s AINRREC,
+ psInREC,_, + @5*AIn(REC, = EPU,) + ps*In(REC,_, * EPU,_,)
+ @gAInNNREC, + pgInNREC,_| + @o;AInECI, + p;InECI,_,
+ @y AINOPEN, + pgInOPEN,_; + o AINTECH, + pyInTECH,_,

+8ECT,_, +¢,

(14)
Likewise, in the relationship between non-renewable
energy consumption (NREC) and environmental quality,
the moderating impact of EPU can be assessed by rewriting
Eq. (6) in the novel dynamic ARDL simulations model as
follows:
AInCO2, = ay + poInCO2,_ + @ AInSE, + p,InSE,_; + @, AInTE, + p,InTE,_;
+ @3AINEPU, + p3InEPU,_| + @, AInEl, + pyInEl,_ + ¢sAInREC,
+ psInREC,_ + @4 AINNREC, + pgInNREC,_, + ¢¢*AIn(NREC, * EPU,)
+ pg" In(NREC,_, % EPU,_,) + ¢;AInECI, + p;InECI,_, + o3 AInOPEN,

+ pgInOPEN,_| + oy AINTECH, + poInTECH,_| + 6ECT,_, + ¢,

s5)

Lastly, the moderating impact of EPU on environmental
quality through economic complexity (ECI) channel is tested
by rewriting Eq. (7) in the novel dynamic ARDL simulations
model as follows:

AInCO2, = ay + pyInCO2,_| + @ AInSE, + p,InSE,_, + @, AInTE, + p,InTE,_,

+@3AINEPU, + p3InEPU,_| + @, AInEl, + pyInEl,_; + ¢sAInREC,
+psInREC,_; + g AInNREC, + pgInNREC,_; + @, AInECI, + p,InECI,_; (16)

+@,*AIn(ECI, = EPU,) + p;*In(ECI,_, * EPU,_,) + o3 AInOPEN,

+p3InOPEN,_, + oy AInTECH, + pyInTECH,_, + 6ECT,_, +¢,

The estimable equations used in our analysis are
Egs. (12), (13), (14), (15), and (16). For robustness check,
these estimable equations are re-run using ecological foot-
print (EFP) as the dependent variable.

Empirical results and their discussion
Summary statistics

Before presenting and discussing the results, we begin by
analysing the summary statistics of the variables employed.
Table 3 shows a summary of descriptive statistics, with the
average values of CO, emissions being the least and tech-
nique effect (TE) being the largest in proportion to other
variables, respectively, 0.361 and 60.316. Technological
innovation (TECH) has the second highest mean value of
9.360, according to the findings. While the Jarque—Bera test
statistics are used to ensure that our variables are normal,
Table 3 uses kurtosis to indicate how significantly the tails
of distributions depart from those of normal distributions.
Technological innovation (TECH), energy intensity (EI),
trade openness (OPEN), economic complexity index (ECI),
economic policy uncertainty (EPU), and renewable energy
usage all exhibit a negative trend. The biggest variance is
linked with TE, indicating that this variable is the most
volatile when compared to others. CO, emissions, on the
other hand, have a low variance, signifying that this variable
is largely steady. Furthermore, our data series are normally
distributed, according to Jarque—Bera statistics.

Order of integration of the respective variables

After we have gone through the summary statistics, we
look at the stationarity properties of all the variables in
the research. In order to do this, this research employs four
stationarity tests: KPSS, ADF, PP, and DF-GLS, the results
of which are shown in Table 4. Using KPSS, empirical evi-
dence shows that the dependent variable (InCO,) is station-
ary at both /(7) and 1(0). However, when other three tests
are used, namely ADF, PP, and DF-GLS, we found that
InCO, is only stationary at /(7). Similarly, InEFP, InSE,
InTE, InEPU, InREC, InNREC, InECI, INTECH, InEI and
InOPEN are stationary at both (/) and I(0) or either of
them when different tests are used. Table 4 shows that any
variable that is non-stationary at the level becomes station-
ary at I(1) after first differencing. This empirical evidence
shows that all of the variables under examination are /(1)
or /(0), and none is I(2). However, traditional stationarity
tests do not account for structural breaks in the data. As a
result, the Narayan and Popp's unit root test, a rigorous test-
ing approach that takes into account two structural breaks
in the variables, is used to successfully remedy this weak-
ness, and the findings are likewise shown in the right-hand
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Table 3 Descriptive statistics

Variables Mean Median Maximum Minimum Std. Dev Skewness Kurtosis J-B Stat Probability
CO, 0.361 0.338 0.477 0.084 0.120 0.217 1.652 4.682 0.196
EFP 0.814 0.768 3.781 1.503 0.105 0.236 1.105 3.715 0.138
SE 7.706 7.159 8.984 6.073 0.843 -0.511 2.156 4.102 0.129
TE 63.316 62.754 80.717 36.880 12.663 -0.387 2.082 3.422 0.181
EPU 3.103 2.052 5.736 2.810 0.217 -0.213 1.580 3.701 0.194
REC 4.757 3.701 6.179 1.762 1.117 -0.141 1.503 4.221 0.278
NREC 3.839 3.604 5917 1.868 0.538 -0.121 2.192 3.117 0.121
ECI 4.291 4.030 5.114 2.031 0.184 -0.151 1.473 2.462 0.189
TECH 9.360 9.255 10.545 8.210 0.766 0.082 1.634 4.499 0.105
EI 4.220 4.422 4.840 3.177 0.527 -0.558 1.921 5.621 0.160
OPEN 6.060 6.512 7.665 2.745 1.329 0.636 2.077 5.757 0.156

Source: Authors’ calculations

panel of Table 4. The null hypothesis of unit root is rejected,
implying that the variables are integrated of order one and
indicating that the dynamic ARDL bounds testing technique
should be used.

Lag length selection results

The results of several tests for determining adequate lags
are presented in Table 5. The SIC, AIC, and HQ approaches
have been frequently utilised in empirical research to select
acceptable lags. This paper uses the SIC approach for lag
selection because of its superior performance. This approach
considers lag one to be the most suited for our investigation
since SIC produces the lowest result when compared to other
techniques.

Cointegration test results

Table 6 shows the cointegration test results using the sur-
face-response regression proposed by Kripfganz and Schnei-
der (2018), where the null hypothesis of no cointegration is
rejected because the F- and t-statistics are higher than the
upper bound critical values at various significance levels. As
a result, this means that the variables studied in this paper
are cointegrated. Again, the conventional cointegration test
used above does not account for structural breaks in the data.
As a result, we move on to a cointegration test to see if
these variables have a long-run connection in the presence
of endogenous structural breaks now that we have confirmed
the presence of structural breaks in the variables. The Greg-
ory—Hansen test of cointegration with regime shifts is also
used in this work, and the findings are provided in Table 10
(see Appendix). The results reveal that at the break point, the
variables under investigation are cointegrated. Our findings
are compatible with the previously observed cointegrating
connection, assuming no structural breaks.

@ Springer

Diagnostic statistics tests

The findings of several diagnostic statistic tests used in our
paper to assess model consistency and reliability are shown
in Table 7. Our model is well fitted, as seen by the results
of these tests, since it passes all of the diagnostic tests. The
Breusch—Godfrey LM test reveals that serial correlation
and autocorrelation have no effect on the chosen model. As
assessed by ARCH and the Breusch—Pagan—Godfrey test, the
diagnostic statistic test also confirms that the model has no
heteroscedasticity. Furthermore, the chosen model is devoid
of model misspecification. Finally, the Jarque—Bera test con-
firms that the residuals are normally distributed.

Dynamic ARDL simulations model results

This section is separated into three subheadings to allow for
straightforward exposition of the findings. The first subsection
examines the baseline outcomes of EPU's direct impacts on
environmental quality and other environmental factors in South
Africa. The second subsection focuses only on the outcomes
of EPU's moderating role (indirect effects) on environmental
quality via the channels of energy intensity, economic com-
plexity, and renewable and non-renewable energy consump-
tion. The robustness check is dealt with in the last subheading.

