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Abstract: This study examines the impact of natural resource extraction, population, affluence, and
trade openness on carbon dioxide (CO2) emissions and energy consumption in 17 sub-Saharan
African (SSA) countries from 1971 to 2019, using the stochastic impacts on population, affluence,
and technology (STIRPAT) model. The Westerlund and Kao cointegration tests were employed to
determine long-run relationships among the variables. Pooled mean group autoregressive distributed
lag (PMG-ARDL), panel fully modified ordinary least squares (FMOLS), and dimension group-mean
panel dynamic ordinary least squares (DOLS) techniques were used to assess long-run multipliers.
The findings of the study reveal that natural resource extraction, population, and income have a
significant positive impact on energy consumption and CO2 emissions over an extended period
in SSA countries. Findings suggest that an increase of 1% in income (affluence), natural resource
extraction, and population, in the long run, will result in a rise of carbon emissions by 0.06% to 0.90%
and an increase of 0.05% to 0.36% in energy consumption in the sampled SSA countries. Conversely,
trade openness demonstrates a negative effect on energy consumption and CO2 emissions. This
finding suggests that an increment of trade openness by 1% will lead to a reduction of 0.10% to
0.27% in the emission of carbon and a decrease of 0.05% to 0.09% in energy consumption over a long
period. The study recommends that policymakers enforce stringent ecofriendly regulations, promote
the adoption of green technologies and energy-saving sources, and reduce tariffs on ecofriendly
commodities to enhance sustainable development in the region.

Keywords: carbon dioxide emissions; energy consumption; natural resource extraction; panel
cointegration; STIRPAT model; sub-Saharan Africa

JEL Classification: Q32; O43; Q54; Q56

1. Introduction

Global warming has emerged as one of the most critical contemporary challenges in
recent decades, attracting worldwide attention due to its detrimental impact on humanity.
As pointed out by [1], greenhouse gases (GHG), primarily CO2, have a significant role
to play in aggravating global warming. According to [2–4], the consequences of global
warming vary across regions globally and are numerous, leading to adverse effects on the
health of the population and the environment. Ref. [5] highlights that GHGs, especially
CO2, have a higher contribution to climate change and global warming, emphasizing
the need for immediate action to reduce CO2 emissions to avert future risks to national
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security and economic growth. Developed economies worldwide regard reducing carbon
dioxide emissions, which typically account for around 81% of anthropogenic greenhouse
gas, as a top priority [5]. World Development Indicators [6] report that the CO2 emissions
worldwide have steadily increased in recent years, with figures jumping from 3,112,685.279
metric tons per capita in 1960 to 4,555,224,176 metric tons per capita in 2016.

To tackle the challenge of global warming, world leaders have committed to ensuring
mitigate the emission of carbon so that this will assist in keeping the rise in the world
temperature below 2 ◦C [7]. Researchers, ecologists, and policymakers have been working
simultaneously to analyze the likely predictors of carbon emission for a long time. Since
a change in climate or global warming is a universal phenomenon that entails an encom-
passing approach on everyone’s part to mitigate the emission of carbon, research has been
conducted for undeveloped countries [8,9], developing countries [10–13], advanced coun-
tries [14–16], countries emitting low CO2 [17], and countries emitting high CO2 [18]. Several
factors, including economic growth, trade, population, and energy consumption, have been
demonstrated in these studies to play significant roles in determining CO2 emission levels
for countries. While extensive research has been conducted to analyze the drivers of CO2
emissions in the context of finding solutions to environmental challenges, less attention has
been given to understanding the implications of natural resource extraction on pollutants
emission. Moreover, extracting natural resources contributes to environmental degradation
through indiscriminate disposal of waste chemicals into the atmosphere, land, and water,
as well as heightened energy consumption required for extraction processes.

The World Bank guidelines emphasize the importance of integrating sustainability
into development planning, which encompasses environmental, social, and economic
dimensions. They provide a framework for assessing the sustainability of projects, poli-
cies, and programs, considering their short- and long-term impacts (see, e.g., [19–23]).
Building on the World Bank framework [24], in his groundbreaking work, introduces
the concept of the triple bottom line, proposing that businesses should consider environ-
mental, economic, and social sustainability factors in their practices. This concept has
since shaped sustainability discussions and led to the development of several indicators.
Ref. [25] explored diverse dimensions of environmental, economic, and social indicators
and provided an overview of various sustainability indicators, explained their significance,
and presented a comprehensive framework for their implementation and integration with
existing systems. Ref. [26] discusses the concept of sustainable development and presents
a set of sustainability indicators. These indicators encompass environmental, economic,
and social dimensions and can be used to measure the performance of different sectors
and organizations. Ref. [27] offer a critical review of sustainability indicators, including
their development methodologies, addressing limitations and challenges associated with
the practical application of these indicators, and providing directions for future research.
Ref. [28], focusing on sustainable supply chain management, discusses the integration
of economic, environmental, and social dimensions into decision-making processes. The
authors present a review of relevant literature and propose a set of sustainability indicators
that can be implemented across supply chains. In summary, the literature on environmental,
economic, and social sustainability factors and indicators highlights their importance in the
context of sustainable development. Various frameworks and methodologies are proposed
in the reviewed articles, offering significant insights into the practical implementation and
assessment of sustainable practices. The integration of these dimensions is essential to
achieving long-term success and addressing global challenges.

Concerning empirical studies on energy consumption that utilized the STIRPAT model,
ref. [15] found that energy intensity improves the environment. Ref. [29], for instance,
discovered that energy intensity, GDP index, urbanization, and population positively affect
the energy consumption of commercial buildings in China. Ref. [30] examined the factors
that drive energy consumption in China using the STIRPAT model. Ref. [31] investigated
the energy consumption of hotels using the STIRPAT model. Ref. [32] discovered that
trade openness, capital stock, affluence, and urbanization have a substantial impact on
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energy consumption using the STIRPAT model. Similarly, ref. [33], employing the STIRPAT
model, found that for Pakistan, transportation, technology, and income enhance energy
consumption. Ref. [34] discovered that income, industrial share, and population positively
affect energy consumption, whereas a nonlinear association between education and energy
consumption was observed in the study.

Ref. [12] estimated the STIRPAT model using Asian data from 1990 to 2019 and found
that economic growth can accelerate environmental degradation and that innovation can
result in achieving the environmental Kuznets curve (EKC) at a lower growth level. Ref. [35]
used the STIRPAT model to examine the effects of natural resource extraction on the quality
of the environment of Ghana in the long run from 1971 to 2013 and discovered that natural
resource extraction, urbanization, and income increased the energy consumption and
emission of carbon, thereby accelerating the environmental deterioration of Ghana, while
carbon emission was found to be reduced by international trade. Ref. [15], using a “peak-
and-decline” panel of 18 economies, investigated decomposition analysis on CO2 emissions
with 6 contributing factors using an extended STIRPAT model and found that the shift
from unclean energy to clean energy and variations in energy intensity and fossil CO2
intensity were the primary factors that reduced CO2 emissions. Ref. [36], employing the
STIRPAT approach, found that institutional quality, trade openness, and income mitigate
the emission of carbon in Ghana, but urbanization accelerates the emission of carbon
in Ghana.

