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This study examines the impact of economic growth, renewable energy consumption, and open market condi-
tions on energy intensity across 34 developing countries from 1999 to 2022 using the method of moments
quantile regression. By analysing how these factors influence energy intensity across different quantiles, the
study provides insights into the heterogeneous nature of these relationships. The results reveal a positive and
statistically significant impact of economic growth per capita on energy intensity across all quantiles, with a
more substantial effect at higher energy intensity levels. However, the squared term of economic growth per
capita exhibits a negative and significant influence, confirming the presence of an inverted U-shaped relation-
ship. Renewable energy consumption reduces energy intensity significantly across all quantiles, with more potent
effects at higher quantiles. This indicates that economies with higher energy intensity benefit more from tran-
sitioning to renewable energy sources. Market freedom initially contributes to higher energy intensity. However,
its impact diminishes at higher quantiles, suggesting that while economic liberalisation may increase energy
consumption in the short run, it can promote efficiency improvements over time. These findings highlight the
need for differentiated policy approaches, where economies with lower energy intensity focus on balanced
growth strategies. In comparison, those with higher energy intensity prioritise aggressive renewable energy
integration and efficiency-enhancing policies. The study underscores the importance of adopting tailored energy
policies that consider the varying impacts of economic and policy variables across different energy intensity
levels to achieve sustainable energy transitions.

1. Introduction change concerns. In this context, Sustainable Development Goals 7

(SDG-7) and 13 (SDG-13) are implemented, which focus on energy ef-

Universal energy consumption (EC) is steadily rising, and it is one of
the most pressing challenges in the twenty-first century, given its sig-
nificant consequences in global warming and climate change [1-3].
Since 1995, the International Energy Agency (IEA) has observed a 50 %
rise in worldwide EC (IEA, 2024). Emerging nations account for most of
this growth, owing to their intense economic activity and industriali-
sation stage. As part of its green growth initiative, the United Nations
(UN) has regarded a global pledge from all nations to ensure more vital
access to adequate, affordable, clean energy supplies to reduce climate

ficiency and clean energy intake in the overall energy portfolio [4].
Several international commitments and conferences, like the United
Nations Framework Convention on Climate Change (UNFCCC), Paris
Agreement-COP 21, and COP26, have been assembled to grab the
attention of leading contributors to climate change action. These
agreements emphasised the need for energy-intensive growth through
clean energy rather than energy from polluting sources, which helps
mitigate climate change and ecological devastation.

Efficient energy production and use are imperative for energy
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sustainability and economic progress [5,6]. The reduction of energy
intensity (EI) via more significant energy efficiency (EE) is a worthwhile
endeavour [7,8]. Thanks to a mixture of energy policies, open market
attractiveness, and novelty in clean energy technologies, global EE
increased by 13 % between 2000 and 2016. As a consequence of the
SDGs and COP26, EI is receiving a plethora of attention from policy-
makers and officials from most nations around the globe. The extent of
energy needed to make a unit of GDP is referred to as EI [9]. Put another
way, "a greater EI implies a higher expense of converting energy into
every unit of GDP" [8]. The drivers of EI are a requisite discussion for
economic cooperation because energy is directly proportional to the
amount of energy transformed into economic progress [10]. This study
incorporates EI into the deliberation in the context of African countries,
attempting to uncover the factors that drive it in an era of energy
transition, decarbonisation and open markets.

Within the African context, fast economic growth was often in tan-
dem with development models requiring more energy; consequently,
this has placed a heavy toll on the energy systems already in use while
aggravating environmental problems [11,12]. Despite immense renew-
able energy (RE) potential, many African nations continue to grapple
with significant hurdles, including limited infrastructure, high capital
costs and regulatory restrictions, all of which prevent a shift towards
cleaner energy solutions. This study discusses the role of RE and the
open-market conditions that would allow for sustainable growth in Af-
rica while generating insights on how these dynamics can constitute
support towards a development pathway that is both environmentally
and economically sustainable for the continent’s future.