Direct effect of EPU on CO, emissions (Baseline results)

The baseline findings of the direct influence of EPU on CO,
emissions as well as the environmental consequences of other
variables as shown in Eq. (12) using the dynamic ARDL
simulations model are presented in Column (1) of Table 8.
Our findings show that the calculated coefficients for long-
and short-term economic growth (income) (expressed by
scale effect, InSE) are both positive and statistically signifi-
cant, implying that economic growth in South Africa leads
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Table 4 Unit root analysis
Variable Dickey—Fuller GLS  Phillips-Perron Augmented = Kwiatkowski—Phil- Narayan and Popp (2010) Unit Root Test

Dickey— lips—Schmidt—Shin

Fuller

(DF-GLS) (PP) (ADF) (KPSS) Model 1 Model 2

Level Test—Statistics value Break-Year ADF-stat Break-Year ADF-stat
InCO, -0.570 -0.464 -1.152 0.966%** 1998:2000 -3.132 2001:2007  -8.160%:*
InEFP -0.206%* -0.152% -1.136 0.305°%#* 1980:2004 -1.526 2006:2015  -7.263%%**
InSE -0.116%* -0.079 -1.308 0.833%# 1971:2006 -2.914 2001:2018  -7.601%:*
InTE -0.112% -0.076 -1.268 0.848*#* 2002:2003 -1.939 2006:2016  -6.791%%**
InEPU -0.031%* -0.052 -1.181 0.743%* 1988:2004 -1.835 2008:2018  -8.463%:#*
InREC -0.038%3#: -0.171%* -1.280 0.041%* 1969:2003 -2.551 2005:2020  -7.658%***
InNREC -0.181* -0.144 -0.071 0.591 %% 1978:2001 -2.627 2010:2012  -8.163%:#*
InECI -0.048%* -0.071 -1.188 0.538*#* 2001:2005 -1.821 2007:2017  -7.620%:*
InTECH -0.254 %3 -0.284 %33 -2.999 0.255%#* 2003:2008 -4.318**  2008:2019 -7.821%*:#*
InEI -0.011 -0.014 -0.366 1.300%#* 1999:2003 -4.372**%  2001:2015 -8.521%#:#*
InOPEN -0.072 -0.082 -1.335 1.080%* 1977:2001 -3.053 2003:2009  -7.318%*%**
First difference Critical value (1%, 5%, and 10%)
A InCO, -0.995 % -0.996% S7.176%%% 0.705%** 1961:2005 -4.801**  2005:2017 -5.832%**
A InEFP -0.726% %% -0.502%%% -5.803 %% 0.592%#* 1974:2003 -5.815**  2001:2008 -8.614%**
A InSE -0.695% -0.707%%% -5.319%#% 0.502%#* 1998:2005 -5.831%*%* 1999:2006 -6.831%***
A InTE -0.694 %% -0.707%%% -5.316%%%* 0.589%#* 1966:2001 -8.531%*#* 2001:2010 -5.893%*:#*
A InEPU -0.519%%% -0.253 %% -6.181 %% 0.463%** 2001:2005 -8.018*** 2002:2016 -7.969%*#*
A InREC -0.756% %% -0.684 % -5.778% %% 0.541%** 1985:2009  -5.802*#* 2003:2020 -7.463%**
A InNREC -0.494 %% -0.328 %% <7371k 0.694 % 2001:2004 -6.451%*% 2004:2012 -.8.279%**
A InECI -0.898 % -0.613 %% -5.803 %% 0.549%** 1999:2000 -5.857*#*% 2001:2016 -5.854%*#*
A InTECH -1.023 %% -1.034 %% <7473k 0.424%%* 1968:2003 -4.841%*  2006:2020 -5.983%*:#*
A InEI -1.105%%% -1.127 %% -8.142%5%% 0.586%** 1998:2006 -5.921%%*% 2004:2013 -7.942%%%*
A InOPEN -0.935%#:* -0.938%##:# -6.699% 0.626%** 2001:2004 -6.842%*  2001:2007 -8.9427%:#:

Source: Authors’ calculations

Note: *, ** and *** denote statistical significance at 10%, 5% and 1% levels, respectively. MacKinnon’s (1996) one-sided p-values. Lag Length
based on SIC and AIC. Probability based on Kwiatkowski—Phillips—Schmidt—Shin (1992). The critical values for Narayan—Popp unit root test
with two breaks are followed by Narayan and Popp (2010). All the variables are trended

Table 5 Lag length criteria

Lag LogL LR FPE AIC e HQ

0 176.478 NA 3.2¢-13 -5.586 -5.364 -6.464

1 604.073 757.71 1.5e-15 -20.121 -18.061% -20.383%*
2 665.063 169 1.4e-18 -20.350 -16.475 -19.850
3 714.789 121.71 1.2e-17* -20.784 -15.994 -18.536
4 781.146 123.53* 1.3e-15 -21.339% -13.751 -18.404

Source: Authors’ calculations

Note: * indicates lag order selected by the criterion

to rising CO, emissions. In the long and short term, however,
the predicted coefficients on the square of economic growth
(income) (denoted by technique effect, INTE) are negative
and statistically significant, showing that technique effect
helps to reduce environmental quality in South Africa. As a
result, the presence of the EKC hypothesis in South Africa

is experimentally validated by the positive influence of scale
effect and the negative impact of technique effect. Economic
growth rises in tandem with CO, emissions, but there comes
a point where more economic expansion leads to a reduction
in environmental quality. The inverted U-shaped connection
between income and pollution exists in South Africa for a
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Table 6 ARDL bounds test

e Value
analysis

14.684

Test statistics
F-statistics

t-statistics -10.032

K H, H,
9 No level rela-
tionship

Relationship exists

Kripfganz & Schneider (2018) critical values and approximate p-values y

Significance F-statistics
1(0)
10% 2.63
5% 273
1% 3.97

t-statistics p-value F

1(1) 1(0) 1(1) 1(0) 1(1)

3.61 -2.88 -4.51 0.000%** 0.000%**
3.85 -2.35 -4.46 p-value t
4.25 -3.94 -4.58 0.000%#* 0.002%*

*, %% and *** respectively represent statistical significance at 10%, 5% and 1% levels. The respective sig-
nificance levels suggest the rejection of the null hypothesis of no cointegration. The optimal lag length on
each variable is chosen by the Schwarz's Bayesian information criterion (SBIC)

Table 7 Diagnostic statistics

fosts Diagnostic statistics tests X?(P values) Results
Breusch—-Godfrey LM test 0.2383 No problem of serial correlations
Breusch—Pagan—Godfrey test 0.2172 No problem of heteroscedasticity
ARCH test 0.5150 No problem of heteroscedasticity
Ramsey RESET test 0.4274 Model is specified correctly
Jarque—Bera Test 0.1369 Estimated residual are normal

Source: Authors’ calculations

variety of reasons, including technological development,
institutional change, and the enforcement of severe environ-
mental rules. In addition, as income grows, environmental
consciousness develops, resulting in stricter environmental
rules requiring the use of energy-efficient technology in order
to reduce environmental deterioration. Our findings are in
line with those of Udeagha and Ngepah (2021b); Aziz et al.
(2021); Bekun et al. (2021); Ahmad et al. (2021); Zeraibi
et al. (2022); Pata (2021a); Geng et al. (2022); Bibi and
Jamil (2021). Our findings contradict the results of Pata and
Caglar (2021); Pata and Aydin (2020); Bandyopadhyay and
Rej (2021); Alola and Donve (2021); Halliru et al. (2020);
Udeagha and Ngepah (2019); Altintas and Kassouri (2020);
Koc and Bulus (2020).

The estimated coefficients on economic policy uncer-
tainty (InEPU) in the short and long run are both statisti-
cally significant and positive, implying that a 1% increase in
EPU worsens environmental deterioration by 0.252 percent
and 0.151 percent in the short and long run, respectively,
in South Africa. The country, like every other emerging
economy, is unquestionably more vulnerable to long-term
and severe episodes of uncertainty brought on by political
and economic shocks. Frail confidence, as well as prevail-
ing political instability, have recently been identified as
two important causes for the country's growth estimate for
2018 (International Monetary Fund 2017). Following the
global financial crisis of 2008—the Great Recession—and
the COVID-19 pandemic, which decimated the country, the
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government and policymakers in South Africa have increas-
ingly focused on uncertainty. Millions of South Africans lost
their savings, houses, and jobs as a result of the global finan-
cial crisis of 2008. The crisis wreaked havoc on the country's
economy and created so much uncertainty that no one, even
the government and policymakers, knew what the country's
future contained. As the crisis worsened, so did the negative
impacts on the economy, and the government and officials
paid less attention to environmental protection. As a result,
an increase in EPU degrades the country's environmental
quality. Adedoyin et al. (2021) observed that EPU degrades
environmental quality in Sub-Saharan Africa, which sup-
ports our empirical results. Similarly, Amin and Dogan
(2021) discovered that EPU had a significant impact on
CO, emissions in China. Furthermore, Anser et al. (2021a)
found that EPU had a negative impact on the environment
in the top 10 carbon emitter countries. Atsu and Adams
(2021) found similar results for BRICS countries; Khan
et al. (2022) for East Asian economies; Lei et al. (2022) for
China; Nakhli et al. (2022) for USA; Shabir et al. (2022) for
24 developing and developed countries; Syed et al. (2022)
for BRICST® countries; Ullah et al. (2022) for low and high
globalised OECD economies; Xue et al. (2022) for France;
Yu et al. (2021) for Chinese manufacturing firms; Zakari
et al. (2021) for OECD’ countries; Zhang et al. (2022) for