Among the other studies that did not employ the STIRPAT, such as [10,11,16,18,37–46]
discovered that improvements in trade openness and economic complexity promote en-
vironmental quality in Brazil, Russia, India, China, and South Africa (BRICS) economies.
Ref. [38] explored the causal link between the growth of tourism and the real income
level for emerging industrialized nations (E7) and discovered that an increase in nonre-
newable energy and real GDP per capita leads to higher CO2 emissions in E7 economies.
Refs. [47,48] discovered that natural resource extraction, trade openness, industrialization,
urbanization, and income, among others, have a significant impact on emissions of carbon
dioxide. For example, ref. [37] in their study of economic growth, coal rent, and carbon
emissions in countries in the BRICS, found that coal rent has a significant negative influence
on CO2 emissions. The empirical studies of [49–62] discovered that energy consumption is
influenced by several factors at the macro and micro levels; however, these studies did not
utilize the STIRPAT approach.

Ref. [41] examine the income-environment relationship in oil-producing countries,
employing advanced panel cointegration techniques and nonparametric estimators. They
find that key drivers of CO2 emissions include per capita income, oil rents, fossil fuel-based
electricity, and the manufacturing sector. In contrast, tertiarization and political rights
reduce emissions. The environmental Kuznets curve hypothesis is rejected, supporting a
monotonically increasing relationship between income and emissions. Ref. [42] present a
three-sector decision model to analyze the net GHG footprint of oil in abundant settings,
revealing opposing effects on atmospheric pollution. Using multivariate panel cointe-
gration techniques and two-stage fixed effects estimations for 38 oil-producing countries,
essential factors determining GHG emissions are identified, departing from the black-box
approach that relies solely on per capita income. Ref. [43] examine the effect of foreign
direct investment, economic development, and energy consumption on greenhouse gas
emissions in some developing countries, finding that energy consumption strongly affects
emissions, the environmental Kuznets curve hypothesis is valid for China and Indonesia,
and investments in clean technology and energy efficiency are recommended for achieving
sustainable development goals.

Nevertheless, out of the literature reviewed above, none examined the linkages of
natural resource extraction, population, affluence, and trade openness with CO2 emissions
and energy consumption in an exclusive regression in sub-Saharan Africa. Thus, to address
the gap observed in the literature, this paper scrutinized these environmental measures
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incorporating natural resource extraction in an exclusive regression using data from sub-
Saharan Africa.

Therefore, this paper is aimed at scrutinizing the environmental deterioration effects
of extraction of natural resources activities in SSA using a STIRPAT model. According
to [35,63], natural resource extraction, a high level of international trade, population growth,
consumption of energy, and economic growth can be linked to the recent high trend
of carbon emissions globally. Additionally, in the quest for economic growth, natural
resources, especially in third-world (developing) nations, are excessively used; all this
requires more energy consumption, which leads to an upsurge in the emission of carbon
dioxide (CO2) [12]. One argument, on the contrary, argues that natural resource rent has the
likelihood of shielding the environment and helping in the mitigation of carbon emissions.
According to [63], natural resources, when employed in state capacity building, can mitigate
the possibility of carbon dioxide emissions.

The study is novel in the sense that, to the best of the researchers’ knowledge, it is
the first to investigate the impact of natural resource extraction (proxied by total natural
resource rent), population, affluence, and trade openness on CO2 emissions and energy
consumption in SSA countries in an exclusive regression using the STIRPAT model and
the above-mentioned econometric techniques. Thus, it will contribute to the literature,
particularly in the SSA region, as there is a dearth of reviews of related literature on linkages
among natural resource extraction, energy consumption, and carbon emissions in SSA.
Empirical studies e.g., [33,37,64–68] considered natural resources rent along with other
variables in the regression using other economies as a case study and also did not employ
the STIRPAT model as they utilized other models. Therefore, the outcome of this study is
likely to inform better and more reliable policy directions.

The contributions from the study will help policymakers understand the connection
between natural resource rent and carbon emissions and the need to establish policies, proce-
dures, and strong institutions that will facilitate the transition from antique automation that
exploits many natural resources to contemporary automation that absorbs value-addition,
recycling, and unnatural resources.

The study’s remaining parts are structured as follows: data and methodology are
contained in Section 2; Section 3 comprises methodology and empirical results; conclusions
and the policy implications of the study are found in Section 4.

2. Data and Techniques
2.1. Data

The study employs balanced panel data sourced from the World Bank Development
Indicator [22] for 17 sub-Saharan African countries, namely, Zimbabwe, Zambia, Togo,
South Africa, Sudan, Senegal, Nigeria, Mauritius, Kenya, Ghana, Gabon, Cote d’Ivoire,
Congo Republic of Brazzaville, Congo Democratic Republic, Cameroon, Botswana, and
Benin, for a period of 1971–2019. The panel model was used due to the fact that nations
diverge in disparate facets and to control for heterogeneity differences. According to [69],
there would be outcomes’ misspecification if diversity differences were not elucidated.
Furthermore, panel data hold an extra degree of freedom, have less collinearity, extra
estimates that are efficient, have greater variability, and are more informative. In this
study, the study’s dependent variable is the environmental impact, which is proxied by
carbon dioxide emissions and energy consumption. The study’s independent variables
are natural resource extraction, trade openness, and population, which are measured by
urban population (% of total) and affluence (income). The summary of the variables, their
symbols, and their measurements are listed in Table 1.

According to Figure 1, the increment in energy usage and emissions of carbon in
sub-Saharan Africa exhibit a likely pattern with the regions’ natural resource rent, urban
population (urbanization), affluence (income), and the rate of trade openness [6]. For
instance, the SSA region’s natural resource extraction proxied by the total natural resources
rent rose from 4.11 in 1971 to 7.39 in 2019, and income measured by GDP per capita
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increased from 1445.39 in 1971 to 1656.70 in 2019. Energy consumption in SSA rose from
677.31 kg in 1971 to 687.23 kg (oil equivalent per capita) in 2019. The urban population of
SSA increased from 18% in 1971 to 40% in 2019.

Table 1. Variables used in the study and their definitions.

