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The impact of forestation and renewable energy
utilisation on environmental efficiency in Africa

Nelson Amowine

Department of Law and Public Administration, Yibin University, China

ABSTRACT
Achieving carbon neutrality is a tedious challenge confronting
African countries that have witnessed mounting environmental
degradation. Renewable energy consumption (REC) and forestation
play a critical role in dealing with the situation. Therefore, to
address this concern, this study assesses the dynamic energy or
environmental efficiency of 43 sampled African countries by prof-
fering a new dynamic meta-frontier DEA model from 2010 to 2018.
The bootstrap truncation regression model investigates the influ-
ence of forestation and REC on environmental efficiency in Africa.
The dynamic environmental efficiency of the 43 concerned African
countries is low (0.59), indicating vast room for improvement. The
heterogeneity of dynamic environmental efficiency across the
income groups is evident. The upper-middle-income group (UMIG)
had the best performance, followed by the low-middle-income
group (LMIG) and the low-income group (LIG). The technology gap
ratio also confirmed the existence of a huge gap across the income
groups in Africa. The bootstrap truncation regression results con-
firmed a U-shaped relationship between economic growth and
dynamic environmental efficiency in Africa. Forestation and REC
positively correlate to dynamic CO2 emission and energy efficiency
in Africa. In contrast, financial development is negatively associated
with CO2 emissions and Africa’s energy efficiency. The study’s find-
ings will aid the sampled African countries in their quest to attain
carbon neutrality, thereby promoting sustainability on the African
continent.
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1. Introduction

Globally, carbon dioxide (CO2) emissions derived from excessive energy consumption
have been recognised to have caused environmental degradation. Accordingly, affor-
estation has been identified as a vital tool for reducing CO2 emissions (Begum et al.,
2020; Favero et al., 2020). Forest-based actions have gained the attention of research-
ers and policymakers worldwide. For this reason, several economies globally have

CONTACT Nelson Amowine dramowinenelson@yibinu.edu.cn
� 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

ECONOMIC RESEARCH-EKONOMSKA ISTRAŽIVANJA
2023, VOL. 36, NO. 1, 2180412
https://doi.org/10.1080/1331677X.2023.2180412

http://crossmark.crossref.org/dialog/?doi=10.1080/1331677X.2023.2180412&domain=pdf&date_stamp=2023-03-08
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/1331677X.2023.2180412
http://www.tandfonline.com


incorporated carbon sequestration based-policies in their quest to control CO2 emis-
sions, all serving the purpose of the “Paris Agreement” (Forsell et al., 2016). The
“Paris Agreement” champions reducing the “global average temperature to 1.5 �C by
2100” by proposing afforestation-based actions.

Sustainability has become a hot topic in Africa because of concerns about increasing
CO2 emissions associated with the growing fossil energy utilisation and economic
expansion activities. Indeed, from 2008 to 2018, Africa’s overall primary energy use
increased by 2.4%, surpassing the annual global average rate of 1.6% (BP, 2020). During
the same period, Africa’s total CO2 emissions have drastically risen by 2.0%, outper-
forming the world’s total mean value of 1.1%. From 2000 to 2016, Africa’s mean GDP
growth rate was 4.6%, and its real GDP is projected to reach 3.9% and 4.1% in 2020 and
2021, respectively. Meanwhile, Africa’s urban population grew faster than the global
average of 4.91 (Jiang et al., 2021). According to IEA (2019), about 2040 million people
are projected to stay in urban Africa by 2040, a figure outpacing the whole of the
European Union’s current population.

More importantly, the African governments heavily depend on fossil fuels to power
their economies (Ouedraogo, 2017). Consequently, the second contributing factor to
greenhouse gas emissions on the African continent is energy utilisation after land use
and forest degradation (Nyiwul, 2019). Although the continent contributes less to the
world’s carbon emission at 4% (IEA, 2019), its ecosystem is heavily experiencing the
catastrophic impact of climate change, and future effects are monumental (Stuch et al.,
2021).

In response, African policymakers have wholeheartedly embraced the concept of car-
bon neutrality in their quest to promote sustainability on the continent. For instance, in
2015, the Africa Union promulgated the “Agenda 2063” in Ethiopia. One of the essen-
tial aims of “Agenda 2063” is to modernise Africa’s energy sector and ensure access to
clean and affordable energy for all Africans. Another laudable policy is establishing a
“sustainable energy fund for Africa (SEFA)”, which seeks to serve as succour for imple-
menting renewable energy projects in Africa.

Several viable solutions are available to mitigate the dangerous effects of Green
House Emissions (GHE). For example, the “Paris Agreement” advocates minimising
CO2 emissions using afforestation and forest-based actions. African countries must fol-
low the “Paris Agreement” stipulations to promote sustainability by reducing deforest-
ation and avoiding forest degradation. Tree plants can retain carbon, emit oxygen
during photosynthesis and have the capacity to store atmospheric carbon in the soil.
Thus, the increase in afforestation can promote carbon storage in the African sub-
region, substantially reducing global CO2 emissions.

Further, the forests play a critical role in ensuring the balance of the global climatic
system by adequately absorbing and keeping carbon and other atmospheric gases (Li
et al., 2021; Teng et al., 2021). Nevertheless, no scientific study in Africa precisely meas-
ures the dynamic impact of forestation on CO2 emissions reduction. Meanwhile, defor-
estation is one of the challenges militating against Africa’s economic prosperity. A
specific study on the influence of forestation on CO2 emission reduction in Africa is
lacking.
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In addition, the global climate change trends have awakened the concerns for
environmentally friendly technologies in both emerging and developed economies
needed to sustain development (Anwar et al., 2021). The consumption of environ-
mentally green technologies like renewable technology conserves the environment.
Adding renewable energy to the energy mix can promote environmental degradation
mitigation and energy security, thus boosting green growth and development (Luni &
Majeed, 2020). More importantly, concerns about CO2 emissions and the skyrocket-
ing fossil fuel prices have necessitated alternative energy sources like renewable
energy worldwide (Dong & Pan, 2020). Therefore, promoting the availability of green
technologies (renewable energy) and abating deforestation is the priority of econo-
mies worldwide. Essentially, African countries are also aiming at accomplishing these
targets. The tasks are to improve the growing demand for renewable energy and to
conserve the African forested area. Adopting a renewable energy mix can ensure reli-
ability, affordability, and viable paths toward CO2 emissions reduction (Luni &
Majeed, 2020). Empirically, several studies such (Cao et al., 2020; Chen et al., 2021;
Forsell et al., 2016; Lesiv et al., 2019; Nilsson & Schopfhauser, 1995; Teng et al., 2021;
Zomer et al., 2008), investigated carbon sequestration for a single country or regions
but none of these prior studies examined the dynamic impact of forestation and
renewable energy use on CO2 emission reduction in Africa. There is an urgent need
to control CO2 emissions in Africa to safeguard environmental quality. The energy
trilemma (Energy security, sustainability, and affordability) challenge needs to be
improved in Africa.

Furthermore, promoting the adoption and utilisation of REC will enhance energy
efficiency and provide cleaner energy sources, thus limiting fossil fuel utilisation in
Africa. These advantages associated with RCE have made it necessary to gain much
attention in the sustainability debate. More so, due to climate change challenges
coupled with energy efficiency and energy security advocacy, most recent efficiency
studies (Amowine et al., 2019, 2020; Ohene-Asare et al., 2020; Shen et al., 2022) in the
African continent typically advocate for the attainment of a trade-off between these two
critical policy outcomes—first, the accomplishment of energy security by raising the
proportion of REC in the energy mix, which eventually aid in CO2 emission reduction.
Second, efforts should be made toward the accomplishment of sustainable economic
growth. Achieving these policy targets in a unified framework is a mounting challenge
for African governments. However, climate change-minded scholars have started
employing an integrated method to measure the causal nexus between economic
growth, REC, and CO2 emissions (Amowine et al., 2019, 2020; Ohene-Asare et al.,
2020; Shen et al., 2022). Although these efficiency studies are scanty and remain at the
infant stage in Africa, the empirical study of the role of forests in storing atmospheric
carbon (sequestration) is lacking in the energy-growth-environmental nexus on the
continent.