6 Brazil, Russia, India, China, and South Africa, and Turkey.
7 Organisation for Economic Co-operation and Development.



Environmental Science and Pollution Research (2022) 29:77199-77237 77215
T.able 8_ Dynamic ARDL InCO, (Carbon emissions)
simulations analysis
9] 2 3) C)] )
Cons -1.0656%* -1.0671%#%:* -1.0762 -1.0789%: -1.0601
(-2.52) (-3.14) 0.79) (-2.92) (-1.37)
InSE,_, 0.2058%%:* 0.2157%* 0.2520%%:* 0.2368%** 0.2036%*
(4.19) (2.38) (3.18) (3.59) (2.47)
AInSE, 0.3627%** 0.2628%*** 0.3177%* 0.3517%** 0.2920%*
(2.45) (3.01) (2.48) (2.15) (2.38)
InTE,_, -0.6252%: -0.6003 %3 -0.6088 -0.7120%: -0.6894#*
(-5.38) (-2.39) (-0.71) (-2.38) (-2.11)
AInTE, -0.6266%* -0.6181 -0.6218%%#* -0.5026%* -0.6189%:*
(-2.31) (-1.401 (-3.53) (-2.54) (-2.62)
InEPU,_, 0.1517%* 0.17027%** 0.0891 1.0263%** 1.2817
(2.52) (3.01) (1.58) (3.78) 0.91)
AInEPU, 0.2526%** 0.2018 0.2410%* 1.7910 0.2195%*
(4.65) (1.26) 2.51) (1.25) (2.48)
InEI,_, 0.6120%** 0.6104 0.6028%*:* 0.6137%** 0.5968%**
(3.60) (0.52) (3.83) (3.40) (2.46)
AInEI, 0.1574%** 0.1091 0.1423%* 0.1003%:* 0.1443%*
(2.48) (1.50) (2.42) (2.55) (2.52)
In(EI,_, * EPU,_)) 0.16175
(3.61)
AlIn(El, = EPU,) 0.3174%*
(2.41)
InREC,_, -0.3582%* -0.3106%* 0.3064** -0.2854 %3 -0.3067
(-2.37) (-2.45) (2.48) (-2.50) (-0.51)
AInREC, -0.6149 -0.6066 0.6107 -0.6057%:* -0.6019%:*
(-0.16) (-0.94) (0.85) (-2.60) (-2.44)
In(REC,_, = EPU,_)) 0.4103%*
(2.48)
AIn(REC,  EPU,) 0.2610%*
(2.49)
InNREC,_, 0.4287%%:* 0.4051 0.4101%%:* -0.4006 0.4186%*:*
(3.71) (4.13) (3.02) (-0.42) (4.08)
AInNREC, 0.1727* 0.1705 0.1855%* -0.1744%#* 0.1695%*
(1.99) (0.98) .47) (-2.59) (2.58)
In(NREC,_, * EPU,_,) 0.2078%*
(2.54)
AIn(NREC, « EPU,) 0.1503%*
(2.61)
InECI,_, 0.5816%* 0.5018 0.5275%* 0.5013%*%* 0.5805%*:*
(2.45) (1.30) 2.47) (2.56) 3.61)
AInECI, 0.2578 0.2065%* 0.2508 0.2144%* 0.2501
(0.73) (2.59) (0.60) (2.57) (0.82)
In(ECI,_, * EPU,_)) -0.1952%3%#:*
(-3.61)
AIn(ECI, * EPU,) -0.1018
(-1.53)
InOPEN,_, 0.1053 %3 0.1141 0.1087%** 0.1007 0.1307
(3.17) (1.53) (2.35) (0.88) (0.38)
AInOPEN, 0.2147%** 0.2307%** 0.2208 0.2061%** 0.2101%**
(2.44) (2.51) (0.64) (2.56) (2.35)
InTECH,_, -0.1458%#: -0.1357%* -0.1020%3: -0.1268%%:* -0.1336%*
(-3.19) (-2.37) (-3.17) (-3.55) (-2.45)
AINTECH, -0.3027%* -0.3628%#* -0.2177%* -0.2517%:% -0.3920%*
(-2.46) (-3.05) (-2.45) (-2.18) (-2.37)
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Table 8 (continued) InCO, (Carbon emissions)

()]

@ 3 @ (6))

ECT(-1) -0.8262%%%  -0.8270%%F  -0.8101%%F  -0.8020%%F  -0.8207%*
(-3.70) (-3.44) (-3.83) (-3.61) (-3.08)

R-squared 0.7605 0.7509 0.7627 0.7480 0.7565

Adj R-squared 0.7252 0.7187 0.7271 0.7068 0.7300

N 60 60 60 60 60

P val of F-sta 0.0000%#%  0.0000%*%  0.0000%**  0.0000%%*  0.0000%%*

Simulations 1000 1000 1000 1000 1000

Source: Authors’ calculations

Note: *, ** and *** denote statistical significance at 10%, 5% and 1% levels, respectively

T-values in parentheses

USA and China; Zhao et al. (2022) for China; Adams et al.
(2020) for resource-rich countries; Adedoyin and Zakari
(2020) for UK; Jiang et al. (2019) for USA; Pirgaip and
Dincergok (2020) for G7 countries; and Ulucak and Khan
(2020) for USA. Our findings, however, contradict those of
Ahmed et al. (2021), who reported that EPU lowers CO,
emissions in the USA. Chu and Le (2022) discovered that
EPU helps the environment by cutting CO, emissions among
the G7 nations studied, which supports this empirical result.
Similarly, an empirical study by Ivanovski and Marinucci
(2021) indicated that EPU helps rich and developing nations
reduce pollution between 1990 and 2015. In addition, Liu
and Zhang (2022), who studied the dynamic influence of
EPU on environmental quality in China, found that EPU
reduces CO, emissions. Gu et al. (2021a) came to a similar
result after studying the impact of EPU on CO, emissions in
China using spatial econometric models. In a similar vein,
Xin and Xin (2022) found that EPU enhances environmental
performance in 25 nations from 1976 to 2018. In addition,
according to an empirical study by Zeng and Yue (2022),
EPU enhances environmental quality for BRICS economies
from 1991 to 2019.

The computed short- and long-run coefficients for the
energy intensity variable (InEI) are both positive and sta-
tistically significant. This information implies that South
Africa's growing CO, emissions are mostly due to increased
energy demand. Production and economic development are
both aided by the utilisation of energy. Increased energy
usage raises CO, emissions in South Africa due to the coun-
try's heavy reliance on energy for commodities manufac-
turing. Adebayo et al. (2021) found that energy intensity
degrades environmental quality in South Korea, which
supports our empirical findings. Our empirical evidence is
further supported by Pata (2018a), who found that energy
consumption contributes to escalate environmental degra-
dation in Turkey over the period 1974-2013. Aslan et al.
(2021) found similar results for 17 Mediterranean countries,
Doganlar et al. (2021) for Turkey, Udeagha and Breitenbach
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(2021) for SADC countries, Hongxing et al. (2021) for 81
BRI® economies, Hu et al. (2021) for Guangdong, China,
Udeagha and Ngepah (2021b) for South Africa, and Islam
et al. (2021) for Bangladesh. Our findings, however, con-
tradict those of Baloch et al. (2021), who found that energy
innovation lowers energy intensity and, as a result, CO,
emissions in OECD nations. Energy innovation, according
to Dauda et al. (2019), enhances environmental quality in
G6 countries.

The results show that the predicted coefficient for renew-
able energy consumption (InREC) is statistically significant
and negative only in the long term, implying that an increase
in REC improves environmental quality by lowering CO,
emissions in South Africa. As Udeagha and Ngepah (2021b)
noted out, the development of renewable energy consump-
tion through the use of hydroelectricity, solar, water, wind,
and other sources contributes significantly to reducing
world CO, emissions. Our findings are in line with those
of Ponce and Khan (2021), who found that REC enhances
environmental quality in nine developed European and non-
European nations. Similarly, Khan et al. (2021a) pointed
out that transitioning from high-carbon-emitting fuels
to renewable energy sources like solar, water, and hydro-
power improves environmental quality while also helping
to accomplish the Sustainable Development Goals in the
USA. In addition, Baye et al. (2021), who investigated the
impact of REC in promoting environmental quality, discov-
ered that REC increases environmental sustainability in 32
countries in Sub-Saharan Africa. Likewise, Pata (2021b),
who performed the Fourier cointegration and causality tests
to examine the environmental effect of REC, found that REC
promotes environmental sustainability in BRIC countries.
Our findings are also supported by the conclusions reached
by Zhan et al. (2021) for Pakistan; Khattak et al. (2020)
for BRICS economies; Citak et al. (2021) for the USA;

8 Belt and Road Initiative.
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Khan et al. (2020) for G7 countries; Ike et al. (2020) for G7
countries; Acheampong et al. (2019) for 46 Sub-Saharan
African countries; Alola et al. (2019) for European largest
states; Ngepah and Udeagha (2018) for African countries;
and Cheng et al. (2019) for BRICS countries. The findings,
on the other hand, contradict Boluk and Mert (2014), who
found that REC degrades environmental quality in 16 EU
nations. Pata (2018c) observed that REC leads to the dete-
rioration of environmental quality in Turkey, with similar
findings. Also, Pata and Caglar (2021) found evidence that
REC has no effect on carbon emissions in China.