Symbols Variables Definition/Proxy

AFF Affluence Income—Gross domestic product (GDP) per capita
TNRR Natural resource extraction Natural resources rent (total)
TRD Trade openness Percentage of GDP of the sum of imports and exports
ENRC Energy consumption Kilogram (oil equivalent per capita)
URBN Population Urban population (% of total population)
CO2E Carbon emissions Metric per tons per capita
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Source: World Bank Development indicators (WDI), 2022; authors’ computation.
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Figure 2 illustrates the natural logarithm of per capita CO2 emissions for the sub-
Saharan African countries examined in this study during the period from 1971 to 2019.
Given that CO2 emissions are measured in natural logarithms, the slopes of the lines in
these plots represent the corresponding percentage growth rates. The analysis of the data
depicted in Figure 2 reveals that the CO2 emission trends across SSA countries are diverse,
albeit with a general increasing tendency, particularly during the post-2000 period. Over
the course of the study, CO2 emissions levels have been almost continuously rising in
Benin, Botswana, Ghana, Mauritius, and Togo. In contrast, the Republic of Congo, Kenya,
Nigeria, Senegal, and South Africa exhibit comparatively steadier rates or mild increases in
CO2 emissions. Furthermore, observed trends in Cameroon, the Democratic Republic of
Congo, Sudan, and Zambia showed a decline in CO2 emissions until the 2000s, followed
by an increase. In a divergence from this pattern, Cote d’Ivoire, Gabon, and Zimbabwe
demonstrate an overall decreasing trend in CO2 emissions throughout the study period.
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The primary research objective of this study is to investigate the impact of natural
resource extraction on carbon dioxide emissions in sub-Saharan African countries. In
order to obtain a comprehensive understanding of the relationship between the variables
of carbon dioxide emission and natural resource extraction (proxied by natural resource
rents), Figure 3 juxtaposes the natural logarithms of per capita carbon dioxide emissions
(measured in metric tons) with the corresponding natural resource rents for each of the SSA
countries considered in this study. While the general observation from Figure 3 indicates a
positive relationship between these variables, substantial variation exists across countries.
A distinctly positive association between CO2 emissions and natural resource rents is
observed for Cameroon, Ghana, Nigeria, Senegal, South Africa, Sudan, Togo, and Zambia.
In contrast, Botswana, the Republic of Congo, and Gabon do not exhibit a definite direction
for this relationship. Furthermore, Benin, the Democratic Republic of Congo, Cote d’Ivoire,
Kenya, Mauritius, and Zimbabwe display a seemingly negative correlation between the
variables. The observed variability across countries underpins the motivation for this study
to incorporate additional covariates that influence CO2 emissions within a multivariate
regression framework. This approach allows for a more accurate estimation of the overall
relationship between carbon dioxide emissions and natural resource extraction.
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2.2. Model Specification

The long-lived perspective among the models and theories used in the analysis of
the effect of human activities on environmental quality is the equation of IPAT, which is a
framework to study the environmental impact (I) of the population (P), affluence (A), and
technology (T) with its refinement. This model (equation), credited to [70,71], postulates
that the environmental impact is dependent on the magnitude of technology, affluence,
and population.

The IPAT model was revised to the stochastic impacts on population, affluence, and
technology (STIRPAT) model by [72] with the introduction of a stochastic term into the
former model. This advancement of the model permits the estimation and testing of the
hypothesis of undue effects from the environmental prime mover. Since its introduction,
the STIRPAT model has been utilized by numerous studies, such as [12,15,35,63,73–75], to
examine the likely drivers of CO2 emissions for countries. The STIRPAT model was also
utilized to analyze the drivers of energy consumption in other studies such as [29,31,35,76–80]
Nevertheless, the outcome of these studies has not been consistent.

This study is theoretically based on the STIRPAT framework. As stipulated above, with
the introduction of a random term, the IPAT equation was refined to the STIRPAT frame-
work (model) by [72] to investigate the influence of affluence, technology, and population
on the environment. Below is the mathematical expression of the model:

It = eDPα1
t Aα2

t Tα3
t eεt (1)

where T denotes technology, A denotes affluence, P denotes population, eD is the intercept
or constant term with e denoting the natural base, the stochastic term is the eεt , the period
is denoted by t, and the parameters to be analyzed are denoted by αi, i = 1, 2, 3. The
technological level (that is, efficiently converting inputs) has been measured by numerous
variables, of which trade openness is fundamental. The population can be represented by
urbanization and/or total population, but for this study, urbanization is used to measure
population. Affluence has been represented by income, while energy consumption and
carbon dioxide emissions are used to measure environmental impact in much empirical
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research. Significant variables that are worthy of consideration are added to the above
equation, given that its nature permits the modification of the model. Hence, the natural
resource extraction (R) is included in the model, which gave rise to Equation (2) below:

It = eDPα1
t Aα2

t Tα3
t Rα4

t eεt (2)

All the variables were converted to natural logarithms, and thus the model’s functional
form is broadened and stated below:

ln It = D + α1ln Pt + α2ln At + α3ln Tt + α4ln Rt + εt (3)

STIRPAT is a coordinated program of research devoted to understanding the dynamic
couplings between human systems and the ecosystems upon which they depend. The
STIRPAT model not only allows each coefficient as a parameter to be estimated but also
allows the proper decomposition of each factor, which means new influencing factors can
be added to the STIRPAT model framework according to each study’s characteristics. The
STIRPAT model not only analyzes the fundamental science of environmental change but
also pinpoints the factors that may be most responsive to policy.

2.3. Econometric Approach

This section discusses the econometric techniques employed in this study. To de-
termine whether the data exhibit cross-sectional dependence (CD), the study adopt the
CD and scaled Lagrange multiplier (LM) test proposed by Pesaran [81], and Breusch and
Pagan [82] LM test. The stationarity of the series is examined to ensure an absence of unit
roots at the latest first difference in order to prevent the estimation of Equation (3) from
yielding spurious results [83]. Second-generation unit root tests, which allow for cross-
sectionally dependent data, are utilized. The cross-sectionally augmented Dicker–Fuller
(CADF) test, proposed by Pesaran [84], is applied in this study to ascertain the stationarity
of the series. Subsequently, Westerlund [31] second-generation error-correction-based panel
cointegration test for unobserved factors is employed to determine the presence of long-
term relationships among the series. The [31] Westerlund error-correction model accounts
for both heterogeneity and cross-dependence. To assess the long-run multiplier of carbon
emission and energy consumption from Equation (3), the study employs the pooled mean
group, the dimension group-mean panel dynamic ordinary least square techniques, and
the fully modified ordinary least square method.

The PMG-ARDL model was also employed to investigate both short-run and long-
run relationships among the variables. A key feature of the PMG-ARDL model is its
allowance for heterogeneity across short-run coefficients (including intercepts, speed of
adjustment to long-run equilibrium values, and error variances) while constraining long-
run slope coefficients to be homogeneous across countries. The PMG-ARDL model is
considered an effective alternative to the generalized method of moments (GMM) because
it utilizes the cointegration form of the standard autoregressive distributed lag (ARDL)
model developed by [81]. The PMG-ARDL model, although extensively utilized in panel
data analysis, does possess certain drawbacks as well. A significant limitation that holds
particular relevance to this discourse is the model’s incapacity to account for nonlinearity.
Approaches such as nonlinear ARDL (NARDL) and panel nonlinear ARDL (PNARDL)
serve as supplementary models, addressing nonlinearity manifested through asymmetry
in coefficients (see, e.g., [41]). To examine the long-run multiplier of carbon emission and
energy consumption from Equation (3), the study applied the latest version of Hansen and
Phillips’ [73] FMOLS method, as proposed by Pedroni [85] for estimating heterogeneous
panel data models. This FMOLS method is deemed robust against nonstationary variables
and endogenous variables.
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3. Empirical Results and Discussions

The outcomes of the study utilizing some econometrics methods are discussed in
this section.

3.1. Descriptive Analysis

Table 2 presents the descriptive statistics for all variables measured in natural log-
arithms, including carbon emissions (LNCO2E), energy consumption (LNENRC), afflu-
ence (LNAFF), total natural resource rent (LNTNRR), trade (LNTRD), and urbanization
(LNURBN). The LNCO2E mean value is 0.60, with fluctuations in carbon emission levels
demonstrated by maximum and minimum values of 2.39 and −4.77, respectively. This indi-
cates that sub-Saharan African countries have comparatively lower carbon emissions than
other regions in Africa and the world. The energy consumption mean value is 6.32, which
is relatively large. Variability in energy consumption levels is represented by maximum
and minimum values of 8.04 and 5.33, respectively. The mean, maximum, and mini-
mum values for LNAFF, LNTNRR, LNTRD, and LNURBN suggest considerable variations
over time.