Therefore, this study aims to empirically assess the impact of renewable energy
consumption (REC) and forestation on CO2 emissions mitigation in Africa by adopt-
ing a dynamic DEA model from 2010 to 2018. The current study’s contributions are
manifold in Africa. To the best of our knowledge, this study is the first to evaluate
the impact of REC and forestation on CO2 emissions reduction drive in Africa. Most
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of the African continent’s recent efficiency studies (Amowine et al., 2019, 2020;
Ohene-Asare et al., 2020) mainly focus on regional groups and do not provide empir-
ical evidence in a comparative setting relating to income groups classification.
Another primary concern with the current literature is that those studies in Africa
typically ignored heterogeneity across the various income groups on the continent.
Africa is mainly natural resources endowment continent, but the critical role of nat-
ural resource rent on energy and environmental efficiency is lacking. Given the above
issues, we expand the literature on Africa’s energy and environmental efficiency by
addressing these concerns in Africa. This profoundly helps to understand the role of
forestation, natural resources endowment rent, and REC on Africa’s energy and
environmental efficiency.

In addition, the present study provides insightful new conclusions and possible solu-
tions toward climate change mitigation from developing African economies’ perspec-
tives. In doing so, the results of this current study can influence policy formulation
regarding afforestation and REC utilisation, thus helping to achieve sustainable develop-
ment in Africa. Finally, this study intends to expand the energy efficiency literature and
provide more nuanced policy recommendations for energy conservation and CO2 emis-
sion reduction in Africa.

The study is structured as follows. A literature review of the various driving factors
on CO2 emission is captured in Section 2. The construction of the dynamic DEA
model is displaced in Section 3. The study’s results are displayed in Section 4. The
conclusions and policy implications of the study are shown in Section 5.

2. Literature review

2.1. The evaluation of energy efficiency in Africa

Estimating energy efficiency (EE) generally falls into one of these three frontiers. First
is the single factor EE, often denoted by the energy intensity indicator (Pan et al.,
2021). One limitation of the single-factor approach is that it does not account for
production factors like labour and capital (Filippini & Hunt, 2015). To overcome this
issue, total-factor EE, which considers several production inputs, has been introduced
to assess efficiency (Amowine et al., 2021; Yang et al., 2018). Frontier techniques
such as the stochastic frontier approach (SFA) and mathematical approach such as
DEA are known statistical methods for measuring energy efficiency. One advantage
of the SFA technique is that it can differentiate random noise from technical ineffi-
ciencies (Agradi et al., 2022). Adom et al. (2021) employed the SFA framework to
assess the energy efficiency in Africa, and Sun et al. (2021) adopted it to estimate the
EE of 24 OECD countries. Climate change-minded researchers mainly used SFA to
analyse efficiency in Africa (Adom et al., 2021; Agradi et al., 2022; Namahoro et al.,
2021). However, only a few climate change-minded scholars on the continent employ
the DEA method (Amowine et al., 2021, 2019, 2020; Ohene-Asare et al., 2020).
Meanwhile, unlike the SFA, the DEA framework can measure efficiency involving
many inputs—outputs cases (Amowine et al., 2021).

The sustainability literature has revealed that improving energy inputs enhance
GDP but inevitably increase CO2 emissions (undesirable output). The dynamic DEA,
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which considers both undesirable and carry-over factors, has been used lately for
energy efficiency measures (Atta Mills et al., 2021; Teng et al., 2021).

2.2. Impact of REC on CO2 emission

Renewable energy sources (RES) are renowned as the panacea to help attain net-zero
targets worldwide. REC is carbon-free, which leads to carbon neutrality (Stern &
Valero, 2021). Reducing fossil fuel utilisation and transiting to renewable energy sour-
ces is necessary for tackling climate change menaces. Furthermore, Kenner and
Heede (2021) suggested that countries need to drastically reduce fossil fuel consump-
tion and transit to renewables to prevent the global temperature from surpassing
1.5 �C above the pre-industrial era and accelerate carbon-free transformation. In the
quest to attain carbon neutrality targets, Perlaviciute et al. (2021) argued that renew-
able energies are the vehicle needed for plummeting global temperature to a 1.5 �C
pathway and navigating to a net-zero society. The utilisation of REC is a worldwide
phenomenon as governments devise pragmatic strategies to remove carbon from the
community to accomplish net-zero targets adequately. In doing so, climate change-
minded scholars have seen renewable energy sources as a viable way to achieve an
emission reduction trajectory (Bistline & Blanford, 2021; Burandt, 2021). For instance,
Adams and Acheampong (2019) suggest that increased REC utilisation significantly
reduces carbon emissions in Africa. Another study by Namahoro et al. (2021) demon-
strated that renewables are vital in curbing emissions in Africa.

Similarly, Danish and Ulucak (2021) supported that REC leads to CO2 emission
reduction in China and the United States. However, Adams and Nsiah (2019) reported
that renewable energy significantly reduces mounting CO2 emissions in sub-Sahara
Africa. A similar finding was achieved by Juan et al. (2021) and Iqbal et al. (2021) for the
BRICS and OECD countries, respectively.

2.3. Impact of forestation on CO2 emission

One of the viable ways to remove atmospheric carbon from society is through forests.
Taeroe et al. (2017) argued that forests have tremendous potential to reduce CO2

emissions by absorbing them. The authors investigated different types of European
forests, such as plantations, managed forests, and those reserved for the sole purpose
of carbon storage. They suggested that forests substantially reduce carbon emission
compared to the reduction of CO2 emission if wood is employed as an alternative
energy source. Meanwhile, in a study by Saranya et al. (2016), forests can equally
emit atmospheric carbon and other dangerous gases through forest depletion activities
such as forest fires. Likewise, Ahmad et al. (2018) investigated the effect of deforest-
ation and forestation degradation activities in Pakistan from 1994 to 2016. Their find-
ing suggests weak law enforcement, the cultural attitude of the people, and an
increasing population with a partial forest protectionism policy are the main driving
factors of deforestation in Pakistan from 1994 to 2016. In subtropical China, Li et al.
(2019) reported that forests play a crucial role in preserving biodiversity and reducing
environmental pollution in China. More importantly, Teng et al. (2021) studied the

ECONOMIC RESEARCH-EKONOMSKA ISTRAŽIVANJA 5



impact of affectation on CO2 emissions in China from 2007 to 2017 and proposed
that afforestation is the best strategy to deal with climate change challenges. Further,
Li et al. (2021) investigated the effect of forests on climate change in Chinese provin-
ces and concluded that forest investment and management lead to CO2 emission
reduction. Also, Case et al. (2021) studied the impact of forests on emissions in
America, suggesting that extreme temperatures affect the carbon storage potential of
forest trees. The vast majority of these studies indicated that no empirical research
had shed light on African countries’ perspectives.

Meanwhile, Zomer et al. (2008) demonstrated that Africa and South America are the
most suitable place on Earth for forest-based plantations to sequester carbon since such
regions have large vacant land. Yet most recent empirical efficiency studies (Amowine
et al., 2021, 2019, 2020; Ohene-Asare et al., 2020) have neglected the role of forests in
the African context. International commitments such as the “Clean Development
Mechanism” (CDM) contained in the Kyoto Protocol, the Paris Agreement and the
“sustainable development goals” (SDGs) all advocated for emission reduction through
improved energy use and forests-based actions.