Given the rising trajectory of energy consumption (EC) and energy
intensity (EI) in high-energy output and higher income per capita in this
continent, the issue has piqued the interest of energy experts and poli-
cymakers [13]. Despite Africa’s tiny fraction of global CO, emissions,
the continent continues to see an increase in emissions due to significant
resource extraction and energy usage [14]. By 2040, Africa’s urban
populace will rise to half a billion, significantly quicker than China’s
urban populace in the previous two eras [15]. As the urban populace
rises, so does the demand for energy for industrial output, and Africa
unfolds as a prominent player in the worldwide oil and gas markets [16].

Africa’s expanding influence is also evident in natural gas markets, as
the continent has surpassed China as the world’s third-largest source of
gas demand. As a result, the world population lacking energy access is
becoming highly concentrated, with 90 % of those without electricity
and almost half of those without clean cooking access residing in Africa
by 2040 [15]. Africa’s energy destiny depends on how it satisfies its
expanding energy demands; thus, increasing the EI is perilous for
long-term energy security and eradicating energy poverty. As a result,
enabling fast automation, closing the energy gap and limiting the im-
pacts of GHG emissions through introducing EI is a top priority for Af-
rican economies, which ultimately boosts their clean growth
programmes.

While EI depends on the stage of economic expansion, integration of
new technologies, and capital investment, various drivers positively or
negatively impact it. Empirical research suggests that open economies
expand quicker than closed nations [17]. In open states, a state con-
centrates on sectors with a competitive advantage. However, if the
regulators do not contemplate tight control of energy conservation
techniques, this eventually harms environmental quality [18]. Although
we now have a better knowledge of the relevance of the development of
markets, their role is still frequently overlooked [19], particularly in
African countries in the context of EI. Suppose individual freedom in
finance, investment and trade are not perfectly integrated. In that case,
they cannot be regarded as an open market, and the market will not
operate efficiently, affecting energy conversion. However, there is a lack
of debate on whether the market structure is conducive or deleterious to
EL

SDG7 urges a considerable surge in the share of renewable energy
use in the energy mix [20]. Only 18 % of the world’s total primary
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energy consumption was covered by renewables in 2018. More
crucially, it will take time to establish the necessary technologies to
enable global economies to lower the EIL. As a result, transitioning from
unclean energy sources to renewable might offer the necessary buffer
time to lower the EI level. Despite the overwhelming evidence that RE
leads to decreased EI, the percentage of RE in developing nations,
notably in Africa, remains minimal [21,22].

In terms of novelty and addition to the present body of knowledge,
this is the pioneer multi-country research on the drivers of EI in Africa,
as far as we know, conducted within the context of the open market idea.
While African nations are predominantly low-income economies, the
open market framework in the context of EI is essential, as they face
multiple trajectories of emission-green growth energy. The significance
of RE and economic growth in improving EI in African economies is still
to be fully explored. Besides, the impact of market structure on EI in
African countries has never been investigated. We scrutinise the effect of
economic growth, RE, and open markets (financial, investment, and
trade freedom) on EI in African economies to fill the gaps left by prior
energy literature. We employ a unique technique to assess the asym-
metric impacts across chosen time-series variables using a panel dataset
of African economies from 1999 to 2018 to accomplish these objectives.
Second-generation cointegration tests determine whether there is a
long-run link among the constructs of interest. We used the fixed effects
model with robust standard errors [23]. Then, we examined distribu-
tional effects employing the recently devised method of moments
quantile regression (MM-QReg) procedure. Finally, the outcomes of this
study will help African countries design suitable energy policies to
minimise EI and enhance energy usage efficiency.

The rest of the paper is structured as follows: Section Two encapsu-
lates the literature review; Section Three presents the data source,
empirical modelling and techniques, while Section Four covers the re-
sults and discussion, with Section Five covering the conclusions, policy
recommendation, limitations and future research suggestions.