Both the short- and long-run estimated coefficients on
non-renewable energy consumption (InNREC) are statisti-
cally significant and positive, implying that non-renewable
energy sources such as oil, petroleum, natural gas, and coal
have negative environmental repercussions in South Africa.
Our empirical research mirrors the current energy scenario
in South Africa, where coal energy dominates and accounts
for the majority of the country's non-renewable energy.
Meanwhile, South Africa is the world's seventh-largest
emitter of greenhouse gases due to its reliance on coal for
energy (Kanat et al. 2022). The country's coal-fuelled econ-
omy is unavoidable, as coal energy consumption is essen-
tial for boosting output and facilitating economic progress.
Because of the continued reliance on coal for energy supply,
a 1 percent increase in NREC results in 0.428 and 0.172
percent increases in CO, emissions in the long and short
term, respectively. Given this empirical evidence, it is criti-
cal that a policy mix be rigorously implemented in order to
effectively manage coal's pollution-increasing role, thereby
moderating the country's rising levels of coal-induced envi-
ronmental deterioration. As a result, diversifying the energy
portfolio to include hydroelectricity, solar, water, wind, bio-
mass, and other sources will make a significant contribution
to improving the country's environmental quality. Nacem
et al. (2021) observed that NREC degrades environmental
quality in Pakistan, which supports our findings. Ibrahim
and Ajide (2021a) for BRICS economies; Ahmad et al.
(2021) for 31 Chinese provinces; Alola and Donve (2021)
for Turkey; Magazzino et al. (2020) for South Africa; Joshua
et al. (2020) for South Africa; Adedoyin et al. (2020) for
BRICS economics; and Citak et al. (2021) for the USA all
came to similar conclusions. Our findings, however, contra-
dict Cheng et al. (2021), who found no causal link between
NREC and CO, emissions in China.

Economic complexity index (InECI) long-run estimated
coefficient is determined to be statistically significant and
positive. Its short-run estimated coefficient, on the other
hand, is not statistically significant. In the long term, a 1
percent increase in ECI results in a 0.581 percent increase
in CO, emissions, according to the long-run positive coef-
ficient. Our findings suggest that increased economic sophis-
tication and growing levels of product complexity have a

significant impact on South Africa's environmental qual-
ity. Our empirical evidence is backed up by Shahzad et al.
(2021), who found that increased ECI adds considerably to
environmental deterioration in the USA. ECI, according to
Yilanci and Pata (2020), degrades environmental quality
in China. Our findings are also in line with those of Wang
et al. (2021) and Neagu (2019), who observed that when ECI
rises, environmental degradation rises in complex nations.
Our findings, however, contradict those of Can and Gozgor
(2017), who indicated that increasing ECI improves envi-
ronmental quality in France. Dogan et al. (2020) observed
that ECI contributes to decreased CO, emissions in OECD
nations, with similar findings. Rafique et al. (2021) show
that ECI is an important policy instrument for reducing envi-
ronmental degradation in both E7 and G7 countries. Romero
and Gramkow (2021) for 67 nations, Boleti et al. (2021) for
88 developed and developing countries, and Chu (2021) for
118 countries all confirm this finding.

The predicted long- and short-run coefficients for trade
openness (InOPEN) are both positive and statistically sig-
nificant, meaning that a 1 percent increase in trade open-
ness results in 0.105 and 0.214 percent increases in CO,
emissions in the long and short run, respectively. Udeagha
and Ngepah (2022, 2021c) agreed with our findings, stat-
ing that trade openness has a significant negative impact on
environmental quality in South Africa. The pollution-raising
role of trade openness naturally raises worries about South
Africa's government and policymakers' escalating trade lib-
eralisation initiatives. Despite the fact that trade openness
helps the country's economic progress, its environmental
effects have been disregarded. Meanwhile, the structure of
South Africa's global export basket is the primary reason
why trade openness is harmful to the country's ecology. This
is because the types of exportable items that make up this
basket necessitate extensive energy usage, which exacerbates
the country's environmental degradation. For example, in
the export and production of mineral resources such as dia-
monds, gold, iron, rare earth elements, natural gas, coal, and
other natural resource-intensive energy goods, South Africa
enjoys a comparative advantage. The country's environmen-
tal quality has greatly worsened as a result of the continual
harvest of these items to suit the expanding demand in the
worldwide market (Ngepah and Udeagha 2019, 2018). Fur-
thermore, our findings for South Africa, that trade openness
degrades the country's environmental quality in the short
and long run, could be linked to the theoretical work of
Lopez (1994), which emphasises that energy-based activi-
ties arising from the continuous harvest of these mineral
resources-based energy products require a large amount of
energy, posing a significant barrier to environmental quality.
Ibrahim and Ajide (2021b) for G7 nations; ZA. Khan et al.
(2021b) for Pakistan; and Udeagha and Breitenbach (2021)
for the SADC region back up our findings. However, our
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findings contradict those of Ding et al. (2021), who claim
that trade openness helps G7 economies improve environ-
mental quality. Ibrahim and Ajide (2021c), who discovered
that trade openness enhances environmental quality for G20
nations, came to similar conclusions. Similarly, Ibrahim and
Ajide (2022), who looked at the impact of trade openness in
promoting environmental quality in 48 Sub-Saharan African
economies, discovered that trade openness is beneficial to
the environment. Also, Pata (2018b), who investigated the
environmental effect of trade openness by separating trade
openness into import and export, found that export contrib-
utes to improve environmental quality while import leads to
environmental damage.

The long- and short-run estimated coefficients for tech-
nological innovation (INTECH) are both negative and sta-
tistically significant, implying that a 1 percent increase in
technological innovation and development reduces CO,
emissions by 0.145 percent and 0.302 percent, respectively,
in the long and short run. South Africa recently enacted a
number of legislative initiatives aimed at promoting tech-
nological innovation in order to improve the country's
environmental quality. Environmentally friendly technical
advancements in South Africa encourage efficient energy
usage, make renewable energy sources more accessible at
lower costs, and enhance environmental quality. Innovations
in technology help to reduce CO, emissions in South Africa
by increasing energy efficiency through multiple channels
such as altering fuel mix, adopting energy-efficient indus-
trial practises, and utilising end-of-pipe technology. More
crucially, South Africa's high R&D spending and techno-
logical change are the primary reasons why technical break-
throughs improve the country's environmental quality. The
country has undertaken many programmes to strengthen
the government's active engagement in R&D, allowing it
to progressively transition its industrial operations from
high-energy-intensive coal-based techniques to high-energy-
efficient techniques spurred by technological breakthroughs.
All of these governmental initiatives that encourage techno-
logical innovation have substantially aided in the reduction
of carbon emissions in South Africa. Erdogan (2021) for
the BRICS nations and Guo et al. (2021) for China discov-
ered that technological advancements generate an enabling
environment that decreases energy usage, increases energy
efficiency, and finally leads to carbon emissions mitigation.
These findings are further supported by Anser et al. (2021b)
for EU countries; Yang et al. (2021) for BRICS economies;
Shan et al. (2021) for Turkey; Baloch et al. (2021) for OECD
countries; Ahmad and Raza (2020) for America; An et al.
(2021) for Belt and Road host countries; Khan et al. (2020)
for G7 countries; Destek and Manga (2021) for big emerging
market; and Udeagha and Ngepah (2020) for South Africa.
However, our findings contrast those of Dauda et al. (2021),
who concluded that technological progress in Sub-Saharan
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African nations degrades environmental quality. Usman and
Hammar (2021) found similar results for Asian countries;
Faisal et al. (2020) found similar results for big emerg-
ing markets; Arshad et al. (2020) found similar results for
Asian countries; Dauda et al. (2019) found similar results for
BRICS economies; Villanthenkodath and Mahalik (2022)
found similar results for India.

The speed of adjustment is denoted by the error correc-
tion term (ECT). Table 8 demonstrates that the predicted
coefficient on ECT(-1) is negative and statistically signifi-
cant, indicating that the variables studied are linked in the
long term. For example, an estimated coefficient of -0.826 in
column (1) of Table 8 indicates that 82 percent of the dise-
quilibrium is rectified in the long. The R-squared result indi-
cates that the explanatory factors used in this study account
for 72 percent of the variation in environmental quality. Our
model has a strong fit, as evidenced by the estimated p value
of F-statistics.

The dynamic ARDL simulations automatically illustrate
the predictions of actual regressor change and its impact
on the dependent variable while keeping the other explana-
tory variables constant. To graphically capture their rela-
tionships, the effects of economic growth (proxied by scale
effect), the square of economic growth (denoted by tech-
nique effect), economic policy uncertainty, energy inten-
sity, renewable energy consumption, economic complexity
index, non-renewable energy consumption, trade openness,
and technological innovation are forecasted for a 10 percent
increase (decrease).