Table 2. Summary of descriptive statistics.

Statistics LNCO2E LNENRC LNAFF LNTNRR LNTRD LNURBN

Mean −0.60 6.32 7.41 1.47 4.11 3.61
Median −1.87 6.16 7.17 1.86 4.13 3.65
Maximum 2.39 8.04 9.88 4.07 5.05 4.49
Minimum −4.77 5.33 5.62 11.59 1.84 2.19
Std. Dev. 1.26 0.62 0.86 2.08 0.50 0.38

Figure 4 displays pairwise matrix scatter plots for the variables LNCO2E, LNTNRR,
LNAFF, LNENRC, LNTRD, and LNURBN, providing a visual representation of the direc-
tion and strength of associations between pairs of variables. A primary point of interest
is the positive relationship observed between all variables and carbon dioxide emissions.
While the strength of these associations varies, each variable exhibits a direct connection
with CO2 emissions. The direction and strength of these relationships depend on how
they manifest within individual countries, resulting in the overall associations seen in
Figure 4 being determined by variations across nations. Notably, a relatively strong direct
association can be observed between affluence and energy consumption and CO2 emis-
sions. Conversely, associations with natural resource rents and trade openness appear
comparatively weaker.

The Pearson correlation coefficient estimates presented in Table 3 illustrate the rela-
tionships among the series, which are consistent with established economic theories. For
example, affluence (income), population (urbanization), and trade are expected to exhibit a
positive correlation with carbon emissions.

Table 3. Pearson correlation coefficient estimates.

Correlation LNCO2 LNENRC LNAFF LNTNRR LNTRD LNURBN

LNCO2E 1.0000
t-statistic –
p-value –

LNENRC 0.8371 1.0000
t-statistic 39.7085 –
p-value 0.0000 * –

LNAFF 0.8836 0.7627 1.0000
t-statistic 48.9672 30.5970 –
p-value 0.0000 *** 0.0000 *** –
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Table 3. Cont.

Correlation LNCO2 LNENRC LNAFF LNTNRR LNTRD LNURBN

LNTNRR −0.0763 −0.0316 −0.0463 1.0000
t-statistic −1.9872 −0.8206 −1.2045 –
p-value 0.0473 ** 0.4121 0.2288 –

LNTRD 0.2483 0.0733 0.3638 0.1074 1.0000
t-statistic 6.6523 1.9068 10.1332 2.8040 –
p-value 0.0000 *** 0.0570 * 0.0000 *** 0.0052 *** –

LNURBN 0.4668 0.3600 0.6295 0.1999 0.3735 1.0000
t-statistic 13.6956 10.0121 21.019 5.2949 10.4462 –
p-value 0.0000 *** 0.0000 *** 0.0000 *** 0.0000 *** 0.0000 *** –

Notes: *, **, and *** represent statistical rejection at 10%, 5%, and 1% significance levels, respectively.

Sustainability 2023, 15, x FOR PEER REVIEW 11 of 24 
 

 

Table 2. Summary of descriptive statistics. 

Statistics LNCO2E LNENRC LNAFF LNTNRR LNTRD LNURBN 

Mean −0.60 6.32 7.41 1.47 4.11 3.61 

Median −1.87 6.16 7.17 1.86 4.13 3.65 

Maximum 2.39 8.04 9.88 4.07 5.05 4.49 

Minimum −4.77 5.33 5.62 11.59 1.84 2.19 

Std. Dev. 1.26 0.62 0.86 2.08 0.50 0.38 

 

Figure 4. Matrix scatter plots of pairs of variables. 

The Pearson correlation coefficient estimates presented in Table 3 illustrate the rela-

tionships among the series, which are consistent with established economic theories. For 

example, affluence (income), population (urbanization), and trade are expected to exhibit 

a positive correlation with carbon emissions. 

Table 3. Pearson correlation coefficient estimates. 

Correlation LNCO2  LNENRC  LNAFF LNTNRR LNTRD LNURBN 

LNCO2E  1.0000      

t-statistic –      

p-value –      

LNENRC 0.8371 1.0000     

Figure 4. Matrix scatter plots of pairs of variables.



Sustainability 2023, 15, 9676 12 of 23

3.2. Cross-Sectional Dependence Testss

To diagnose whether the data exhibit cross-sectional dependence, the CD and scaled
LM tests proposed by Pesaran [81] are employed, as well as the LM test of Breusch and
Pagan [82]. The results of these tests are displayed in Table 4.

Table 4. CD tests outcome.

CO2 Emission Series Energy Consumption Series

Test Statistic p-value Statistic p-value
Breusch-Pagan LM 1097.068 0.0000 * 5648.363 0.0000 *
Pesaran scaled LM 58.273 0.0000 * 334.236 0.0000 *
Pesaran CD 6.001 0.0000 * 74.112 0.0000 *

Notes: * denotes significance at the 1% level.

As depicted in Table 4, the null hypothesis of no cross-sectional dependence is rejected
by all tests at a 1% significance level. Consequently, cross-sectional dependence exists
among the sampled panel units.

3.3. Unit Root Tests

Considering that the panel data used in the study are cross-sectionally dependent,
the first-generation panel unit root tests cannot be used because they tend to reject the
null hypothesis of nonstationarity in the presence of cross-sectional dependence. Thus,
the second-generation CADF unit root test proposed by Pesaran (2007), which allows
for cross-sectional dependence in the data, was utilized to ascertain the stationarity of
the variables under study. The outcome of the second-generation panel unit root tests is
presented in Table 5.

Table 5. Panel unit root tests.

Variables

Levels First Differences

Intercept Intercept and Trend Intercept Intercept and Trend

t-Bar p-Value t-Bar p-Value t-Bar p-Value t-Bar p-Value

LNCO2E −1.237 (0.108) −0.355 (0.361) −8.471 * (0.000) −7.645 * (0.000)
LNTNRR −0.856 (0.145) −1.057 (0.145) −6.123 * (0.000) −3.776 * (0.000)
LNAFF 0.467 (0.680) 0.426 (0.665) −5.407 * (0.000) −4.565 * (0.000)
LNENRC 1.718 (0.957) 1.317 (0.990) −7.520 * (0.000) −5.139 * (0.000)
LNTRD 0.878 (0.810) 0.172 (0.568) −8.838 * (0.000) −6.947 * (0.000)
LNURBN −2.832 * (0.000) −3.988 * (0.000) – –

Notes: * denotes significance at the 1% level. p-values are reported in brackets.

The findings presented in Table 5 demonstrate that all six series are nonstationary, with
the exception of LNURBN, which exhibits stationarity at the level. Further analysis reveals
that the series LNCO2E, LNTNRR, LNENRC, LNAFF, and LNTRD attain stationarity at
the first difference with a significance level of 5%. Consequently, it can be inferred that
LNURBN is integrated in the order of zero, I(0), while the other variables are integrated in
the order one, I(1).