2. Literature review

Recently, researchers have been paying more attention to the sig-
nificance of EI in changing environmental quality [6,24]. However, in
the extant literature, the determinants of EI were given less priority,
even though they must be addressed to meet the SDGs and the COP26
goal regarding accessible clean energy and reducing energy poverty [25,
26]. In the prior research, economic growth (EG), structural changes,
innovative technologies, investments, institutional changes and energy
prices are all drivers that affect EI or EF (energy use per unit GDP) [8,
271.

Theoretically, the environmental Kuznets curve (EKC) [18] and
institutional theories [28] examine the interactive relationship between
economic growth (pgdp), energy intensity (EI), and renewable energy
(RE) adoption in Africa. The EKC theory posits that GDP may raise EI in
the short term. However, the income level can cause a shift in energy
practices towards sustainability, reducing energy use per unit of eco-
nomic activity. Concurrently, institutional theory speaks to the essen-
tiality of market systems and conditions of freedom for finance,
investment and trade (TRDF) in determining how far countries go in
introducing cleaner energy sources. The junction of these two schools of
thought provides an understanding of how economic growth and insti-
tutional factors can either facilitate or impede the African transition to
energy-efficient and renewable energy-driven pathways, minimising
energy intensity and achieving sustainable development.

Empirically, studying the link between EG and EI is critical because
better EI results in higher productivity, which leads to enhanced EG.
However, study on the link between EI and EG is limited. Studies
addressing the opposite link between how economic expansion affects EI
are particularly scarce in the African setting. Kepplinger et al. [29] use
mixed-effect models to examine the causes of EI in the manufacturing
industry in both OECD and non-OECD nations. GDP is adversely
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correlated with Rajbhandari and Zhang [30], who looked at the causal
link between EI and EG in the case of 56 middle-income states from 1978
to 2012. Lower EI and better EG are found to have a bidirectional causal
relationship.

However, substantial prior studies referred to the EE as the same as
EL using the same proxy (energy use per unit GDP), and indicated a
strong effect of EG on the EE. In a study, Sineviciene et al. [24] found
that a rise in EG promotes EE. Studies involving a blended sample of
economies have identical issues, with results that support or refute each
other. For instance, Rajbhandari and Zhang [30] demonstrated that
unidirectional causality runs from EG to EE in high-income nations.
However, a bidirectional causality is found in middle-income states,
whereas Mahmood and Kanwal [31] revealed that no causality runs
from EE to EG, but causality exists from EG to EE. Another recent
research by Bataille and Melton [32] looks at the effect of EE on Cana-
da’s EG between 2002 and 2012. According to studies, improved EE
leads to better GDP. Samargandi [6] discovered that the coefficient of
EG has an adverse and momentous result on EE for OPEC countries,
implying that OPEC economies obtain EE as the number of economic
activities rises.

GDP usually bears some negative effect on energy intensity, implying
that with the increase in income level, energy efficiency is gained by the
economy [33]. This phenomenon can be observed in ASEAN countries
and the European Union, where high income levels mean low energy
intensity [34]. In Indonesia, renewable technology is crucial in reducing
energy intensity, thus ensuring sustainable economic development.

Trade openness usually reduces energy intensity in some ways by
improving energy supply and transferring technology [33]. This effect
can be noted in the EU and Ghana, where energy intensity decreases
with trade liberalisation [35]. However, trade openness within the
context of ASEAN does not have a significant effect [34]. While fewer
studies emphasise the direct impact of financial and investment freedom
on energy intensity, the reports indicate that foreign direct investments
(FDI) in Indonesia affect energy intensity positively, thus prompting the
assumption that more FDI could lead to higher energy consumption
[36].