2.4. Impact of economic growth on CO2 emission

The nexus between growth and CO2 emission has been discussed immensely in the
sustainability literature for over a decade from the perspective of the Environmental
Kuznets Curve (EKC) theoretical framework (Bibi & Jamil, 2021). The EKC stipu-
lates that increased economic growth can overturn ecological pollution once the
economy attains a given income threshold. Thus, the theory hypothesis that the rela-
tionship between income and environmental quality is U-shaped. Many studies in
the literature have validity to the EKC theory. For instance, Ohene-Asare et al.
(2020) validated the EKC for African countries from 2003 to 2011. Further,
Amowine et al. (2021) also showed that the EKC was valid for 44 African economies
from 2010 to 2016. However, other studies on the African continent demonstrate
invalid EKC. Also, Adu and Denkyirah (2018) found no evidence supporting the
EKC among West African countries. In a similar study by Erdo�gan et al. (2020), the
EKC is validated for all the regions investigated except for Sub-Sahara Africa.
Although several past studies investigated PGDP–CO2 emission nexus with the EKC
theory, environmental pollution reduction variables such as forestation and REC are
naturally not included. Hence, this latest study checks the validity of the EKC by
adding these critical variables to the equation. More importantly, no study investi-
gated EKC from the perspective of the income group classification in Africa in the
DEA literature.

2.5. Impact of natural resources endowment rent on CO2 emission

Africa witnessed tremendous economic growth over the past two decades, yet her
economy is predominantly agriculture and natural resources (Amowine et al., 2021).
These sub-sectors are renowned drivers of CO2 emissions (Adedoyin et al., 2020).
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The African continent is the second in population, just behind Asia, having countries
gifted with abundant natural resource endowment. Therefore, her supply of needed
raw materials for the production of tangible goods which aid world economic pros-
perity cannot be overlooked. A recent debate in the sustainability literature is the
effect of resource endowment rent transcends beyond the economic sphere, notably
on growth and other significant welfare indicators. Recent studies have demonstrated
that natural resource endowment rent (NRER) could pose severe ecological implica-
tions. For instance, Danish (2020) revealed that, together with water productivity, and
trade, NRER increases the level of CO2 emission in the world’s economy. This novel
finding mirror those of Adedoyin et al. (2020) that NRER raises CO2 emissions in
the long run. Using the European Union (EU) countries as the object of the evalu-
ation, similar empirical evidence is presented by (Bekun et al., 2019). This shows that
the over-reliance on natural resources has dire implications for the environment, par-
ticularly if the country has inadequate resource conservation policies. In short, the
empirical findings on the impact of resource reliance on CO2 emission trends are
scanty. While it is now vigorously being investigated, it is still at the infancy level.
The limitation is also more visible and prominent to the sampled African countries
whose resource dependence position has not been explored in the sustainability litera-
ture, particularly using the DEA framework. This concern has been addressed in this
study.

2.6. Impact of financial development on CO2 emission

Financial inclusion is an essential determinant of CO2 emission. For example, Amowine
et al. (2021) found financial development to impede ecological efficiency in Africa. Atta
Mills et al. (2021) obtained similar financial development findings to impact the Belt &
Road economies’ energy efficiency negatively. Lahiani et al. (2021) established those
financial developments lead to renewable energy advancement to accomplish carbon
neutrality in the United States. In China, Zhao and Yang (2020) reported that financial
development significantly aids CO2 emission reduction at the province level. In Sub-
Saharan Africa, Aluko and Obalade (2020) found empirical evidence to support the
impact of financial development for 35 countries in that region. On the same African
continent, Awan et al. (2020) revealed that financial development has dire implications
on CO2 emissions in North African countries. The critical role of financial development
continues to generate mixed findings, and it’s super relevant to add it as a control vari-
able in this study

2.7. The research gap

Notwithstanding the research mentioned above’s achievements, it has ignored two sig-
nificant areas of interest. First, none of the abovementioned studies integrated REC, for-
estation, and energy efficiency in a single coherent study, particularly for African
countries. Second, these past studies did not examine the dynamic CO2 emission and
energy efficiency across Africa’s various income group levels. The measurement of
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heterogeneity provides a better and more comprehensive understanding of Africa’s
dynamic energy efficiency across the income groups. Methodological-wise, this study
built a new meta-dynamic DEA model for estimating the energy across the income
groups and proffers the DEA statistical framework, unlike the SFA, which does not
need any pre-conditions (assumptions) of the underlying production technology.
Therefore, the current study addressed these concerns in the African sustainability
literature.

3. Materials and methods

This study designed and formulated the dynamic DEA model by combining F€are and
Grosskopf (2010) directional distance function and the meta-frontier framework by
O’Donnell et al. (2008) to gauge the dynamic energy efficiency in Africa. Further, the
bootstrap truncation regression technique is adopted to investigate the impact of REC
and forestation on energy and CO2 emission efficiency in Africa. The study’s dynamic
model is built and constructed as follows:

3.1. Dynamic DEA model

We assume that African countries are highly different across the various income
groups. The management type, resource utilisation, and mode of production differ
across Africa’s income groups. Past energy efficiency studies on the continent that fail
to acknowledge these income disparities will likely impact policy formulations. The
meta-frontier framework is employed to deal with the shortfall.

max
XT

t¼1

btL þ btEC þ btPO þ btGDP þ btCO2 n ¼ 1 . . .N t ¼ 1, 2 . . .T

s:t:
XT

t¼1

XN

n¼1

kntLnt � 1� bLð ÞL0t , n ¼ 1 . . .N t ¼ 1, 2 . . .T

XT

t¼1

XN

n¼1

kntECnt � 1� bCEð ÞEC0t, n ¼ 1 . . .N t ¼ 1, 2 . . .T

XT

t¼1

XN

n¼1

kntPOnt � 1� bPOð ÞPO0t, n ¼ 1 . . .N t ¼ 1, 2 . . .T

XT

t¼1

XN

n¼1

kntGDPnt � 1þ bGð ÞGDP0t, n ¼ 1 . . .N t ¼ 1, 2 . . .T

XT

t¼1

XN

n¼1

kntCO2nt � 1� bCO2ð ÞCO20t n ¼ 1 . . .N t ¼ 1, 2 . . .T

XT

t¼1

XN

n¼1

knt�1Znt ¼
XT

t¼1

XN

n¼1

kntZnt;

XT

t¼1

XT

t¼1

kt ¼ 1;

(1)
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3.2. The group frontier

The following model can achieve the computation of group efficiency:

max
XT

t¼1

btL þ btEC þ btPO þ btGDP þ btCO2 n ¼ 1 . . .N t ¼ 1, 2 . . .T

s:t:
XT

t¼1

kntLnt � 1� bLð ÞL0t, n ¼ 1 . . .N t ¼ 1, 2 . . .T

XT

t¼1

kntECnt � 1� bCEð ÞEC0t, n ¼ 1 . . .N t ¼ 1, 2 . . .T

XT

t¼1

kntPOnt � 1� bPOð ÞPO0t, n ¼ 1 . . .N t ¼ 1, 2 . . .T

XT

t¼1

kntGDPnt � 1þ bGDPð ÞGDP0t, n ¼ 1 . . .N t ¼ 1, 2 . . .T

XT

t¼1

kntCO2nt � 1� bCO2ð ÞCO20t n ¼ 1 . . .N t ¼ 1, 2 . . .T

XT

t¼1

knt�1Znt ¼
XT

t¼1

kntZnt;

XT

t¼1

kt ¼ 1;

(2)

3.3. Meta-technology ratio and inefficiency decomposition in Africa

3.3.1. Meta-technology gap measurement
The meta-technology ratio (MTR) calculation is measured by Eq. (3). The ratio
between the meta-frontier efficiency (MFE) relative to the group frontier efficiency
(GFE) is defined as the MTR. It is shown as:

MTR ¼ MFE
GFE

(3)

3.3.2. Dynamic energy inefficiency decomposition in Africa
This section explores the primary sources of the inefficiency of dynamic energy effi-
ciency in Africa. According to Chiu et al. (2012), the inefficiency can be decomposed
into technology gap inefficiency (TGI) and group managerial inefficiency (GMI). The
meta-frontier total inefficiency (MTI) estimated relative to the meta-frontier is the
summation of TGI and GMI. Statistically, the closer the MTI is to unity, the more
inefficiency the firm is. See Eq. (4)

TGI ¼ GFE� ð1�MTRÞ
GMI ¼ 1� GFE

MTI ¼ TGI þ GMI
(4)
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3.4. Input, good output, and bad output index efficiencies in Africa

Hu and Wang (2006) utilised the “total-factor energy efficiency” (TFEE) index to solve
any discriminatory bias associated with the basic energy efficiency parameters. The
input indicators (are labour, population, and fossil fuel use), good outputs (GDP), and
bad outputs (CO2 emission). The i and t denote area and time, respectively. The indica-
tors efficiency models are expressed as follows.