3.4. Cointegration Tests

Westerlund [85] cointegration tests are utilized to ascertain if there is a relationship
among the series in the long run. The model finds out whether cointegration is present or
not using four panel cointegration test statistics (group mean tests Ga and Gt and panel
tests Pa and Pt). The results presented in Table 6 show that Model 1 (with LNCO2E as
the dependent and LNTNRR, LNTRD, LNAFF, and LNURBN as independent variables)
rejected the null hypothesis of an absence of cointegration, except for Ga, while for Model
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2 (with LNENRC as the dependent and LNTNRR, LNTRD, LNAFF, and LNURBN as
independent variables), the null hypothesis of no cointegration is rejected by Gt. The
robustness of the existence of cointegration among the variables in both models was also
confirmed by the Kao [86] cointegration test outcome in Table 7 beneath. Thus, it can
be concluded that an association exists between LNCO2E, LNTNRR, LNAFF, LNTRD,
and LNURBN and between LNENRC, LNTNRR, LNAFF, LNTRD, and LNURBN in the
long run.

Table 6. Westerlund panel cointegration tests.

Model 1: Dependent Variable Is LNCO2E Model 2: Dependent Variable Is LNENRC

Statistics Value z-Value Value z-Value

Gt −3.033 * −2.539 (0.006) −3.195 ** −1.506 (0.066)
Ga −9.701 1.752 (0.960) −8.705 4.130 (1.000)
Pt −13.008 * −3.831 (0.000) −10.150 0.684 (0.753)
Pa −13.471 −2.265 (0.012) −9.822 1.948 (0.974)

Notes: Ga and Gt denote group mean tests, while Pt and Pa denote panel tests. *, and ** represent statistical
rejection at 1% and 10% significance levels, respectively.

Table 7. Kao panel cointegration tests.

Dependent Variable: LNCO2E Dependent Variable: LNENRC

Statistics t-Statistic p-Value t-Statistic p-Value

ADF −5.8327 * 0.0000 1.4791 † 0.0696
Residual variance 0.0630 0.0027
HAC variance 0.0358 0.0026

Notes: * and † denote significance at 1% and 10% levels, respectively.

3.5. Estimates of the Long-Run Parameters

Having determined that the series are cointegrated in the long run, the DOLS and
FMOLS estimations were undertaken to obtain estimates of the long-run parameters (elas-
ticities in this study’s particular specification). The outcomes are presented in Table 8.

Table 8. Long-run parameter estimates.

Variable FMOLS: LNCO2E DOLS: LNCO2E FMOLS: LNENRC DOLS: LNENRC

LNAFF
0.3838 * 0.3002 * 0.3340 * 0.2882 *
(0.0000) (0.0000) (0.0000) (0.0009)

LNTNRR
0.1032 † 0.0623 * 0.0342 * 0.0176 *
(0.0441) (0.0396) (0.0014) (0.0013)

LNTRD
−0.3102 * −0.2726 * −0.0560 † −0.0901 †

(0.0000) (0.0000) (0.0120) (0.0119)

LNURBN
0.8382 † 0.9044 * 0.3677 † 0.3428
(0.0136) (0.0061) (0.0374) (0.1969)

Notes: * and † denote significance at 1% and 5% levels, respectively.

The output of the FMOLS and DOLS in Table 8 reveals that, in the long run, income has
a positive impact on the emission of CO2. A 1% increase in income will lead to a 0.30–0.38%
increase in carbon emissions. This implies that environmental deterioration increases with
an increase in affluence (income). Excessive affluence can accelerate the manufacturing and
consumption of goods, which in turn will result in pollution, a rise in waste generation,
and overutilization of natural resources that may deteriorate the environment. This result
is in accordance with the outcomes of [35] With regard to energy, the output of the FMOLS
and DOLS in Table 8 reveals that income has a positive impact on the use of energy in
SSA; this suggests that an increase in income by 1% will lead to a 0.33% increase in energy
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consumption. This means that a rise in income will accelerate energy consumption in
sub-Sahara Africa. This is rational since an increase in consumption accelerates the demand
for high-energy-consuming commodities as the economy grows.

Recently, in the majority of the sampled SSA countries, such as Ghana, Nigeria, Benin,
etc., the demand for cars and other commodities that consume energy appears to have
increased. People tend to buy commodities that will make their lives enjoyable as their
income increases. Thus, seeing individuals buy washing machines and private cars in
addition to other things when their income appreciates is not unconventional. Similarly,
the desire to acquire additional income can make others buy commercial vehicles. This
leads to a rise in the number of imported vehicles in these countries, which consequently
increases CO2 emissions indirectly by increasing energy consumption.

Natural resource extraction has a positive influence on carbon emissions in SSA coun-
tries in the long run. This means that in the long run, a 1% rise in natural resource rent will
amount to a 0.06–0.10% increase in the emission of carbon in the SSA countries under study.
The deterioration impact of extracting natural resources on the environment of SSA coun-
tries can be attributed to the increasing oil exploration in the oil-producing SSA countries
and the illegal and legal mining activities in these countries. For example, the activities of
illegal mining in countries such as Nigeria and Ghana do not satisfy the minimum environ-
mental regulations and thus deteriorate the environment [35]. Similarly, exploration of oil
and gas degrades the environment through the tumultuous exploration linked with the
coastal oil and gas industry, ship traffic, construction work, and drilling, which produces
noise pollution that affects the sea ecosystem’s stability and that of its habitat. Additionally,
the progressive exploration of oil utilizes an enormous amount of energy, which produces
carbon, which deteriorates the environment. Additionally, disposing of gas through the
burning of natural gas produces photochemical agents, carbon dioxide and nitrogen diox-
ide, which deteriorate the environment. This result is in accordance with [35,80]. Thus,
there is a need to have renewable resources, which will drastically reduce the emission
of carbon in SSA countries, and this can only be achieved by transitioning from antique
automation that exploits increased natural resources to contemporary automation that ab-
sorbs value addition, recycling, and unnatural resources. Hence, decreasing environmental
pollutants will enhance environmental quality and promote economic development.

Regarding the energy model, in the long run, natural resource extraction has a signif-
icant positive influence on energy consumption in SSA countries. This means that a 1%
rise in natural resource rent will amount to a 0.01–0.03% increase in energy consumption
in the long run. This outcome is in line with a priori expectations because the incessant
exploitation of natural resources is largely dependent on energy-consuming machinery,
which cannot operate without energy. Hence, energy consumption rises with an increase in
natural resource activities in SSA countries. This result is insightful on the need for poli-
cymakers in SSA countries to pay attention to the activities of natural resource extraction
when setting strategies to handle the energy security issues of their countries.