Figure 2 shows the impulse response plot for the eco-
nomic growth (as proxied by scale effect)-CO, emissions
nexus. The graph depicts the economic growth transition and
how it affects CO, emissions. A 10% increase in scale effect
indicates that economic expansion has a positive long-term
and short-term impact on environmental quality, while a
10% decrease in scale effect indicates that economic growth
has a negative impact on environmental quality. The impact
of a 10% increase is bigger than the impact of a 10% drop
in economic growth. This research demonstrates that as the
scale effect increases, environmental quality deteriorates,
but improves as the scale effect decreases in South Africa.

Figure 3 shows the square of economic growth (as
proxied by the technique effect) and environmental qual-
ity in South Africa as an impulse response plot. The plot
of the technique effect—pollution nexus indicates that a
10% increase in technique effect decreases environmental
degradation in the short and long term, whereas a 10%
decrease in technique effect accelerates environmental
deterioration. This graphical evidence demonstrates that
an increase in technique effect improves environmental
quality in the long and short run in South Africa, but a
decrease in technique effect degrades environmental qual-
ity in the long and short run.
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Fig.2 The Impulse Response Plot for Scale Effect (Economic
Growth) and CO, Emissions. Figure 2 presents an increase (a
decrease) by 10% in scale effect and its effect on CO, emissions

where dots denote average prediction value. The dark blue to light
blue line shows 75, 90, and 95% confidence interval, respectively
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Fig.3 The Impulse Response Plot for Technique Effect and CO,
Emissions. Figure 3 presents an increase (a decrease) by 10% in tech-
nique effect and its effect on CO, emissions where dots denote aver-

Figure 4 depicts the impulse response plot of the eco-
nomic policy uncertainty—pollution relationship, which
shows that a 10% increase in economic policy uncertainty
accelerates environmental deterioration in the short and long
term, while a 10% decrease in economic policy uncertainty
improves environmental quality in the short and long term
in South Africa.

Figure 5 depicts the impulse response plot, which dis-
plays the relationship between energy intensity and environ-
mental quality. The graph indicates that increasing energy
intensity by 10% has a positive long-term and short-term
impact on environmental quality, whereas decreasing energy
intensity by 10% has a negative impact on environmental

age prediction value. The dark blue to light blue line shows 75, 90,
and 95% confidence interval, respectively

quality. This research demonstrates that while an increase
in energy intensity increases pollution, a decrease in energy
intensity improves environmental quality in South Africa in
the short and long term.

The impulse response plot between renewable energy
use and environmental quality in South Africa is shown in
Fig. 6. The graph indicates that a 10% increase in renew-
able energy consumption has a negative short- and long-term
impact on environmental quality, whereas a 10% decrease
in renewable energy consumption has a positive short- and
long-term impact. This study reveals that an increase in
renewable energy consumption improves environmental
quality, but a decrease in renewable energy consumption
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Fig.4 The Impulse Response Plot for Economic Policy Uncertainty
and CO, Emissions. Figure 4 presents an increase (a decrease) by
10% in economic policy uncertainty and its effect on CO, emissions

where dots denote average prediction value. The dark blue to light
blue line shows 75, 90, and 95% confidence interval, respectively
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Fig.5 The Impulse Response Plot for Energy Intensity and CO,
Emissions. Figure 5 presents an increase (a decrease) by 10% in
energy intensity and its effect on CO, emissions where dots denote

increases pollution levels in South Africa in the long and
short term.

Figure 7 depicts the impulse response plot connecting
economic complexity index to environmental quality, which
shows that a 10% increase in economic complexity index has
a positive short-term and long-term impact on environmental
quality, while a 10% decrease has a negative short-term and
long-term impact. This research shows that an increase in eco-
nomic complexity index worsens environmental degradation
in the long and short run, whereas a decrease in economic
complexity index improves environmental quality in the long
and short run by lowering CO, emissions in South Africa.
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average prediction value. The dark blue to light blue line shows 75,
90, and 95% confidence interval, respectively

Figure 8 depicts the impulse response plot of both vari-
ables under discussion, illustrating how non-renewable
energy usage contributes to worsening environmental degra-
dation. Figure 8 shows that a 10% increase in non-renewable
energy consumption has a positive short-term and long-term
impact on environmental quality, whereas a 10% decrease
has a negative short-term and long-term impact. This means
that increasing non-renewable energy consumption degrades
the environment in the short and long term but reducing
non-renewable energy consumption enhances environmental
quality in the short and long term through lowering CO,
emissions in South Africa.
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Fig.6 The Impulse Response Plot for Renewable Energy Consump-
tion and CO, Emissions. Figure 6 presents an increase (a decrease)
by 10% in renewable energy consumption and its effect on CO, emis-

sions where dots denote average prediction value. The dark blue to
light blue line shows 75, 90, and 95% confidence interval, respec-
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Fig.7 The Impulse Response Plot for Economic Complexity Index
and CO, Emissions. Figure 7 presents an increase (a decrease) by
10% in economic complexity index and its effect on CO, emissions

The influence of trade openness on environmental deg-
radation is visually depicted in Fig. 9, which shows the
impulse response plot of the trade openness—pollution
nexus. The graph shows that a 10% increase in trade open-
ness degrades environmental quality in both the long and
short run; however, a 10% reduction in trade openness low-
ers environmental deterioration in both the long and short
runs. In South Africa, increasing trade openness increases
pollution levels in the short and long term, but decreasing
trade openness improves environmental quality in the long
and short term.

where dots denote average prediction value. The dark blue to light
blue line shows 75, 90, and 95% confidence interval, respectively

In South Africa, technological innovation helps to
enhance environmental quality. The impulse response plot of
the technological innovation—environmental quality relation-
ship is shown in Fig. 10. The plot, which depicts the impact
of technological innovation on environmental quality, shows
that a 10% increase in technological innovation has a nega-
tive long-term and short-term impact on environmental qual-
ity; however, a 10% decrease in technological innovation has
a negative long-term and short-term impact on environmen-
tal quality. This research demonstrates that increasing tech-
nology development and innovation improves environmental
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Fig.8 The Impulse Response Plot for Non-renewable Energy Con-
sumption and CO, Emissions. Figure 8 presents an increase (a
decrease) by 10% in non-renewable energy consumption and its effect

on CO, emissions where dots denote average prediction value. The
dark blue to light blue line shows 75, 90, and 95% confidence inter-
val, respectively
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Fig.9 The Impulse Response Plot for Trade Openness and CO,
Emissions. Figure 9 presents an increase (a decrease) by 10% in trade
openness and its effect on CO, emissions where dots denote average

quality, whereas decreasing technological development and
innovation deteriorates environmental quality in both the
long and short term in South Africa.

We use Pesaran and Pesaran (1997)'s cumulative sum of
squares of recursive residual (CUSUMSQ) and cumulative
sum of recursive residuals (CUSUM) to analyse the model's
structural stability. The CUSUM and CUSUMSAQ charts for
testing mode stability are visualised in Figures 15 and 16
(see Appendix). When the plots are inside a key bound level
of 5%, the model's parameters are usually stable. We may
infer that the model parameters are stable over time since
Figures 15 and 16 show that the model trend shows inside
the bounds at a 5% level.
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prediction value. The dark blue to light blue line shows 75, 90, and
95% confidence interval, respectively

Moderating role (indirect effects) of EPU on environmental
quality

In Table 8, the outcomes of EPU's moderating impacts on
environmental quality through the channels of energy inten-
sity, renewable energy consumption, non-renewable energy
consumption, and economic complexity are provided in col-
umns (2), (3), (4), and (5), respectively, and are explored
below:

This research experimentally tests the validity of EPU's
moderating influence on environmental quality through
the energy intensity channel by using the multiplicative
interaction term between EPU and energy intensity (i.e.
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Fig. 10 The Impulse Response Plot for Technological Innovation and
CO, Emissions. Figure 10 presents an increase (a decrease) by 10%
in technological innovation and its effect on CO, emissions where

In(EI*EPU)). The estimated coefficients on this multipli-
cative interaction term for the long run and short run are
both statistically significant and positive, implying that EPU
encourages enterprises to use significantly low-cost fossil
fuels, resulting in deterioration of environmental quality in
South Africa, as shown in Column (2) of Table 8. On the
one hand, EPU pushes South African businesses to transi-
tion to high-energy-based technology powered by relatively
inexpensive fossil fuels, resulting in considerable environ-
mental degradation. EPU, on the other hand, has an impact
on energy generation, causes energy prices to vary, and leads
to increased energy consumption, all of which contribute to
a significant deterioration in South Africa's environmental
quality. Our findings are congruent with those of Yu et al.
(2021), who found that EPU allows businesses to switch to
relatively inexpensive fossil fuels, resulting in significant
environmental degradation in China. Chu and Le (2022) dis-
covered that EPU allows both households and enterprises
to utilise energy more intensively, which leads to increased
CO, emissions in G7 nations. Ulucak and Khan (2020), who
indicated that EPU adds tremendously to strengthening the
pollution enhancing role of energy intensity in the USA,
bolster our results.