Input efficiency index ¼ Target inputði, tÞ
Actual inputði, tÞ

Desirable output efficiency index ¼ Target desirable outputði, tÞ
Actual desirable outputði, tÞ

Bad output efficiency index ¼ Target bad outputði, tÞ
Actual badoutputði, tÞ

(5)

The interpretation, should the target input be the same as the actual input, then a total
overall efficiency (1) is accomplished. However, if the target input is less than the actual,
the estimated efficiencies are less than a unit, which records an inefficiency situation.

The performance of an estimated DMU is 1 when the target good outputs are the same
as the actual good outputs, which means total efficiency. The performance is not equal to
1 if the target good output exceeds the actual output, demonstrating total inefficiency.

The efficiency of an estimated DMU is 1 when the target bad output factor is the same
as the actual, which shows total efficiency is attained. When the efficiency is less than a
unit, the target bad output factor is far greater than the actual, indicating total inefficiency.

3.5. Econometric model construction and driving factors selection

This section introduces the regression technique and the influencing factors selection
adopted in this study.

3.5.1. Bootstrap truncation regression for analysing the driving factors in Africa
The distribution of the efficiency estimates generated by the dynamic DEA model is
truncated and not normally distributed. Thus, measurement based on the ordinary least
squares (OLS) might lead to severe statistical bias (Luo et al., 2021; Ohene-Asare et al.,
2020). Prior studies on the continent mainly adopt the Tobit and multiple regression
framework to examine eco-efficiency determinants. However, Simar and Wilson (2007)
argued that the efficiency estimate derived from the dynamic DEA approach is highly
serially biased. The application of Tobit regression might result in incorrect conclu-
sions. The bootstrap truncation technique has been widely used to examine the influ-
ence of contextual variables on efficiency (Amowine et al., 2021). Therefore, this study
adopts the bootstrap truncation framework to investigate the impact of REC and forest-
ation on CO2 efficiency in Africa. The study proposes the following nonlinear model as
follows:

DEEit ¼ ai þ b1InPGDPit þ b2ðInPGDPitÞ2 þ b3InRECit þ b4InFOit

þ b5InNRERit þ b6InFINDEVit: � INRECit þ b7InFINDEVit þ eit
(6)
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Where DEE0, t denotes the corrected bootstrapped Africa dynamic energy effi-
ciency. ai and eit represents the fixed effect and the error term at time t, respectively.
All variables were utilised in natural logarithms form.

3.5.2. Index selection of influencing factors
The “Environmental Kuznets Curve” (EKC) is associated with per capita income and
dynamic energy efficiency. (1) Per capita income (PGDP) is adopted as an index for
economic growth (Amowine et al., 2021; Liu et al., 2020; Twum et al., 2021). PGDP2 is
added to the regression equation to capture the non-linearity association between
dynamic energy efficiency and economic growth. (2) Forestation (FO). Forests have tre-
mendous potential to reduce CO2 emissions by absorbing them (Taeroe et al., 2017).
Therefore, forestation should be essential for dynamic energy and CO2 emission effi-
ciency analysis. (3) Renewable energy consumption (REC) is renowned for its low-car-
bon nature, which leads to carbon neutrality (Amowine et al., 2021; Stern & Valero,
2021). REC presents green technological innovation spillovers and influences dynamic
energy efficiency. The other control variables, that is, Natural resource endowment rent
(NRER), financial development (FINDEV), and the interaction term of financial devel-
opment and renewable energy (FINDEV�REC), can directly influence energy efficiency
and environmental pollution.

3.6. Data used

This study adopts annual balanced panel data for Forty-three (43) African countries
from 2010 to 2018. As shown in Table 1, the data is sourced from the US energy admin-
istration and the World Bank Development Indicators (WDI). Purposely, the study
uses energy consumption, labour, and population as the input indicators; the output
factors include; GDP and environmental pollution (CO2 emission). Fixed asset deploys
as the carryover parameter. Around 54 countries constituted the Africa sub-region,
according to the World Bank. However, considering a balanced data panel and scalabil-
ity, 43 African countries were selected for the concerned study variables. Specifically,
we did not go past the study time frame since these countries had a lot of missing data;
this necessitated the study to select 43 African countries from 2010 to 2018. Further, the
study sample of 43 African countries was classified into three sub-groups according to

Table 1. Definition of the variable used.
Variables Abbreviation Definition Source

Labor Labor Labor force (millions of workers) WDI
Population PO Population, total �
Fixed assets FA Millions of US dollars �
Gross Domestic Product GDP Millions of US dollars �
CO2 emissions CO2 Metric tons �
Energy consumption EC Primary energy consumption (Btu) EIA
Economic growth (per capita GDP) PGDP Constant 2010 US$ WDI
Renewable energy consumption REC Percentage (%) of total final energy �
Forestation FO Forest area (sq. km) �
Financial development FDV Domestic credit to the private sector (% of GDP) �
Natural resource endowment rent NRER Total natural resources rent (% of GDP) �
Note: WDI¼World Development Indicators WDI (2020) and EIA¼U.S. Energy Information Administration (U.S, 2020).
Source: Krug (2018).
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gross national income (GNI); upper-middle-income countries (UMIC) (GNI: $4,096 to
$12,695), lower-middle-income countries (LMIC) (GNI: $1,046 to $4,095) and low-
income countries (LIC) (GNI: $1,045 or less) based on the “World Bank country and
lending group categorisation” in 2021 employing the “World Bank Atlas method.”
Thus, in the study, the UMIC consist of 6 countries, 20 LMIC and 17 LIC, all in the
continent of Africa.

More importantly, the sub-division into income levels examines the unique difference
in the energy consumption structure, economic development, and the mode of produc-
tion structure in Africa. The utilisation of resources, management, and production tech-
nologies differ across Africa’s income groups. Notably, the study is based on African
countries simply because mounting ecological challenges are unceasingly impacting the
subregion’s populations and environs. Consequently, preserving the African forests and
the strategic investment in REC utilisation will ultimately help mitigate these environ-
mental challenges in Africa. The African governments depend heavily on fossil fuels to
power their economies. However, this raises pollution and ecological deterioration.

Additionally, developing economies like those in Africa can significantly invest in
environmental entrepreneurship activities such as clean energy and the adaptation of
green products like REC that immensely contribute to sustainability. Table S1 thus
outlines the investigated African countries sampled from the perspective of the vari-
ous income groups. Tables 1 and 2 illustrate the definition and descriptive statistics
of the different variables used.

As illustrated in Table 2, the mean carbon emission for the entire study is higher
in Upper-middle African countries than in the pool (Africa) and the other income
groups. This means that studies that ignored income group classification might not
be able to gauge this critical development. Policymakers should adopt carbon mitiga-
tion measures in the upper middle and the whole of Africa to achieve carbon neutral-
ity. Again, the average energy consumption is higher in Upper Middle countries than
in Africa and the other two income groups. This implies that higher fossil energy use
in the upper-middle African countries might cause higher average CO2 emissions.