The output of the FMOLS and DOLS in Table 8 reveals that, in the long run, urbaniza-
tion has a significant positive impact on the emission of CO2. A 1% increase in urbanization
will lead to a 0.83–0.90% increase in carbon emissions. This implies that environmental
deterioration increases with an increase in urbanization. This suggests that urbanization
accelerates pollutant emissions, which in turn deteriorates the environment of countries in
the SSA region in the long run. The fast-moving rate of urbanization comes with numerous
problems, such as the removal of vegetation cover to construct infrastructure to satisfy the
expanding urban population’s needs and heavy traffic jams, which result in a constant
rise in the utilization of fossil fuels. Hence, this incident mitigates environmental quality.
Additionally, there is a rise in the generation of waste as a result of the recent uncontrollable
increase in the urban population of the SSA countries, especially in Nigeria, Ghana, Kenya,
and Zimbabwe, which has surpassed the local government capacity in these countries
to sustainably handle it. This has made these countries rank among the top six dirtiest
countries in Africa in 2020 [6]. This result is in accordance with [11,68].
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Concerning energy consumption, in the long run, the output of the FMOLS in Table 8
shows the impact of urbanization on the use of energy is positive and statistically signif-
icant. This suggests that in the long run, a 1% rise in the rate of urbanization enhances
energy consumption by 0.36–0.38%. This is rationally based on the fact that the erection,
functioning, and sustenance of urban infrastructure, such as the transportation system,
accelerate the use of energy. Additionally, swift urbanization leads to a rise in the utiliza-
tion of services and goods, which, in turn, results in a rise in the energy utilized for their
manufacturing. This result is in accordance with [33,34].

The output of the FMOLS and DOLS in Table 8 reveals that, in the long run, trade
openness has a significant negative influence on carbon emissions in SSA countries. An
increment in trade openness of 1% will amount to a 0.27–0.1% reduction in carbon emissions.
This implies that environmental deterioration decreases with an increase in trade openness
in the long run. The argument in the literature regarding the influence of trade on the
environment is complicated. The pollution haven hypothesis (PHH) supporters believe that
trade openness influences the quality of the environment of poor nations negatively because
they are forced to reduce environmental regulations in their bid to attract foreign companies.
Consequently, negative externalities emerge to the disadvantage of the poor host nation [35].
Further, others believe that receptivity to trade degenerates the environment by stirring
nations to extricate extra resources that do not possess an explicit property right [87].
Additionally, trade openness through “the scale effect, technique effect, and composition
effect” influences environmental quality. The quality of the environment is enhanced by
the technique effect, which empowers nations to import low-pollution manufacturing
techniques. Trade, through its composition effect, assists in the transformation of the
economy from agricultural-based to industrial-based and finally to service-based, which
has relatively low pollution. The trade scale effect degrades the environment as it facilitates
the expansion of manufacturing and consumption activities [58]. This implies that the
aftermaths of trade are outpaced by the environmental-improving effects of trade openness
in SSA countries. This result is in accordance with [88] who revealed that international
trade can result in CO2 emissions abatement in China as having ecofriendly trade policies
helps to conserve the environment and promote economic growth.

Concerning energy, in the long run, the impact of trade openness on the use of energy
is negative and statistically significant. This suggests that in the long run, a 1% increase in
trade openness reduces energy usage by 0.05–0.09%. This result is in accordance with [89]
who discovered in the case of Ghana that trade has a negative impact on energy intensity in
the long run. A similar result was reported by [79]. The impact of trade on the demand for
energy may be debated depending on the level of economic development. Trade openness
implies that a country eases up on taxes and other procedures to enlarge foreign trade
and enhance the foreign trade to GDP (gross domestic product) ratio. Trade openness,
in return, is anticipated to contribute positively to economic growth. Subsequently, this
initial growth in the economy might enhance energy usage owing to soaring economic
activities such as outrageous government spending, production, and consumption, which
is known as the scale effect. The country may grow enough in the later phase of economic
growth to transition its manufacturing techniques from energy-intensive industries to the
service sector and/or install technologies that are energy efficient, which are referred to as
composition and technique effects, respectively. Thus, at later stages of economic growth,
energy consumption may be reduced.

3.6. Diagnostic Tests

In order to verify the validity of the obtained results, the estimates derived from the
FMOLS and the DOLS models were assessed for the potential issue of multicollinearity.
The variance inflation factor (VIF) was utilized as a diagnostic tool to detect the presence of
multicollinearity among the regressors. According to the existing literature, a VIF value of
one signifies the absence of correlation among regressors, necessitating further investigation
if the VIF value exceeds four. Clear evidence of multicollinearity is indicated by a VIF value
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greater than 10. The results of the VIF estimation, presented in Table 9, demonstrate no
signs of multicollinearity among the regressors, as the values in both models fall within the
range of 1.13 to 1.30. It is noteworthy that a serial correlation test was not conducted, as the
FMOLS and DOLS methodologies inherently account for serial correlation.

Table 9. Variance inflator factor estimates.

Model 1: CO2E as Dependent Variable Model 2: ENRC as Dependent Variable

Variables Coefficient Variance Uncentered VIF Coefficient Variance Uncentered VIF
LNINCOME 0.0087 1.3065 0.0031 1.1370
LNTNRR 0.0003 1.0909 0.0001 1.2616
LNTRD 0.0053 1.1018 0.0004 1.2455
LNURBN 0.0090 1.3067 0.0310 1.1313

3.7. Pooled Mean Group ARDL Estimation

The outcomes of the long-run estimation utilizing the PMG-ARDL approach for the
energy model, as displayed in Table 10, exhibit a resemblance to the findings obtained
from the FMOLS and DOLS estimations concerning income and natural resource extraction
presented in Table 8. However, trade openness and urbanization do not hold statistical
significance in this case. In the long run, income and natural resource extraction exert
a substantial positive impact on carbon emissions in SSA countries. A 1% escalation
in income and natural resource extraction results in a 0.98% and 0.04% augmentation
in carbon emissions, respectively. The convergence parameter, also known as the error
correction coefficient, is negative and statistically significant for the panel, indicating
an adjustment towards long-run equilibrium. Moreover, the convergence parameter for
individual countries proved to be significant across the entire nation.

Table 10. Estimation output of the pooled mean group with dynamic ARDL (dependent
variable: LNCO2E).

LNAFF LNTNRR LNTRD LNURBN Adjustment Parameter

Long-run 0.9850 *** 0.0464 * 0.0812 −0.1761 −0.3241 ***
(0.0000) (0.0917) (0.1101) (0.1220) (0.0000)

Short-run of cross-sections

Benin
0.6188 −0.0394 ** 0.2833 ** −2.9848 −0.0851 ***
(0.4951) (0.0475) (0.0210) (0.5337) (0.0001)

Botswana
−0.3299 −1.0356 *** 0.3857 −0.1328 −0.3207 ***
(0.6325) (0.0080) (0.1363) (0.8924) (0.0000)

Cote d’Voire
0.4480 ** −0.1101 *** 0.0296 −5.9163 −0.5918 ***
(0.0253) (0.0080) (0.7538) (0.6317) (0.0001)

Cameroun
3.2383 0.4586 ** 0.3960 −7.9326 −0.7061 ***
(0.3137) (0.0220) (0.4864) (0.8599) (0.0000)

Congo Dem. Rep 4.1516 ** −0.0595 *** −0.0031 −0.0031 −0.6961 ***
(0.0150) (0.0057) (0.8426) (0.8426) (0.0004)

Congo Rep. 1.6242 0.1242 *** 0.3213 * −7.5518 −0.2130 ***
(0.1361) (0.0022) (0.0317) (0.9388) (0.0004)

Gabon
−0.2774 *** 0.0143 *** −0.1576 ** 6.5496 * −0.3662 ***
(0.0065) (0.0028) (0.0146) (0.0742) (0.0000)

Ghana
−0.1602 −0.1618 *** −0.0435 *** 4.3060 −0.5771 ***
(0.4364) (0.0001) (0.0037) (0.8185) (0.0001)

Kenya 0.7499 −0.1642 *** 0.1358 *** 2.8817 −0.3006 ***
(0.1199) (0.0003) (0.0094) (0.3537) (0.0001)

Mauritius
0.6224 * −0.0137 *** 0.0240 7.4872 −0.0040
(0.0720) (0.0012) (0.6581) (0.6891) (0.2019)
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Table 10. Cont.