The increasing concern for RE and its impact on EG and environ-
mental quality has spurred a vigorous discussion over the last two de-
cades [37]. RE usage is acknowledged as significantly influencing the
atmosphere by reducing CO5 emissions in the atmosphere [38]. As a
result, boosting RE use improves environmental quality and contributes
to developing a clean and green climate framework. On the other hand,
RE consumption significantly influences the EI in many economies and
environmental settings. For example, the impacts of RE on EI are
researched utilising panel data from 30 Chinese provinces spanning
2000 to 2018, and it is discovered that RE development considerably
helps to lower El in China [39,40]. Yu et al. [41] inspected the impacts of
RE growth on EI in 82 significant nations using a dynamic panel
threshold valuation procedure. The study revealed that RE expansion
has a considerable detrimental influence on EI. Three internal Chinese
economic elements (technology advancement, economic structure and
energy usage framework) impact EI. In contrast, clean energy usage
reduces EI [42]. RE was found to have considerably impacted raising the
proportion of EI in ECOWAS member nations [43]. Hence, the impact of
RE consumption on EI provides diverse results, necessitating more
research using a comprehensive econometric model.

Several other earlier researches investigated factors such as technical
innovation, FDI and trade openness [6,44-46] for the sake of EI drivers.
Some research has found a long-term relationship between EI and
pollution [47-49]. However, none of the prior studies focused on open
market systems in terms of financial, investment, and trade freedom and
their impact on EI in any country or region. To bridge that gap, this study
adds a new variable to the ongoing discussion of EI for the African
continent, which desperately needs research in the context of energy
since it is grappling with the energy-intensive growth paradigm.
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3. Empirical methodology
3.1. Model specification

Energy intensity (EI), measured as energy consumption per unit of
GDP, is a critical indicator of energy efficiency in an economy. This
study is theoretically grounded in the environmental Kuznets curve (KC)
hypothesis, which posits a nonlinear relationship between economic
growth and impact indicators [50,51]. At the initial stages of economic
development, industrialisation and expanding production activities lead
to increased energy consumption, raising energy intensity [50]. How-
ever, economies undergo structural transformations as income levels
rise, shifting from energy-intensive industries to service-based and
technology-driven sectors that rely on more efficient energy systems
[51,52]. Advancements in energy-efficient technologies, regulatory
policies and sustainable practices further contribute to the eventual
decline in energy intensity [50]. These variations follow the algebraic
form:

InEI it=@o + @1 lnPgdpi,t + @, In PgdPSQi,t + @32 + € (€D)]

where EI represents energy intensity, measured as energy consumption
per unit of GDP, indicating energy use efficiency in an economy. Pgdg
and PgdgSQ denote GDP per capita and its squared term, respectively,
while Z captures additional influencing factors, specifically, the effects
of renewable energy transition and open market dynamics are intro-
duced in this study. The expanded model follows this algebraic formu-
lation:

InEl ;, = ¢, + ¢,InPgdp;, + ¢, In PgdpSQ;, + ¢;InRE;, + @,InMrkF;, + &;,
2)

In Eq. (2), RE denotes the shift to renewable energy, while MrkF rep-
resents open market systems. A negative ¢, indicates that as economies
increase their reliance on renewable energy, they experience cleaner
and more efficient energy conversion, thereby reducing energy intensity
[41]. Similarly, a negative ¢, would suggest that open market dynamics
facilitate access to capital, enabling the adoption of energy-efficient
technologies and infrastructure [53].

Further empirical steps can provide valuable insights for policy and
extend the existing literature. First, open market systems encompass
various economic dynamics, each component playing a distinct role in
the energy transition. Theoretically, it is argued that financial freedom
enables better capital allocation for cleaner technologies, while invest-
ment freedom attracts foreign and domestic investments in energy-
efficient infrastructure [54]. Trade freedom improves access to
advanced energy-efficient technologies and fosters competition, which
drives efficiency improvements [54]. To extend Eq. (2), MrkF is dis-
aggregated into the specific sub-indicators:

InEI it=@o + @1 InPCgdp;, + ¢, In PCgdpSQ;, + (PslnREi.r + fﬂ4lnFinFi.t
+ @5ININVF;; + @¢InTRDF;; + &;;
3)

FinF denotes financial freedom, INVF stands for investment freedom,
and TRDF refers to trade freedom. In line with the literature, the rela-
tionship between market freedom and energy intensity may not be
strictly linear [50,52]. Regulatory inefficiencies may hinder energy ef-
ficiency improvements at lower levels of market openness. However, at
higher levels, excessive liberalisation could lead to over-reliance on
energy-intensive industrial expansion. Therefore, achieving a policy
balance is crucial. An alternative specification is used to assess the
combined impact of open market freedom with a nonlinear term:

InEIl i, = ¢y + @,InPgdp;; + @, In PgdpSQ;, + @35InRE;, + ¢, INMrkF;,
+ Qg INMIKFSQ; . + € &)

The introduction of MrkSQ in Eq. (4) allows for capturing both
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efficiency-enhancing and potentially adverse effects, offering a more
complex understanding of how open market conditions influence energy
intensity. The expected shapes and implications are as follows: If ¢,, > 0
and ¢, <0, the relationship is inverted U-shaped, suggesting that
beyond a certain threshold, market liberalisation could reduce energy
intensity [50]. On the other hand, if ¢,, < 0 and ¢,,, > 0, the relation-
ship is U-shaped, indicating that open market conditions initially reduce
energy intensity, but beyond a certain point, the effect could reverse and
increase energy intensity [50].

3.2. Data description

The variables, their definitions, data sources and basic descriptive
statistics are summarised in Table 1. The data panel constructed for this
study includes 34 African countries from 1999 to 2022, selected strictly
based on data availability. In particular, the selection criterion was
influenced by the availability of open market indicators, which are not
consistently reported for some countries. To ensure the robustness of the
analysis, countries with incomplete data on key variables were
excluded, thereby maintaining the integrity of the dataset. A detailed list
of the selected countries is provided in Table Al, attached in the
Appendix.

A crucial aspect of the data description that is important for shaping
the empirical steps is the normal distribution of the variables. The results
of the normality tests, as summarised in Table 2, indicate that the data
series for the variables do not follow a normal distribution. This has
significant implications for the empirical methodology, necessitating an
approach that goes beyond standard assumptions of normality.

3.3. Econometric steps

3.3.1. Cross-section dependence (CSD) test

It is more probable that the information from the studied nations
shows connections due to their trade links and other economic activity.
Thus, we considered the bias-corrected LM test by Ref. [55-58] whose
equivalences may be stated as:

Vo= +puXe +pfori=1,23.. . N;t=1,2T ®)

where X; and f are estimators and coefficients represented as vectors.
They predict a;, which signifies individual time-invariant factors. The
null premise states that u;, is independent and identically spread across
time and cross-sectional units; alternatively, cross-sections might be
correlated with u;. However, the absence of serial correlation remains
unchanged. Therefore, the fundamental principle is that:

Hy : ij=p; =cor (.uh”jt) =0foriz#jand Hy : ij=p; #0 fori#j ©

Whereas p; is the condition value of the product moment shown by
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Table 2
Tests for normality.

Panel A: Observations  Skewness/Kurtosis tests
Variables Pr Pr adj chi2 Prob >
(Skewness) (Kurtosis) 2) Chi2
InEI 816 0.905 0.000 17.96" 0.000
InPgdp 816 0.000 0.000 82.44" 0.000
InRE 816 0.000 0.000 193.65" 0.000
InMrkF 816 0.000 0.000 236.25" 0.000
InFinF 816 0.000 0.000 288.76" 0.000
InINVF 816 0.000 0.000 287.02" 0.000
InTRDF 816 0.000 0.000 1435.02" 0.000
Panel B: Shapiro-Francia W’ test for normal data
w’ \'A z Prob >z
InEI 816 0.980 10.943 5.128" 0.000
InPgdp 816 0.940 33.472 7.232% 0.000
InRE 816 0.740 145.410 9.747 0.000
InMrkF 816 0.914 48.150 7.880" 0.000
InFinF 816 0.866 74.812 8.643" 0.000
InNINVF 816 0.888 62.229 8.331° 0.000
InTRDF 816 0.507 275.855 10.763" 0.000
# p < 0.01 implies the rejected normality condition.
T o .
2 uit, pjt
i=1 (7)