Interestingly, the low, middle group appeared to have higher mean GDP than the
main panel and the other groups. The rest variables, such as population, labour, and
fixed assets, varied with time. All the studies were normalised to conform with energy
and CO2 emission values to ensure robustness. Those statistics were not reported but
available upon request due to lack of space. The statistics displaced above confirmed
that African countries differ in income group classification.

In Table 3, the average per capita GDP (PGDP) is higher in the upper-middle-income
group, followed by the main panel (Africa), the low-middle-income group, and the low

Table 2. Descriptive statistics of the various variable used.
Variables Africa Upper-middle Low-middle Low income

Labour (104) 951.71 398.65 1101.25 970.97
Energy use 0.730 1.194 1.134 0.090
Population (104) 2545.84 1052.71 3067.51 2459.09
GDP (106) 50869.37 66809.34 75375.09 16413.25
Fixed assets (106) 12280.08 15015.08 17988.02 4599.55
CO2 emissions 1.129 4.296 1.01 0.158

Source: Krug (2018).
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income had the least mean PGDP. The low-income group appeared to be investing more
in REC, followed by the low-middle, the pool, and the upper-middle-income group.
Forestation is more preserved in the low-income group, followed by the main panel, low-
middle, and upper-middle-income. These African countries are advised to invest more
in REC and afforestation-based products to aid the decarbonisation drive on the contin-
ent. Natural resource endowment rent and development followed the same trend.

4. Results and discussion

4.1. Meta-frontier dynamic energy efficiency in Africa from 2010 to 2018

Table 4 shows the total meta-frontier efficiency from 2010 to 2018. Figure 1 shows
average efficiency trends across the income groups in Africa, while Figure 2 demon-
strates the average overall efficiency trend by country.

Tables 4 and Figure 2 show that only ten African countries have reached the pro-
duction frontier with an average inefficiency of 0.407. Kenya and Nigeria have the
relatively best performance and thus require minimum improvement to reach the
contemptuous frontier. The other concerned countries have poor performance and
need massive improvement to be efficient. This indicates that carbon emissions and
other anthropogenic activities have dire consequences on efficiency and sustainable
economic prosperity derived on the continent.

At the income group level (Figure 1), the group categorisation shows that the
upper-middle countries have substantial differences relative to the low-income and
low-middle groups, indicating significant differences in the income group classifica-
tion. In Figure 1, there is evidence of heterogeneity among the three income groups.
These findings demonstrate a slight heterogeneity relative to production technology
and ecological management efforts in attaining carbon neutrality within these groups
(low-income, low-middle, and upper-middle African countries). Meanwhile, these
findings support significant heterogeneities among African countries at the continent
level, as illustrated by Amowine et al. (2021). More importantly, the continent’s trans-
formation can be accomplished by neighbourhood sharing vital information and tech-
nology transfer and implementing similar energy improvement policies among the
African regional groups (Adom, 2019). The overall average efficiency of this study
was not high (0.593) during the entire study period, indicating that energy improve-
ment is required in Africa. These results can be compared to those (Amowine et al.,
2021; Ohene-Asare et al., 2020; Qu et al., 2022) measuring African energy and eco-
logical efficiency. The impact of carryover factors and CO2 emissions have dire impli-
cations on efficiency in Africa. Therefore, in the context of carbon neutrality, the

Table 3. Summary statistics of the driving factors across the income groups in Africa.
Variables Africa Upper-middle Low-middle Low income

EE 0.593 0.791 0.559 0.563
PGDP 2301.761 7560.725 2132.778 644.459
REC 58.891 28.039 49.874 80.387
Forestation 146924.4 110728 141450.2 166139.9
Natural resource rent 10.862 10.704 9.6724 12.317
Financial development 26.81 60.363 27.048 14.695

Source: Krug (2018).
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Table 4. Africa’s total dynamic meta-frontier efficiency from 2010 to 2018.
income groups Countries 2010 2011 2012 2013 2014 2015 2016 2017 2018 Mean

Low income Burkina Faso 1 1 1 1 1 1 1 1 1 1
Burundi 0.496 0.514 0.513 0.636 0.634 0.658 0.589 0.484 0.620 0.571
Central African

Republic
0.397 0.388 0.366 0.278 0.241 0.217 0.240 0.251 0.203 0.287

Chad 0.409 0.407 0.353 0.386 0.391 0.427 0.422 0.423 0.449 0.407
Congo, Dem.

Rep
1 1 1 1 1 1 1 1 1 1

Ethiopia 0.618 0.640 0.610 0.657 0.811 0.708 0.718 0.637 0.897 0.700
Gambia 0.786 0.673 0.771 0.837 0.908 0.805 0.693 0.721 0.658 0.761
Guinea 0.491 0.450 0.420 0.454 0.499 0.525 0.501 0.466 0.583 0.488
Madagascar 0.412 0.4213 0.413 0.433 0.434 0.435 0.436 0.437 0.438 0.429
Mali 0.291 0.257 0.281 0.294 0.248 0.274 0.295 0.246 0.249 0.271
Mozambique 0.792 0.735 0.742 0.749 0.768 0.7294 0.759 0.753 0.572 0.733
Niger 0.460 0.556 0.557 0.576 0.569 0.5694 0.447 0.531 0.541 0.534
Rwanda 0.42 0.422 0.421 0.424 0.421 0.423 0.412 0.425 0.419 0.421
Sierra Leone 0.712 0.718 0.719 0.721 0.727 0.760 0.721 0.729 0.729 0.726
Sudan 0.519 0.606 0.602 0.6546 0.667 0.633 0.662 0.640 0.631 0.624
Togo 0.213 0.223 0.235 0.241 0.273 0.265 0.283 0.284 0.293 0.257
Uganda 0.4821 0.335 0.407 0.369 0.395 0.360 0.343 0.293 0.284 0.363

Low Middle
income

Angola 1 1 1 1 1 1 1 1 1 1
Algeria 1 1 1 1 1 1 1 1 1 1
Benin 0.4924 0.752 0.829 0.967 0.7458 0.766 0.766 0.691 0.676 0.743
Cabo Verde 0.417 0.437 0.447 0.457 0.475 0.474 0.427 0.476 0.478 0.454
Cameroon 0.342 0.300 0.343 0.286 0.308 0.299 0.278 0.264 0.303 0.303
Comoros 0.3481 0.3472 0.349 0.301 0.345 0.348 0.348 0.352 0.348 0.343
Congo, Rep. 0.466 0.490 0.469 0.431 0.426 0.425 0.420 0.419 0.456 0.445
Côte d‘Ivoire 1 1 1 1 1 1 1 1 1 1
Egypt, Arab

Rep
1 1 1 1 1 1 1 1 1 1

Ghana 0.218 0.374 0.219 0.281 0.278 0.288 0.287 0.289 0.288 0.280
Kenya 0.891 0.836 0.775 0.813 0.817 0.819 0.918 0.952 0.856 0.853
Lesotho 0.235 0.241 0.254 0.241 0.237 0.219 0.281 0.294 0.278 0.253
Mauritania 0.257 0.336 0.358 0.347 0.348 0.357 0.349 0.500 0.396 0.361
Morocco 0.264 0.498 0.446 0.556 0.602 0.623 0.518 0.475 0.483 0.496
Nigeria 0.842 0.821 0.832 0.841 0.844 0.944 0.845 0.747 0.661 0.820
Senegal 0.342 0.431 0.521 0.515 0.453 0.457 0.474 0.481 0.484 0.462
Tanzania 0.551 0.361 0.394 0.37 0.368 0.335 0.350 0.350 0.295 0.375
Tunisia 0.3638 0.3628 0.3648 0.3618 0.3628 0.3618 0.3628 0.3648 0.648 0.395
Zambia 0.193 0.213 0.254 0.263 0.252 0.2567 0.271 0.283 0.2851 0.252
Zimbabwe 0.206 0.231 0.370 0.350 0.329 0.390 0.377 0.376 0.389 0.335

Upper middle
income

Botswana 1 1 1 1 1 1 1 1 1 1
Equatorial

Guinea
1 1 1 1 1 1 1 1 1 1

Gabon 1 1 1 1 1 1 1 1 1 1
Mauritius 0.569 0.500 0.661 0.569 0.509 0.642 0.597 0.474 0.5327 0.562
Namibia 0.399 0.546 0.580 0.556 0.593 0.536 0.698 0.339 0.7025 0.550
South Africa 0.659 0.616 0.567 0.556 0.605 0.621 0.653 0.657 0.7999 0.637
Mean 0.571 0.582 0.592 0.599 0.602 0.604 0.599 0.584 0.603 0.593

Source: Krug (2018).