LNAFF LNTNRR LNTRD LNURBN Adjustment Parameter

Nigeria 0.4774 0.0978 *** −0.1296 *** 13.9980 −0.3865 ***
(0.1515) (0.0001) (0.0012) (0.9026) (0.0007)

Sudan
−1.4317 *** −0.0264 *** 0.0248 −0.5166 −0.2669 ***
(0.0083) (0.0000) (0.1337) (0.8821) (0.0003)

Senegal 0.0373 0.0521 *** −0.0034 −4.4362 −0.4010 ***
(0.9202) (0.0047) (0.9237) (0.8069) (0.0001)

Togo −0.6603 0.0564 *** −0.5258 *** −295.66 −0.7028 ***
(0.1374) (0.0091) (0.0072) (0.9506) (0.0000)

South Africa
0.6144 ** 0.0229 *** −0.1821 *** −0.9166 −0.0771 ***
(0.0216) (0.0001) (0.0011) (0.9286) (0.0014)

Zambia
−2.2703 −0.0396 *** −0.4950 *** −1.1769 −0.4474 ***
(0.1176) (0.0056) (0.0012) (0.8731) (0.0002)

Zimbabwe
−0.0571 0.1123 *** 0.0981 ** 7.3176 −0.5479 ***
(0.4960) (0.0005) (0.0213) (0.2444) (0.0000)

Notes: *, **, and *** represent statistical rejection at 10%, 5%, and 1% significance levels, respectively. The numbers
in parentheses are the p-values. The model is specified with an ARDL (1, 1, 1, 1, 1).

Further, the estimations of the short-run coefficients of the individual countries are
shown in Table 10. In the short run, income has a significant positive impact on the
emission of carbon in Cote d’Ivoire, the Congo Democratic Republic, Mauritius, and South
Africa, while its impact is negative in Gabon and Sudan. In the short run, natural resource
extraction has a negative impact on carbon emissions in Benin, Botswana, the Congo
Democratic Republic, Ghana, Kenya, Mauritius, Sudan, and Zambia, while its impact is
positive in Zimbabwe, South Africa, Togo, Senegal, Nigeria, Gabon, the Congo Republic,
and Cameroun. In the short run, trade openness has a negative impact on carbon emissions
in Zimbabwe, Zambia, and South Africa. Togo, Nigeria, and Ghana, while its impact is
positive in Kenya, Gabon, the Congo Republic, and Benin. The impact of urbanization
in the short run is not significant in all the countries except Gabon, where the impact is
positive and statistically significant.

The outcome of the long-run estimation of the PMG-ARDL of the energy model in
Table 11 is similar to the outcome of the FMOLS and DOLS estimations in Table 8, except
for natural resource extraction. Income has an insignificant positive influence on energy
consumption in SSA countries. In the long run, the impact of trade openness and natural
resource extraction on energy consumption is significantly negative. The convergence
parameter, or error correction coefficient, is negative and statistically significant for the
panel, showing adjustment to the long-run equilibrium. Additionally, for the individual
countries, the convergence parameter for the entire nation was significant.

Table 11. Estimation output of the pooled mean group with dynamic ARDL (dependent
variable: LNENRC).

LNAFF LNURBN LNTNRR LNTRD Adjustment Parameter

Long-run 0.0077 0.2562 *** −0.0261 *** −0.1371 *** −0.1722 ***
(0.7691) (0.0000) (0.0060) (0.0000) (0.0002)

Short-run of cross-sections

Benin
−0.6616 0.8218 −0.0151 *** 0.0818 *** −0.1699 ***
(0.2191) (0.2734) (0.0006) (0.0005) (0.0005)

Botswana
0.6616 *** −0.9545 *** −0.0063 *** −0.3455 *** −0.6046 ***
(0.0009) (0.0029) (0.0001) (0.0001) (0.0001)

Cote d’Voire
0.4671 *** −0.0607 0.0183 ** 0.0585 * −0.1517 ***
(0.0095) (0.9720) (0.0145) (0.0669) (0.0003)

Cameroun
0.1045 0.1197 −0.0013 *** −0.0254 *** −0.0152 ***
(0.0002) (0.3142) (0.0067) (0.0001) (0.0007)
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Table 11. Cont.

LNAFF LNURBN LNTNRR LNTRD Adjustment Parameter

Congo Dem. Rep 0.6019 *** 0.0075 *** −0.0504 *** 65.626 −0.1292 ***
(0.0021) (0.0005) (0.0000) (0.9764) (0.0047)

Congo Rep. 0.5635 *** −3.4114 0.0161 *** −0.0982 *** −0.0176 ***
(0.0009) (0.5706) (0.0003) (0.0003) (0.0093)

Gabon
−0.1195 ** 0.1988 −0.0149 *** −0.1891 *** −0.0623 ***
(0.0408) (0.8767) (0.0033) (0.0094) (0.0005)

Ghana
0.2699 ** 1.1633 −0.0201 *** −0.0806 *** −0.0057 ***
(0.0130) (0.7587) (0.0006) (0.0000) (0.0845)

Kenya 0.2520 *** −0.0670 −0.0004 −3.6978 ** −0.3006 ***
(0.0001) (0.3115) (0.1510) (0.0343) (0.0001)

Mauritius
0.5235 *** 2.3604 −0.0139 *** 0.0823 *** −0.0097 ***
(0.0015) (0.5155) (0.0000) (0.0039) (0.0001)

Nigeria −0.0855 *** 2.3970 ** 0.0058 *** 0.0003 ** −0.2245 ***
(0.0001) (0.0120) (0.0000) (0.0415) (0.0000)

Sudan
−0.5147 *** −0.4425 −0.0026 *** 0.0617 *** −0.1410 ***
(0.0002) (0.1329) (0.0000) (0.0000) (0.0019)

Senegal 0.1665 ** 1.1510 0.0364 *** −0.0946 *** −0.1111 ***
(0.0153) (0.6900) (0.0000) (0.0001) (0.0004)

Togo 0.1772 *** −56.426 −0.0003 −0.0028 −0.3455 ***
(0.0005) (0.8514) (0.3518) (0.3484) (0.0001)

South Africa
0.6241 ** −1.4222 0.0134 *** −0.1177 *** −0.0704 ***
(0.0216) (0.7616) (0.0001) (0.0005) (0.0016)

Zambia
−0.2392 0.3739 ** 0.0107 *** −0.0792 *** −0.6143 ***
(0.0005) (0.0190) (0.0000) (0.0000) (0.0000)

Zimbabwe
0.1886 *** 1.7205 ** 0.0457 *** −0.0841 *** −0.2239 ***
(0.0000) (0.0483) (0.0000) (0.0000) (0.0000)

Notes: *, **, and *** represent statistical rejection at 10%, 5%, and 1% significance levels, respectively. The numbers
in parentheses are the p-values. The model is specified with an ARDL (1, 1, 1, 1, 1).