Pi=Pi=77 T
(E ﬂit2> 12 < > ﬂit2> 1o
i=1 i=1

With N, the number of possible unions (u;, ujt) increases
N-1 N ~2..
M= TZI’:] Zj:i+1p y ®)

Whereas ﬁzij is a sample estimation of the remaining correlational sets

ZLlait> a]t

pij=pij= = = v 9
(XL ait?) Va (YL, aje2) Ve
Moreover, Uit reflects the estimate of u;. The LM statistic has W

degrees of freedom and an asymptotically distributed ¢2 distribution
under the null hypothesis. However, when N is significant, and T is
finite, this test may encounter extensive magnitude pre-judices, a usual
worry in analytical contexts, notably when LM statistics are not correctly
adjusted for finite T. With a huge N, the danger for bias may grow. An
alternate strategy was offered to solve this.

2T N-1 N
CSD=,|——— Dij 10
Va1 (ZZ’”) o

The output discusses the cross-sectional dependence (CD) statistic
and its properties in a panel data framework. It states that the CD sta-
tistic follows a standard normal distribution under the null hypothesis.
In non-stationary models and homogeneous/heterogeneous dynamic
processes, the CD statistics exhibit an actual mean of zero when the time

Table 1

Summary description of variables.
Variables  Definition Data Sources Mean Minimum  Maximum Std. Dev
EI Energy consumption per GDP (1000 Btu/2015$ GDP PPP) U.S Energy Information Administration 2.204 0.217 9.652 1.566

(eia)
Pgdp GDP per capita (constant 2015 US$) Database, World Bank (WDI) 214291 250.24 13048.07 2335.67
RE Renewable energy consumption (% of total final energy World Development Indicators (WDI) 61.599 3.700 95.800 28.552
consumption) Database, World Bank

FinF Index of financial Freedom Heritage Foundation 44.301 10.000 70.000 14.081
INVF Index of Investment Freedom Heritage Foundation 49.412 0.000 90.000 15.047
TRDF Index of Trade freedom Heritage Foundation 63.241 0.000 89.000 12.044
MrkF Index of Open Market economy based on the average index of Heritage Foundation 52.318 11.700 82.667 10.755

Financial, Investment and Trade freedom
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length (T) and cross-sectional units (N) take on specific values, in
contrast to the Lagrange multiplier (LM) statistics. Standard valuation
approaches will likely suffer from bias in the context of homogeneous
and heterogeneous dynamic models. However, the CSD procedure re-
mains crucial because, due to the low model bias of the factor back-
ground, the FE/RE residua will have an exact mean of zero even for fixed
T, given a symmetric distribution of disturbances. Pesaran [57] proposes
an improved version to handle unbalanced panel data conditions:

v (S i) a

CSD =

Whereas T = # (T; N T;) (observations units i and j in a time series),

€Ty N T (Tt — i) (Wjj — ij)

pij=pij= 12
{ZeTi N (it — ui)? } 1/2{261- N Ty(xittjj)* }SS V2
t t
and
"i:ZLSTi ﬂTj,ult a3)

#(T;NT))

The modified equation indicates that the balances for specific sub-
divisions t are not uniformly equal to nil. Consequently, Breusch and
Pagan [56] suggest utilising the CSD approach within the LM framework
to address issues related to cross-sectional dependency (CSD). The panel
data formulation for performing the Breusch-Pagan LM test is expressed
as:

Yie =0 + 1 Xt + €0 14)