We employ the multiplicative interaction term between
EPU and renewable energy consumption (i.e. In(REC*EPU))
to experimentally examine the validity of EPU's moderating
influence on environmental quality through the renewable
energy consumption channel. The long- and short-run esti-
mated coefficients on this multiplicative interaction term
are both statistically significant and positive, showing that
EPU inhibits investment in clean energy sources, resulting
in environmental deterioration in South Africa, as shown
in column (3) of Table 8. When examining the degree of

dots denote average prediction value. The dark blue to light blue line
shows 75, 90, and 95% confidence interval, respectively

renewable energy consumption in the country, EPU is a
critical component to consider. EPU makes it impossible
to invest in renewable energy sources. As a result, inves-
tors are discouraged from expanding their energy portfolios
to include hydropower, solar, water, wind, biomass, geo-
thermal, and other renewable energy enterprises that can
help the country's environmental quality. To compensate for
low turnover, Sohail et al. (2021) discovered that EPU sup-
ports the use of more traditional, low-cost energy sources
and fewer renewable energy sources. This, in turn, degrades
environmental quality. Our findings, on the other hand,
contradict those of Adedoyin et al. (2021), who showed
that EPU favours investments in clean energy sources that
enhance environmental quality in Sub-Saharan Africa.

We employ the multiplicative interaction term between
EPU and non-renewable energy consumption (i.e.
In(NREC*EPU)) for the indirect environmental effect of
EPU emerging through the channel of non-renewable energy
consumption. The long- and short-run estimated coefficients
on this multiplicative interaction term in column (4) of
Table 8 are both statistically significant and positive, imply-
ing that EPU facilitates investment in non-renewable energy
sources such as oil, petroleum, natural gas, and coal, which
have negative environmental consequences in South Africa.

In terms of EPU's moderating effect on environmental
quality via the economic complexity channel (captured by
In(ECI*EPU)), the results in column (5) of Table 8 show that
the long-run estimated coefficient on the multiplicative inter-
action term is negative and statistically significant, implying
that EPU helps to improve ECI's pollution augmenting role.
In South Africa, EPU could be linked to the risks posed by
the government's uncertain policy responses as an economic
agent in addressing specific macroeconomic challenges and
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introducing certain regulatory measures, which force house-
holds and businesses to become indecisive and uncertain in
their own decisions, causing consumption and investment to
be halted until the environment's confidence is restored. As
a result, the reduction in consumption and investment as a
result of EPU contributes to improved environmental quality.
This is because by reducing consumption and investment,
households and businesses release less carbon, resulting in
an improvement in environmental quality. Our findings are
in line with Chu and Le (2022), who found that EPU helps
to improve the negative impact of ECI on environmental
quality in G7 nations.

This research employs Brambor et al. (2006)'s robust
technique to visually depict the environmental implications
of EPU via the channels of energy intensity, renewable and
non-renewable energy consumption, and economic com-
plexity. Using this robust method, we can estimate the envi-
ronmental marginal impacts of all of these factors at vari-
ous EPU levels, as well as systematically analyse the EPU
threshold values required to reduce the negative environ-
mental consequences of all of these variables. This method
also allows us to see the evolution of the marginal impacts of
energy intensity, renewable energy consumption, economic
complexity, and non-renewable energy consumption on envi-
ronmental quality as EPU increases. Figures 11, 12, 13 and
14 depict their findings graphically.

The marginal effect of energy intensity on environmen-
tal quality displayed in Fig. 11 demonstrates that the effect
is statistically significant and positive at increasing lev-
els of EPU. An upsurge in EPU escalates the inadvertent
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environmental impact of energy intensity. This is because
EPU encourages enterprises to use substantially low-cost
fossil fuels, which ultimately deteriorate environmental qual-
ity. On the one hand, EPU encourages firms to switch to high
energy-based techniques driven by relatively cheap fossil
fuels, and this significantly leads to environmental deterio-
ration. On the other hand, EPU influences energy genera-
tion, causes the price of energy to fluctuate, leads to higher
energy consumption, which substantially deteriorates envi-
ronmental quality. Meanwhile, a rise in EPU further encour-
ages households and firms to intensively utilise more high
carbon-emitting fuels and less energy-efficient technologies
leading to environmental deterioration.

Figure 12 demonstrates that the marginal effect of renew-
able energy consumption on environmental quality is statisti-
cally significant and positive at increasing levels of EPU. A
rise in EPU intensifies the unintended environmental con-
sequence of renewable energy consumption. This is because
EPU discourages investment in clean energy sources leading
to environmental deterioration. EPU is a crucial variable to
be looked at while considering the level of renewable energy
consumption in the country. Since EPU prevents the invest-
ment in renewable energy sources, the investors are discour-
aged from diversifying energy portfolio to the utilisation
of hydroelectricity, solar, water, wind, biomass, geothermal
and other renewable energy enterprises that can contribute
to improve environmental quality.

Similarly, the marginal effect of non-renewable energy
consumption on environmental quality shown in Fig. 13
reveals that the effect is statistically significant and positive
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at increasing levels of EPU. An upsurge in EPU significantly
escalates the pollution augmenting role of non-renewable
energy consumption. Higher EPU facilitates investment
in non-renewable energy sources—oil, petroleum, natural
gas, and coal, which have detrimental consequences on envi-
ronmental quality. Also, high EPU enables firms to divert
to relatively cheap fossil fuels and non-renewable energy

sources leading to high levels of environmental deteriora-
tion. In addition, a rise in EPU enables both households and
businesses to utilise non-renewable energy sources more
intensively, which in turn escalates the rising levels of CO,
emissions.

Lastly, Fig. 14 reveals that the marginal effect of eco-
nomic complexity on environmental quality is statistically
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significant and negative at increasing levels of EPU. EPU
could be associated with the risks emanating from uncertain
policy responses undertaken by the government being an
economic agent to address particular macroeconomic chal-
lenges and introduce certain regulatory measures, which
consequently force households and businesses to become
indecisive and uncertain in their own decisions, hence sus-
pending consumptions and investments, respectively, pend-
ing when the confidence in environment is restored. As
such, the shrinkage in both consumptions and investments
due to EPU helps to improve environmental quality. This is
because, by contracting both consumption and investment
activities, households and firms respectively tend to engage
in less carbon-emitting activities, which lead to improve-
ment in environmental quality.