Figure 1. Average total meta-frontier efficiency across the income group in Africa.
Source: Krug (2018).
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concerned African countries should reduce CO2 emissions and other anthropogenic
activities to achieve carbon neutrality and sustainable economic development.

4.2. Group dynamic energy efficiency in Africa from 2010 to 2018

Equation (2) was adopted to compute the efficiency across the three income groups in
Africa. Table 5 presents the average dynamic energy efficiency across income groups in
Africa from 2010 to 2018.

From Table 5, the Upper-middle-income group had the best overall average efficiency
of 1 from 2010 to 2018, implying the best group in this study. Further, the average overall
efficiency in the low-income group was 0.826—the second. The low-middle-income
group followed closely with an average overall efficiency of 0.783. The results further
confirmed the heterogeneity in these African countries regarding their income groups.
The overall mean dynamic energy efficiency across the three income groups in Africa
was 0.830, demonstrating that Africa’s energy efficiency at the income group level is
higher than the meta efficiency in Table 5. The possible reason for the slightly higher effi-
ciency at the group level is the recent implementation of REC projects across the various
regional blocs on the African continent. Managerial implication - Policymakers should
focus more on improving Africa’s energy to ensure sustainability.

4.3. The meta-technology ratio (MTR) in Africa

Based on the dynamic meta-frontier model in Section 3, this section measures the
technology gap caused by income group heterogeneity. The MTR is an essential com-
ponent of the meta-frontier concept as it measures the gap in production technology
among the different production frontiers. Therefore, this study computed the MTR of
the three income groups in Africa, and the results are shown in Table 6.

Figure 2. Average total meta-frontier efficiency scores by countries.
Source: Krug (2018).

Table 5. Mean group dynamic energy efficiency in Africa from 2010 to 2018.
Years Low-income Low-middle-income Upper-middle-income Africa

2010 0.805 0.752 1 0.808
2011 0.816 0.783 1 0.826
2012 0.807 0.787 1 0.824
2013 0.811 0.793 1 0.829
2014 0.836 0.791 1 0.838
2015 0.832 0.792 1 0.837
2016 0.817 0.780 1 0.825
2017 0.827 0.780 1 0.829
2018 0.884 0.786 1 0.855
Mean 0.826 0.783 1.00 0.830

Source: Krug (2018).
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From Table 6, the result provided evidence of substantial heterogeneity among
these countries regarding their income status. The overall MTR for the selected
African countries is 0.709, indicating that the concerned countries were inefficient. In
Table 6, the average of MTRs of the upper-middle group appeared to be the best, fol-
lowed by low middle-income group and the low-income group. None of these groups
has MTRs of 1, implying massive improvement is required to boost efficiency at this
stage. Managerial implication—energy utilisation technology level is more affected in
the low and low-middle-income countries than the upper-middle-income countries,
as evident in Table 6. Thus, policymakers should leverage improved technology to
narrow the gap on the continent.

4.4. Dynamic energy inefficiency decomposition in Africa

Further, this study explores the primary sources of the inefficiency of the concerned
African countries. We decomposed the energy inefficiency into technological gap
inefficiency (TGI) and group managerial inefficiency (GMI) across the income groups
in Africa. The results as shown in Table 7. The empirical outcome provides policy-
makers with in-depth information for improving the continent’s inefficiency.

From Table 7, the main reason for Africa’s energy governance inefficiency was
technical rather than managerial. Indeed, across the income groups in Africa, we
observed that the total average inefficiency for the main panel (Africa) is 30.02% for
the TGI, and that of GMI is 21.5%. TGI accounted for 29.8% of the inefficiency for

Table 6. The average meta-technology gap in Africa’s dynamic energy efficiency from 2010 to
2018.
Years Low-income Low-middle income Upper-middle-income Africa

2010 0.697 0.683 0.771 0.701
2011 0.676 0.686 0.777 0.695
2012 0.691 0.703 0.801 0.712
2013 0.711 0.709 0.780 0.720
2014 0.705 0.699 0.784 0.713
2015 0.696 0.701 0.800 0.713
2016 0.689 0.717 0.825 0.721
2017 0.666 0.721 0.745 0.703
2018 0.639 0.716 0.839 0.703
Mean 0.685 0.704 0.791 0.709

Source: Krug (2018).

Table 7. Technology and managerial inefficiency of Africa’s energy governance.

Years

LIG LMIG UMIG Africa

GMI TGI GMI TGI GMI TGI GMI TGI

2010 0.221 0.279 0.310 0.289 0 0.458 0.243 0.299
2011 0.208 0.302 0.272 0.289 0 0.446 0.220 0.309
2012 0.219 0.287 0.267 0.282 0 0.397 0.222 0.294
2013 0.214 0.272 0.259 0.280 0 0.440 0.216 0.290
2014 0.186 0.281 0.261 0.289 0 0.431 0.205 0.298
2015 0.190 0.290 0.260 0.280 0 0.400 0.206 0.295
2016 0.207 0.291 0.275 0.270 0 0.351 0.221 0.286
2017 0.196 0.316 0.275 0.268 0 0.510 0.216 0.311
2018 0.132 0.364 0.267 0.275 0 0.322 0.184 0.318
Mean 0.197 0.298 0.272 0.280 0.000 0.417 0.215 0.300

Source: Krug (2018).
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the low-income group, while GMI is 19.7%. Additionally, low-middle-income group
level, TGI is 28%, and GMI is 27.2%. In the same fashion, in the upper-middle-
income group, GMI is 0%, meaning total efficiency, and TGI is 41.7% inefficiency.
Hence, African countries should improve their technology level and efficiency.

4.5. Analysis of the inputs and outputs efficiency index within groups in Africa

4.5.1. Labour efficiency
The labour efficiency is presented in Figure 3 as computed by Hu and Wang’s index.
From 2010 to 2018, Africa’s average labour efficiency was 0.40 and showed a fluctuating
trend. This indicates that labour needs to be appropriately optimised to improve effi-
ciency. From 2014 to 2017, the mean labour efficiency of the upper-middle-income
group appeared to be higher than the main panel (Africa). The low-middle income
groups seemed to have the lower labour for the entire study period.

At the country level, three upper-middle countries have labour efficiency equal to
1 (Botswana, Equatorial Guinea, and Gabon), while low-middle countries (Angola,
Côte d‘Ivoire, and Egypt) also have three countries that have reached the efficient
frontier. We observed that two countries (Burkina Faso and Cong, Dem. Rep) were
efficient for the low-income group. As shown in Figure 3, none of the groups shows

Figure 3. Mean labour efficiency across the income groups from 2010 to 2018 in Africa.
Source: Krug (2018).

Figure 4. Mean energy efficiency within the income groups from 2010 to 2018 in Africa.
Source: Krug (2018).
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an increasing trend in labour efficiency, implying labour needs to be optimised to
improve efficiency on the continent.