Further, the estimations of the short-run coefficients of the individual countries are
shown in Table 11. In the short run, income has a significant positive impact on energy
usage in Zimbabwe, South Africa, Togo, Senegal, Mauritius, Kenya, Ghana, Cote d’Ivoire,
the Congo Republic, the Congo Democratic Republic, Cameroun, and Botswana, while
its impact is negative in Nigeria, Gabon, and Sudan. In the short run, natural resource
extraction has a negative impact on energy consumption in Sudan, Mauritius, Ghana,
Gabon, Benin, Botswana, Cameroun, and the Congo Democratic Republic, while its impact
is positive in Zimbabwe, Zambia, South Africa, Senegal, Nigeria, the Congo Republic, and
Cote d’Ivoire. In the short run, trade openness has a negative impact on carbon emissions
in Zimbabwe, Zambia, South Africa, Senegal, Kenya, Ghana, Gabon, the Congo Republic,
Cameroun, and Botswana, while its impact is positive in Sudan, Nigeria, Mauritius, Cote
d’Ivoire, and Benin. In the short run, the impact of urbanization on energy consumption
in Botswana is negative, whereas its influence is positive in Zimbabwe, Zambia, Nigeria,
Gabon, and the Congo Democratic Republic.

4. Conclusion and Policy Implications

The present study employed the STIRPAT framework to investigate the effects of
natural resource extraction (proxied by total natural resource rent), population (proxied
by urbanization), affluence (income), and trade openness on CO2 emissions and energy
consumption in 17 SSA countries over the period of 1971–2019. The motivation behind
conducting this research lies in the limited contributions of existing literature to the econo-
metric analysis of the impact of natural resource extraction on the drivers of environmental
degradation, specifically carbon dioxide emissions. SSA was chosen as the subject of this
investigation due to its high vulnerability to climate change and natural disasters stemming
from the region’s heavy reliance on natural resources. Moreover, economies in SSA are
characterized by rapid urbanization, natural resource extraction, trade, economic growth,
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and 21 population growth, which may collectively contribute to increased pollution levels.
To determine the presence of long-run relationships among the series, the Westerlund
and Kao cointegration techniques were employed. Furthermore, the PMG-ARDL, panel
FMOLS, and group mean panel DOLS approaches were utilized to assess the long-run
multipliers for carbon emissions and energy consumption.

The findings from the FMOLS and DOLS estimations indicate that, in the long run,
a 1% increase in income corresponds to a 0.30–0.38% rise in carbon emissions and a
0.33% growth in energy consumption. This suggests that an augmentation in income
may stimulate energy usage and exacerbate environmental degradation. In the long run,
natural resource extraction exerts a positive influence on carbon emissions and energy
consumption in SSA countries. Specifically, a 1% increase in natural resource rent can lead
to a 0.06–0.10% expansion in carbon emissions and a 0.01–0.03% enhancement in energy
consumption. Urbanization has a substantial and positive impact on CO2 emissions and
energy consumption, with a 1% upsurge in urbanization resulting in a 0.83–0.90% growth
in carbon emissions and a 0.36–0.38% increase in energy usage in the long run. Conversely,
trade openness demonstrates a significant negative influence on carbon emissions and
energy consumption in SSA countries over the long term. For instance, a 1% increment in
trade openness amounts to a 0.27–0.1% reduction in carbon emissions and a 0.05–0.09%
decrease in energy consumption.

The outcomes of the long-run estimation using the PMG-ARDL approach for the
energy model are consistent with the findings from the FMOLS and DOLS estimations
with regard to income and natural resource extraction. However, trade openness and
urbanization do not display statistical significance in this case. In the long run, income and
natural resource extraction have a considerable positive impact on carbon emissions in SSA
countries. A 1% increase in income and natural resource extraction leads to a 0.98% and
0.04% growth in carbon emissions, respectively.

Additionally, the short-run coefficient estimations for individual countries reveal that
income exerts a positive, significant influence on carbon emissions in Cote d’Ivoire, the
Democratic Republic of Congo, Mauritius, and South Africa, while its effect is negative in
Gabon and Sudan. In the short run, natural resource extraction demonstrates a negative
impact on carbon emissions in Benin, Botswana, the Democratic Republic of Congo, Ghana,
Kenya, Mauritius, Sudan, and Zambia; conversely, a positive effect is observed in Zim-
babwe, South Africa, Togo, Senegal, Nigeria, Gabon, the Republic of Congo, and Cameroon.
Furthermore, trade openness exhibits a negative influence on carbon emissions in Zim-
babwe, Zambia, South Africa, Togo, Nigeria, and Ghana, whereas its effect is positive in
Kenya, Gabon, the Republic of Congo, and Benin. In terms of urbanization, no statistically
significant impact is found in the short run for all countries, with the exception of Gabon,
where the influence is both positive and statistically significant.

In the short run, income has a significant positive impact on energy usage in Zim-
babwe, South Africa, Togo, Senegal, Mauritius, Kenya, Ghana, Cote d’Ivoire, the Congo
Republic, the Congo Democratic Republic, Cameroun, and Botswana, while its impact
is negative in Nigeria, Gabon, and Sudan. In the short run, natural resource extraction
has a negative impact on energy consumption in Sudan, Mauritius, Ghana, Gabon, Benin,
Botswana, Cameroun, and the Congo Democratic Republic, while its impact is positive in
Zimbabwe, Zambia, South Africa, Senegal, Nigeria, the Congo Republic, and Cote d’Ivoire.
In the short run, trade openness has a negative impact on carbon emissions in Zimbabwe,
Zambia, South Africa, Senegal, Kenya, Ghana, Gabon, the Congo Republic, Cameroun,
and Botswana, while its impact is positive in Sudan, Nigeria, Mauritius, Cote d’Ivoire, and
Benin. In the short run, the impact of urbanization on energy consumption in Botswana is
negative, whereas its influence is positive in Zimbabwe, Zambia, Nigeria, Gabon, and the
Congo Democratic Republic.

These findings suggest that environmental degradation decreases as foreign trade
expands. The improvement in environmental quality can be attributed to the technique
effect, which enables nations to import low-pollution manufacturing technologies. Trade,
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via its composition effect, facilitates the economic transition from agriculture-based to
industry-based and ultimately to service-based sectors. These shifts typically exhibit
lower pollution levels and adopt energy-efficient technologies, subsequently reducing
energy demand.

Based on the results of this study, several policy implications can be deduced. Given
that natural resource extraction activities contribute to environmental degradation, it is
crucial for policymakers in the region to implement more stringent ecofriendly regulations
that foster resource extraction in a financially prudent manner. Strict enforcement of
legislation governing oil production and mining activities is essential. Furthermore, in
addressing energy security challenges, it is vital for policymakers to focus on natural
resource extraction ventures.

Considering that urbanization and income were found to increase energy consumption
and carbon emissions, it is imperative for policymakers to encourage the transition towards
renewable energy sources and stimulate the development and utilization of low-CO2-
emitting technologies. This approach will facilitate urban development and energy secur
and foster sustainable green development in the region.

Lastly, as trade is determined to mitigate carbon emissions, there is a need for
the governments of SSA countries to lower tariffs on environmentally friendly com-
modities and raise both tariff and nontariff barriers on goods that are detrimental to
ecological quality.
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