Robustness check

To undertake robustness tests on the calculated param-
eters, this study employs the ecological footprint (EFP)
as another proxy for environmental quality. We test the
robustness of the predicted coefficients derived using CO,
emissions as the major proxy for environmental quality
by employing this proxy. As a result, the robustness of
computed coefficients using CO, emissions as a proxy
for environmental quality (columns (1)-(5) in Table 8) is
assessed using EFP as an alternative environmental proxy
(columns (1)-(5) in Table 9). When the findings from both
proxies are compared, it appears that there is little or no
difference in the estimated coefficients, especially in terms
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of their signs and magnitudes. Several variables keep their
signs while being statistically significant using both prox-
ies. In terms of magnitudes, although employing EFP as a
proxy, results in a modest (trivial) change in a few situa-
tions, we found no difference in the magnitudes of the pre-
dicted coefficients in the majority of cases. The estimated
coefficients on economic growth (proxied by scale effect)
and the square of economic growth (proxied by technique
effect) are also found to be statistically significant with
their correctly hypothesised signs using both proxies (CO,
emissions and EFP), confirming the existence of the EKC
hypothesis for South Africa. Furthermore, we are able to
establish the presence of cointegration among the vari-
ables under consideration using both proxies. Meanwhile,
in both proxies, the error correction term (ECT), which
represents the speed of adjustment, is higher. Table 8
demonstrates that the predicted coefficients on ECT(-1)
in both proxies are negative and statistically significant,
confirming the presence of a long-run nexus between the
variables studied. R-squared values are greater when both
proxies are used, indicating that the explanatory factors
used in this study explain changes in environmental qual-
ity. We are able to check that our model is a good match
using both proxies, as seen by the predicted p values of
F-statistics in Tables 8 and 9. Given all of the aforemen-
tioned considerations, we can confidently conclude that
the estimated coefficients derived from CO, emissions
are robust, consistent, and not significantly different from
those derived from EFP as an alternative proxy for envi-
ronmental quality.
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Tgble 9_ Dynamic ARDL InEFP(Ecological footprint)
simulations analysis
(D 2 3) C)] ®)]
Cons -1.0075%* -1.0653* -1.0771 -1.0690%3%:* -1.0631%**
(-2.48) (-0.69) 0.17) (-3.43) (-2.30)
InSE,_, 0.3188 0.3041%* 0.2402%** 0.3153 0.2093**
(0.29) (2.42) (2.68) (1.84) 2.51)
AInSE, 0.4029%* 0.5559%* 0.4091 0.5227 0.5972
.37) (2.52) (1.15) (1.41) (0.59)
InTE,_, -0.6924 %3 -0.7074%3%:* -0.7173 -0.6901 *3%:* -0.7160
(-3.62) (-3.02) (-0.34) (-3.82) (-0.48)
AInTE, -0.8123 -0.8081 -0.8152 -0.7928%: -0.8179%*
(-0.86) (-0.65) (-1.40) (-3.30) (-2.35)
InEPU,_, 0.201 3% 1.7528 1.051 7% 1.0170%* 1.1825%%
(3.41) (1.05) (3.83) (2.48) “4.71)
AInEPU, 0.5010%** 0.5192:%* 0.5081°%* 0.5192 0.4806%**
4.51) (3.88) (2.50) (1.02) 3.92)
InEI,_, 0.8152%* 0.8163 0.7988%*:* 0.8160%** 0.7862
2.47) (0.64) (3.52) (3.37) (1.34)
AInEI, 0.2053%* 0.1161 0.1362 0.11823%* 0.1450%*
(2.59) (1.50) 0.71) (2.48) 2.51)
In(El,_, * EPU,_)) 0.2061 %3
(4.28)
AIn(EI, « EPU,) 0.2793
(0.52)
InREC,_, -0.3013 -0.3024 % 0.3010%* -0.2615%* -0.3014
(-0.51) (-2.48) (2.32) (-2.58) (-0.46)
AInREC, -0.6005%*: -0.6183%* 0.6034** -0.6005%3#:* -0.6168**
(-3.96) (-2.45) 2.47) (-3.82)) (-2.50)
In(REC,_, % EPU,_)) 0.501 1%
(3.62)
AIn(REC, % EPU,) 0.2044
(1.21)
InNREC,_, 0.4298 %3 0.41937%* 0.4202%* -0.4515%: 0.4100%**
(3.11) (2.46) (2.50) (2.53) (2.45)
AInNREC, 0.1758%* 0.1401 0.1733* -0.1708%3%:* 0.1536%*
(2.50) (0.46) (1.99) (3.88) (2.40)
In(NREC,_, * EPU,_)) 0.3050%*
(2.43)
AIn(NREC, = EPU,) 0.2604
(0.18)
InECI,_, 0.5214** 0.5084%* 0.5053 0.5023%:* 0.5825°%%:
(2.46) (2.58) (1.36) (2.55) (3.38)
AInECI, 0.2509°%* 0.2016%* 0.2368:%*:* 0.2104%* 0.2304**
(2.55) (2.48) (3.34) (2.48) (2.59)
In(ECI,_, * EPU,_)) -0.2010%*
(-2.54)
AIn(ECI, = EPU,) -0.1701%**
(-2.58)
InOPEN,_, 0.1067%** 0.1024%* 0.1166** 0.1288%** 0.1318%**
(3.70) (2.30) (2.59) (2.36) (2.26)
AInOPEN, 0.2610%* 0.2205%* 0.2278 0.2178%* 0.2076%**
(2.63) (2.25) (0.54) (2.48) (2.25)
InTECH,_, -0.1088 -0.1441%** -0.1302 -0.1953 -0.1493 %
(-0.28) (-2.41) (-0.65) (-1.85) (-2.54)
AINTECH, -0.2029%* -0.3559%: -0.2091 -0.3227 -0.4972
(-2.38) (-2.53) (-1.17) (-1.44) (-0.57)
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Table 9 (continued)

InEFP(Ecological footprint)

ECT(-1) S0.8164%%  L0.8014%FF  _08117%FF  -0.8162%kF  -0.8071%%*
(-3.04) (-3.83) (-3.10) (-327) (-3.02)

R-squared 0.7507 0.7300 0.7522 0.7304 0.7411

Adj R-squared 0.7014 0.7022 0.7108 0.7004 0.7208

N 60 60 60 60 60

P val of F-sta 0.0000%%%  0.0000%*%  0.0000%**  0.0000%**  0.0000%%*

Simulations 1000 1000 1000 1000 1000

Source: Authors’ calculations

*, ** and *** denote statistical significance at 10%, 5% and 1% levels, respectively

T-values in parentheses

Furthermore, the cointegration results show an exist-
ence of structural breaks in the data and the study accounts
for it in the model's estimation. To accommodate for the
occurrence of structural breaks in the variables, a dummy
variable (D1993) is constructed for the break year of 1993.
Table 11 displays the results (see Appendix). Our results
reveal that the presence of structural break is not statistically
significant.

Conclusions and Policy Implications

South Africa has been wracked by a series of internal politi-
cal upheavals and has been exposed to a slew of global eco-
nomic woes. Desertification, landslides, flood outbursts, fire
burnouts, and other environmental disasters have occurred
in the country, all of which have been exacerbated by ris-
ing GHG emissions, particularly CO, emissions, which are
the driving forces for climate change resulting from internal
changes within the climate system. Similarly, the disrup-
tion of economic operations as a result of economic policy
uncertainty might result in increased pollution and, as a
result, negative environmental implications. The current
study was inspired by a lack of research on the relation-
ship between economic policy uncertainty and pollution.
This article examines the moderating influence of economic
policy uncertainty on environmental quality in South Africa
from 1960 to 2020 through energy intensity, renewable and
non-renewable energy consumption, and economic complex-
ity. The research uses Jordan and Philips (2018)'s recently
created innovative dynamic ARDL simulations model to
achieve its goal, which can automatically estimate, simulate,
and produce graphs of (positive and negative) changes in the
variables, as well as their short- and long-run correlations.
Using this methodology, we can identify the negative and
positive links between environmental quality (measured by
CO2 emissions) and economic growth (measured by scale
effect), the square of economic growth (measured by tech-
nique effect), economic policy uncertainty, energy intensity,
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renewable energy consumption, economic complexity index,
non-renewable energy consumption, trade openness, and
technological innovation for South Africa, allowing us to
address the shortcomings of the simple ARDL framework
commonly used in previous works. This study adds to the
body of knowledge by utilising Brambor et al. (2006)'s
robust modelling technology to calculate graphically the
evolution of the marginal effects of energy intensity, renew-
able energy consumption, economic complexity, and non-
renewable energy consumption on environmental quality as
EPU increases. The study also contributes to the empirical
literature by employing a new trade openness proxy devel-
oped by Squalli and Wilson (2011) to successfully solve the
drawbacks of the widely used trade intensity (TI). Our find-
ings show that while scale effect accelerates environmental
degradation, technique effect slows it down, confirming the
existence of the EKC hypothesis in South Africa. While
energy intensity, economic complexity, non-renewable
energy consumption, and trade openness all degrade envi-
ronmental quality, renewable energy use and technologi-
cal innovation both lower carbon emissions. Furthermore,
the moderating effect of economic policy uncertainty on
the nexus of economic complexity and carbon emissions
enhances environmental quality. However, the pollution-
augmenting impacts of energy intensity, renewable energy
consumption, and non-renewable energy consumption are
amplified by high economic policy uncertainty.

The following policy recommendations are suggested
based on our findings: First, South Africa should encour-
age economic policies that promote innovation and capital
investment in energy-efficient appliances and machineries to
improve environmental quality, as economic policy uncer-
tainty exacerbates environmental deterioration by deterring
capital investment in energy-efficient technologies and dis-
couraging the use of hydroelectricity, solar, water, wind, and
other clean energy sources. To give full aid to economic
growth, South Africa should implement measures to mini-
mise energy use and boost renewable energy resources,
which would reduce economic policy uncertainty. More
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importantly, South Africa's environmental policy should
constantly take economic policy uncertainties into account
in order to get more reliable data for environmental degrada-
tion mitigation.

Second, when it comes to improving the environment,
the government should tighten its trade policies. Meanwhile,
because of some benefits on South Africa's economy, the
long-term harmful effect of trade openness on the country's
environment does not justify persistent measures to close the
borders. Rather, appropriate steps should be taken to guar-
antee that foreign trade makes a significant contribution to
the reduction of South Africa's rising carbon emissions. In
this regard, South Africa's policymakers should increase
measures to embrace modern, eco-friendly, and pollution-
free technologies that have the potential to transition from
non-renewable to sustainable and less carbon-intensive
energy sources and assure manufacturing process compe-
tence. Meanwhile, non-renewable energy sources, which
contribute almost 90% of the country’s energy supply, will
be replaced with alternate ones such as solar electricity. Fur-
thermore, the global collaboration towards mitigating climate
change is necessary for addressing escalating transnational
environmental degradation as well as other knock-on effects.
In this regard, the South African government should work to
establish important connections with the world especially
in order to share technologies and reduce pollution. More
importantly, South African authorities should include pol-
lution prevention chapters in their trade deal strategies to
facilitate a transition to environmentally friendly sectors and
a low-carbon economy, which support sustainable goods and
services development. Furthermore, trade policy might be
reinforced with other measures to encourage long-term value
for GHG emission reductions and continuously support the
development of new technologies that enhance South Africa’s
environmental situation and protect the global environment.