4.5.2. Energy efficiency
Africa’s energy utilisation efficiency demonstrates a fluctuating trend from 2010 to
2018, as displayed in Figure 4. We observed that the mean energy use efficiency in
the upper-middle group was higher than Africa’s average throughout the study
period. Further, the mean energy use of the low-income group is lower than the
main panel’s (Africa) mean. The average of the low-middle income groups appeared
to be similar to the average of the main panel.

At the country level, we observed Burkina Faso and Congo Dem. Rep. belongs to the
low-income group was efficient. Angola, Côte d‘Ivoire, and Egypt of the low-middle
group also reached the frontier, while Botswana, Equatorial Guinea, Gabon, and South
Africa were efficient for the upper-middle-income group. Although Figure 4 shows a
download trend of energy use efficiency from 2010 to 2018, for 2014, there was a fluctu-
ation. The implementation of REC will further enhance energy on the continent; thus,
policymakers are advised to increase the share of renewables in the energy mix.

4.5.3. Fixed assets efficiency
Figure 5 shows Africa’s mean fixed assets efficiency has fluctuated from 2010 to 2018.
The average fixed assets efficiency of the upper-middle-income group (UMIG) is
higher than the mean of Africa for the entire study period. However, from 2014 to
2018, the average efficiency of the low-middle-income group (LMIG) is slightly bigger
than the mean of Africa. The low-income group (LIG) appeared to have the least effi-
ciency during the same period.

At the country level, in Angola, Côte d‘Ivoire, and Egypt, the low middle-income
group accomplished total efficiency during the study period, while Burkina Faso and
Congo Dem. Rep of the low-income group was also efficient. Equatorial Guinea and
Gabon also have total efficiencies for the upper-middle-income group for the study
period. The UMIG appears to have more fixed-assets accumulation, translating into
better efficiency in this section.

Figure 5. Mean fixed asset efficiency within the income groups from 2010 to 2018 in Africa.
Source: Krug (2018).
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4.5.4. GDP efficiency
Africa’s economic growth efficiency has fluctuated from 2010 to 2018 in Figure 6.
The mean GDP efficiency of the upper-middle-income group year by year is higher
than the mean of Africa. Contrarily, the low-income group has the lower average
GDP efficiency for the whole study period except for 2017.

The economic growth efficiency of countries in Africa’s upper-middle-income
groups has demonstrated an upward trend, increasing from 0.741 to 0.925. Among
them, the economic efficiencies of South Africa, Botswana, Equatorial Guinea, and
Gabon are equal to 1 in all the years, attaining optimal output. The rest of the income
and Africa appeared to have a downward trend for the entire study period. The upper-
middle-income group and the other groups must institute CO2 emission reduction
measures to achieve sustainable economic prosperity.

4.5.5. CO2 emission efficiency
Africa’s CO2 emission efficiency fluctuates, except for the upper-middle-income group
from 2010 to 2018, as displaced in Figure 7. The mean of the upper-middle-income
group is higher than in Africa and the other groups. Surprisingly, the low-income
group is the second-highest CO2 emission efficiency. The possible reason for this phe-
nomenon is that most of these countries focused on economic prosperity regardless
of the dire consequences of CO2 emissions. The middle-income group recorded the
least efficiency in this category.

The CO2 emissions efficiency of countries in Africa’s upper middle income has
revealed an upward from 0.688 in 2010 to 0.689 in 2018. Low income’s average CO2

Figure 6. Mean GDP efficiency within the income groups in Africa from 2010 to 2018.
Source: Krug (2018).

Figure 7. Average CO2 emission efficiency within the income groups in Africa from 2010 to 2018
Source: Krug (2018).
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emission efficiency trend increased from 0.598 in 2010 to 0.689. The low-middle-income
group and Africa witnessed similar trends in CO2 emission efficiency. The position of
this current study is to advocate for carbon neutrality in Africa. Thus, mitigating climatic
changes should be the focus of governments and climate change scholars on the contin-
ent to redefine our shared sustainable future for all.

4.6. Driving factors of dynamic eco-efficiency in Africa

The study further examines the influence of REC and forestation on eco-efficiency in
Africa within the EKC framework by adopting the bootstrap truncation modelling
technique. The results of the regression estimation are shown in Table 8.

In Table 8, the coefficient signs of InPGDP and InPGDP2 establish a U-shaped nexus
between growth and eco-efficiency, confirming the EKC theory on the African contin-
ent. The impact of per capita income (PGDP) on environmental efficiency is negative at
the beginning stages of development to a certain threshold (or critical point) beyond
this point; its effect promotes environmental efficiency. Therefore, the nexus between
economic growth-environmental efficiency is dynamic, implying that it can encourage
or impede depending on the level of development. Ideally, citizens become mindful of
their health when income improves and demand a better environment with strict laws
and regulations to safeguard the environment. This result confirmed the findings
Ohene-Asare et al. (2020) and Amowine et al. (2021) investigating energy efficiency
and ecological efficiency in Africa, respectively. Managerially, African governments
must consider energy efficiency issues in their quest for economic prosperity. This indi-
cates the need for development via sustainable energy utilisation. One viable solution
path to attaining this could be by providing clean and affordable REC, which is known
for its low carbon nature.

Renewable energy consumption (REC) is significantly positive and promotes
dynamic energy on the African continent. REC is renowned for its low carbon nature
and vital green products to curb CO2 emissions in Africa. The utilisation and

Table 8. Results of dynamic eco-efficiency in Africa.
a. Bootstrap truncation results b. Robustness test result

EE Coefficient EE Coefficient

InPGDP 0.08439���
(0.01770)

InPGDP 0.08178���
(0.01883)

InPGDP2 �0.005104���
(0.00163)

InPGDP2 �0.00465���
(0.001715)

InREC 0.031816���
(0.01129)

InREC 0.03319���
(0.01224)

InFO 0.003144��
(0.001249)

InFO 0.003155��
(0.001294)

InNRER �0.002328
(0.001249)

InNRER �0.002961
(0.002183)

InfinDev. �InREC 0.010245���
(0.001974)

InfinDev. �InREC 0.009319���
(0.00216)

InFinDev �0.02905
(0.007156)

InFinDev �0.02838���
(0.007769)

Constant 0.797706���
(0.0161254)

Constant 0.81453���
(0.01779)

Note: The coefficients have been bootstrapped. Standard error in parentheses � p< 0.10, �� p< 0.05, ��� p< 0.01.
Source: Krug (2018).
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continuous strategic investment in REC will automatically aid these concerned African
countries in attaining carbon neutrality. This result confirmed the findings of Amowine
et al. (2021) and Twum et al. (2021) measuring environmental efficiency in Africa and
Asia-Pacific, respectively. However, our study findings are not supported by Anwar
et al. (2021) employing the SFA framework to investigate the REC-forestation nexus for
the Belt and Road countries. Adding clean and affordable energy such as REC to the
energy mix is one of the pillars of the SDGs. The SDGs also advocate for incorporating
environmentally friendly innovations and investment in green technologies by 2030.
REC utilisation in Africa will inevitably lead to more exploiting works in RES.
Renewable energy development will translate into economic prosperity and reduce CO2

emissions (Anwar et al., 2021). African countries are gifted and endowed in terms of
RES, and the SEFA should serve as a vital tool to expand the renewable energy sector
on the continent. For instance, Morocco has built one of the world’s most significant
solar facilities to help accomplish its 52% renewable energy mix target by 2030. The
6000-acre solar complex provides clean energy for about 2 million of the population.
The result of the study thus calls on the African continent’s government to continue
investing in the REC sector. This will undoubtedly help the African continent to reduce
CO2 emissions and limit its fossil fuel utilisation, thus boosting sustainability in Africa.