Third, to achieve the environmental development goals,
South Africa's economic complexity needs be increased fur-
ther. In this regard, the country should include some items
in its export baskets, especially those that are less resource-
intensive and can be produced using cleaner resources.
Simultaneously, the degree of R&D should be increased
since it will not only improve the country's economic com-
plexity but, more crucially, will lower energy intensity and
encourage clean energy transition. Furthermore, recent
research has recognised the need of investment in technolog-
ical innovations for the clean energy transition. As a result,
increasing R&D is likely to increase the usage of renewable
and nuclear energy in the country, which might be beneficial
in combating climate change.

Fourth, renewable sources may be utilised as an attractive
option to minimise CO, emissions in South Africa's energy

plans. Renewable energy consumption has been heavily pro-
moted in South Africa's economy in recent years. However,
the country's utilisation of renewable energy is still insuffi-
cient. Fossil fuel energy provides for more than 80% of total
primary energy supply in South Africa. Despite the fact that
fossil fuel usage is declining, this percentage remains sig-
nificant. As a result, a 1% rise in NREC worsened environ-
mental deterioration by 0.42 percent, whereas REC reduced
emissions by 0.35 percent, according to the study's findings.
Growing human impact on the environment is a result of
increased energy use in South Africa. This demonstrates the
importance of replacing NREC with renewable sources of
energy and encouraging sustainable energy sources through
green technologies. Although South Africa has lately pro-
vided significant financial supports for the use of alternative
energy sources, overall energy usage continues to pollute the
environment. Given this, the government should improve its
natural resource management by increasing the amount of
renewable energy in the overall energy mix. Furthermore,
the country should strengthen low-carbon energy usage
incentives, grant extra tax exemptions to enterprises that use
clean energy, improve energy efficiency, and lower energy
intensity. To minimise the cost of adopting renewable energy
sources, South Africa should offer further supports to enter-
prises involved in research and development.

Lastly, South Africa’s authorities should enable enter-
prises to employ energy-saving techniques in their manu-
facturing processes by providing low-interest financing and
enhancing the growth of businesses that make energy-sav-
ing equipment as a supplementary measure. Tax benefits or
non-price measures that do not have an influence on fossil
energy costs can be used to encourage energy efficiency.
To shift the energy structure away from fossil fuels, addi-
tional incentives, tax relief, and supports should be offered
to environmentally friendly energy sources. Alternative
sources of energy should be given more attention so that
they can compete with non-renewable sources. Energy stor-
age technology advancements should be viewed as a key
policy instrument, and they should be handled alongside
renewable energy initiatives. Moreover, it is vital to bring
awareness to the potential significance of energy technolo-
gies in tackling greenhouse gas emissions. Energy policy
should focus on energy innovations to lower the societal
costs of fossil energy usage.

Although this study provides important empirical find-
ings and policy recommendations for South Africa, one of
the study's major flaws is that it only considers one nation. As
a result, future research should look at the moderating influ-
ence of economic policy uncertainty on environmental quality
through energy intensity, renewable and non-renewable energy
consumption, and economic complexity in Sub-Saharan Africa.
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Appendix
Figures 15 and 16
Fig. 15 Plot of Cumulative -
Sum of Recursive Residuals 12
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Tables 10 and 11

Table 10 Gregory-Hansen test of cointegration with regime shifts: model: change in level

Test Statistic Date 1% 5% 10%
ADF -5.3 1996 -5.23 -4.40 -4.25
Zt -3.75 1995 -6.23 -5.40 -5.25
Za -20.82 1995 -53.20 -25.58 -22.71
Gregory—Hansen test of cointegration with regime shifts: model: change in level and trend

ADF -5.64%* 1993 -5.98 -5.21 -5.05
7t -5.01 2008 -5.98 -5.21 -5.05
Za -25.36 2008 -58.72 -30.41 -27.10
Gregory—Hansen test of cointegration with regime shifts: model: change in regime

ADF -5.77H* 1993 -6.14 -5.48 -5.30
7t -4.98 1994 -6.14 -5.48 -5.30
Za -36.53 1994 -50.82 -47.50 -39.51
Gregory—Hansen test of cointegration with regime shifts: model: change in regime and trend

ADF -5.71* 1993 -6.30 -5.98 -5.58
7t -5.23 1994 -6.30 -5.98 -5.58
Za -30.63 1994 -58.61 -45.44 -40.35

Source: Authors’ calculations

* ** and *** denote statistical significance at 10%, 5% and 1% levels, respectively
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Table 11 Dynamic ARDL simulations analysis controlling for structural break

InCO, (Carbon emissions)

(D 2 3) 4 ©)
Cons -1.0613%* -1.0603%%% -1.0703 -1.0753%* -1.0643
(-2.51) (-3.02) (0.31) (-2.31) (-1.45)
o3 0.0263 0.0250 0.0184 0.0213 0.0140
(0.51) (0.30) (1.28) (0.68) (0.83)
InSE,_, 0.2003%* 0.2164%* 0.2522%5 0.2366%#* 0.2034%
(4.05) 2.15) (3.19) (3.50) (2.40)
AInSE, 0.3603%* 0.2605%** 0.3173%* 0.3514%%* 0.2921%%
(2.03) (3.17) (2.49) (2.10) (2.34)
InTE,_, -0.6203%%* -0.6028%* -0.6081 0.7124%* -0.6890%*
(-5.64) (-2.24) (-0.74) (-2.30) (-2.13)
AInTE, -0.6221%% 0.6126 0621455 -0.5023%%* -0.6183%*
(-2.54) (-1.38) (-3.50) (-2.52) (-2.60)
IEPU,_, 0.1564%* 0.1716%+x 0.0894 1.0261 %% 1.2811
(2.43) (3.21) (1.51) (3.70) (0.90)
AInEPU, 0.2515%%% 0.2004 0.2411%* 1.7912 0.2194%
(4.04) (1.16) (2.52) (1.20) (2.47)
InEI,_, 0.6171 %% 0.6164 0.602 1% 0.6134%%* 0.5960%*
(3.03) (0.50) (3.80) (3.41) (2.43)
AInEl, 0.1541%%* 0.1053 0.1422%% 0.1001%%* 0.1448%*
(2.61) (1.21) (2.40) (2.54) (2.54)
In(El,_, * EPU,_,) 0.1632%
(3.27)
AIn(El, * EPU,) 0.3153%*
(2.82)
InREC,_, -0.3541%* -0.3128%* 0.3066%* -0.2850%%* -0.3067
(-2.82) (-2.73) (2.40) (-2.51) (-0.52)
AInREC, 0.6106 -0.6025 0.6104 -0.6054%% -0.6010%*
(-0.21) (-0.90) 0.81) (-2.64) (-2.43)
In(REC,_, = EPU,_,) 0.4100%*
(2.42)
AIn(REC, * EPU,) 0.2612%%
(2.46)
InNREC,_, 0.4235%% 0.4003 %5 0.4102%5* -0.4003 0.4183%%x
(3.45) @.11) (3.01) (-0.43) 4.01)
AInNREC, 0.1704% 0.1752 0.1850%* -0.1745%%* 0.1697**
(1.98) (0.94) (2.41) (-2.50) (2.50)
In(NREC,_, * EPU,_,) 0.2075%*
(2.53)
AIn(NREC, * EPU,) 0.1500%*
(2.64)
InECI,_, 0.5832%* 0.5075 0.5273%* 0.5016%* 0.5807*+*
(231 (1.31) (2.41) (2.53) (3.62)
AInECI, 0.2591 0.2043%* 0.2503 0.2147%* 0.2506
(0.42) (2.04) 0.61) (2.50) (0.81)
In(ECI,_, * EPU,_)) -0.1953 %5
(-3.69)
AIn(ECI, * EPU,) -0.1013
(-1.54)
InOPEN,_, 0.1069%* 0.1120 0.108 1%+ 0.1005 0.1305
(3.84) (1.42) (2.33) (0.83) (0.30)
AInOPEN, 0.2118%* 0.2382%* 0.2202 0.2060%* 0.2102%*
(2.31) (2.36) (0.62) (2.53) (2.34)
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Table 11 (continued)

InCO, (Carbon emissions)

(D 2 3 (€] ©)
InTECH,_, _0. 1424 -0.1381%¥ -0.1025%%* -0.1260%#* -0.1335%*
(-3.26) (-2.05) (-3.12) (-3.51) (-2.40)
AInTECH, -0.3030%* -0.3604 % -0.2170%* -0.2510%* -0.3921%*
(-2.31) (-3.01) (-2.41) (-2.15) (-2.34)
ECT(-1) -0.82027 -0.8248 -0.8104%+ -0.8025% -0.8208
(-3.03) (-3.52) (-3.86) (-3.65) (-3.06)
R-squared 0.7613 0.7521 0.7621 0.7484 0.7561
Adj R-squared 0.7291 0.7172 0.7270 0.7061 0.7304
N 60 60 60 60 60
P val of F-sta 0.0000%3% 0.0000%+* 0.0000%+* 0.0000%#%* 0.0000%5%*
Simulations 1000 1000 1000 1000 1000

Source: Authors’ calculations

*, ** and *** denote statistical significance at 10%, 5% and 1% levels, respectively

T-values in parentheses
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