Forestation is positively corrected to dynamic energy efficiency for African countries.
Forest is notable for its significant impact improving on the environment simply due to
its abilities in carbon sequesters. Forests can capture atmospheric carbon and store it in
the soil. As a result, conserving the African forested area is essential for mitigating CO2

emissions in our common interest of redefining our future towards sustainability. These
findings are supported by Li et al. (2021), measuring the role of forests in controlling
CO2 emissions in China. A related study Anwar et al. (2021) found forests to affect CO2

emissions for the Belt and Road countries negatively. Forests are renowned for improv-
ing ecological sustainability. Stern (2006) emphasised that avoiding deforestation in any
region or country is the most viable way to mitigate CO2 emissions in the atmosphere. It
has been estimated that deforestation account for 25% of CO2 emissions among the total
GHG emissions (Batavia & Nelson, 2018). Given this, the African forests must be con-
served and protected to play their vital role in CO2 emissions mitigation and carbon stor-
age to boost global sustainability drive. The findings of this study call for more
investment in afforestation-based projects by African governments as forests is the
cheaper and natural viable way to reduce CO2 emissions from the atmosphere.

Natural resources endowment rent (NRER) is negatively correlated to dynamic
energy efficiency and insignificantly impacts energy efficiency in African economies.
Although NRER does not affect dynamic energy efficiency on the continent in this
study, it is paramount to emphasise the over-exploitation of the continent’s natural
resources will leads to biodiversity depletion and promote unsustainable development.
NRER comprises the summation of oil rents, coal rents, mineral rents, natural gas
rents, and forest rents. These essential resources on the continent must be utilised
effectively to promote sustainability in Africa

Financial development is significantly negative and impedes dynamic energy effi-
ciency on the African continent. These results collaborated with the findings of
Amowine et al. (2021) and Atta Mills et al. (2021), studying dynamic ecological and
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energy efficiency for the African countries and Belt & Road economies, respectively. As
Amowine et al. (2021) stated, a sophisticated financial system can aid channel funds for
eco-friendly investment in green technologies and renewable projects in Africa, eventu-
ally promoting environmental sustainability. Government authorities in Africa are
advised to develop the financial system as the results of this study showed the sector
could stimulate CO2 emission on the continent. Developed economies have sturdily
entrenched and robust financial systems as an innovative strategy to aid in CO2 emis-
sion reduction. Thus, fundamental changes are required in the mode of operations of
Africa’s financial and private sectors to achieve carbon neutrality targets.

From Table 8, based on the interaction term between financial development and
renewable energy utilisation, the interaction term is significantly positive and promotes
energy efficiency on the African continent. The result indicates that the effect of the
interaction term on energy efficiency is conducive; hence it enhances environmental
sustainability in Africa. More importantly, understanding the interaction role of finan-
cial development and REC in controlling CO2 emission is crucial since it instinctively
aids policymakers on the continent to be aware of the priorities of carbon neutrality
goals and how to accomplish them.

4.7. Robustness test

Ma et al. (2021) suggested that the study period could be shortened to check the
robustness of the initial regression results. Thus, the study’s period was shortened
from 2012 to 2018, and we re-run the regression estimation again. The empirical out-
comes are displayed in Table 8. The result demonstrates that the key explanatory var-
iables did not change, confirming the robustness of the study’s conclusion.

5. Conclusion and policy implications

The present study is motivated by reality since human activities in developed and devel-
oping economies have increased CO2 emissions into the atmosphere, causing several
climate-related challenges. The current commitments in pledges from the EU and other
countries around the globe aim to maintain the average global temperature from sur-
passing 1.5 �C and accomplish net-zero targets by 2050. Forestation and renewable
energy utilisation are argued to have a crucial role with policymakers and international
climate-change-minded bodies towards CO2 emissions reduction. However, past effi-
ciency studies did not broadly investigate the influence of REC and forestation on
dynamic energy efficiency for African countries. Second, those past studies did not
examine the dynamic CO2 emission and energy efficiency across Africa’s various
income group levels. Accordingly, this study was undertaken to examine the role of for-
estation and renewable energy utilisation on CO2 emission and energy efficiency in
Africa. The countries were divided into three income groups in Africa to account for
the heterogeneity. The dynamic meta-frontier DEA model was adopted to measure the
energy efficiency across the income groups in Africa from 2010 to 2018. The truncation
bootstrap regression approach discusses the influence of forestation and renewable
energy utilisation on CO2 emission and energy efficiency in Africa.
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The study’s results after the implementation of the various models are as follows: first,
by taking into account the dynamic meta-frontier approach incorporating environmental
undesirable output factor (CO2 emissions), the overall average dynamic energy efficiency
of the 43 selected African countries is low (0.59) throughout 2010–2018. This result indi-
cates that Africa’s dynamic energy efficiency during the study was not high. At the
income group level, the dynamic energy efficiency of the upper-middle-income group
(UMIG) had the best performance, followed by the low-middle-income group (LMIG)
and the low-income group (LIG). This result confirms the presence of substantial hetero-
geneity among African countries in terms of their income groups’ classification status.

Further, the MTRs result reveals a substantial gap among the African income
group levels. The UMIG had the highest efficiency, followed by the LMIG and the
LIG levels. The decomposition of the inefficiency levels into technology and manager-
ial reveals Africa’s energy inefficiency stemmed from technology rather than man-
agerial. Thus, African countries should improve their technology level and efficiency.

In the second stage of the analysis, the study investigates the driving factors of dynamic
energy efficiency utilising the bootstrap truncation modelling approach. The main indica-
tors are forestation and REC. The results confirmed a U-shaped relationship between eco-
nomic growth and African dynamic energy efficiency. Forestation and renewable energy
utilisation are significantly corrected to dynamic energy in Africa. The other control indi-
cators influenced the concerned African countries’ efficiency to a certain degree.

The study has several vital policy recommendations for the concerned African
countries as follows:

� The study found that forestation and REC positively impact CO2 emission and
energy efficiency. Therefore, to reduce CO2 emissions and stabilise climate change
on the continent, governments should focus more on clean energy and strategic-
ally improve investment in green technology. African countries need to drastically
reduce fossil fuel utilisation and transit to REC in their quest to achieve a net-
zero-carbon continent. Also, the conservation of African forests needs to be pro-
tected. Climate change-minded scholars should also advocate for protectionism
policies to conserve the African forests and make it a top priority in the energy-
growth-environmental nexus debate.

� The difference at the income group level can be narrowed by promoting financial
inclusion and sharing technological advantages between neighbours at the regional
level, setting an example for sustainable economic improvement in all the income
groups in Africa. Priorities CO2 emission reduction on the continent and improve
resource utilisation efficiency among the investigated countries. Also, policymakers
need to promote financial projects on the continent. This could facilitate more
financial sectors supporting clean energy drives, leading to a better output for
long-term environmental sustainability in Africa.

� REC drastically reduces CO2 emission in this study. The study recommends gov-
ernments on the continent incorporate renewables and energy efficiency improve-
ment concepts into their national plans and budgets as well as exploration, design,
and implementation of continental programs to significantly aid the world’s transi-
tion to a net-zero world.
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� Finally, governments on the continent must continue to play a critical role in provid-
ing the enabling environment for innovators of clean energy technologies to attain car-
bon neutrality. Provide palliative incentives such as tax holidays for new companies
interested in setting up renewable exploratory plants on the continent. Governments
across the various income groups should implement unprecedented reforms to reduce
the catastrophic effects of climate change on the continent and promote environmental
sustainability for all. Other advanced statistical testing approaches and current data
availability could be adopted to expand this study in the future.

The study is interventional critical. It proffers novel recommendations for the attain-
ment of carbon neutrality on the African continent as well as the “Paris Agreement”
and the “Sustainable development Goals,” emphasising the accomplishment of net-zero
targets through forests-based actions and energy efficiency improvement, respectively.
It is essential for climate change-minded scholars and international bodies interested in
environmental sustainability.
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