In this panel data set, the subscripts i = 1, 2, and N represent the cross-
sectional dimension (e.g., countries), while t = 1, 2, and T signifies the
period length. X;; represents the explanatory factors in a kx 1 path form,
and alpha and q; correspond to the individual intercepts and slope co-
efficients across the cross-sectional units. Consequently, the underlying
assumptions for employing the Breusch-Pagan LM approach to assess for
CSD can be summarised as follows:
N-1 N . N(N -1)

— i eV T 1)
LM > J;1 Ty pij—=X*—— (15)

The link coefficient pij is attained from independent ordinary least
squares (OLS) regressions. The Breusch-Pagan (B-P) LM assessment
evaluates the presence of CSD, where the covariance among the error
terms p;, and y, is zero for all t and +# j. The other hypothesis is that the
covariance is non-zero for at least one pair of i # j indicating the pres-
ence of CSD. This bias-adjusted assessment is known as the Pesaran LM
assessment, and the calculated test statistics for this test are provided:

K)p?ij —p
s T

where k denotes the number of repressors and uT;j and v2Tj; represents

SN(0,1)  (16)

the precise mean and variance of (T — K) D

3.3.2. Unit roots test and cointegration test

When cross-sectional dependence (CSD) is present, standard panel
stationarity approaches such as the ADF test become futile. Therefore,
this issue can be addressed by modifying the classic ADF method,

QInEI [T / ai,giuXi,t]
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incorporating cross-sectional mean adjustments of lagged terms, and
restructuring one of the component structures, resulting in a novel panel
unit root assessment that accommodates both CSD and heterogeneity.
CIPS stationarity test is based on the average of individual CADF tests
[59]. This indicates that certain factors are relevant to the CIPS test.

1 N
=5 ;‘q a7)

This study further adopts the Westerlund and Edgerton [60] method.
The co-integration test is shown in the equation

CIPS (N,T)=

AYu*WId +al( it-1 — /))1 it— 1 + Zal]AYlt j+ Zfﬂy
Jj=1 j=-pi

it—j + Uy (18)

d; = (1,t) gives trend elasticity measure y; = y; and y,; shows the con-
stant term for the states and i andt indicates the CSD. Test statistics
categories of the approach are shown in equations (19)-(21):

1

N
_ iy
6= Z:S E(n, 19
N
G, :l Z L (20)

k
N=1- Ej:lnij

The cointegration statistics is expressed mathematically as:

i
p—_ 21
SE () @D

Pa:Tni

G.and G, shows the group mean figures, P, and P, also indicates the
statistics in panel, 7; shows the transition from short to long-term
equilibrium speed.

3.3.3. Parameters estimation

We utilise regression with Reg-DK and the MMQReg for two-panel
estimation techniques. These techniques are assumptions-made and
address estimation problems that may not make parameter estimates
valid. The Reg-DK is heteroscedastic and robust for general forms of CSD
in deriving slope coefficients [23]. In terms of the way by which the
error term ¢, is treated, Reg-DK estimates three different models: the
pooled (constant effect) model (POL-DK), the fixed effects model
(FE-DK), and the random effects GLS model (RE-DK), which treats the
error term as a random variable. The most appropriate and efficient
Reg-DK model is selected using the Hausman test. This way, MMQReg is
expected to extend the policy implications by accounting for distribu-
tional heterogeneity. The MMQReg model in Machado and Silva [61]
would bring heterogeneous and distributional effects across quantile
locations of the dependent variable. For a location-scale model, the

conditional quantile Q, <Xi"> is defined by:

T
Q (X—) — 4+ 80u(0) + Xy + Zira (o) @22)

where X is a vector of regressors, and a; + 8;q;(7) It is the scalar coef-
ficient of the quantile-7 fixed effect at 7 that are time-invariant param-
eters, the heterogeneous effects of which are allowed to vary across the
quantiles of Y. We can model how the functional relationship in Eq. (4)
manifests in across quantiles as follows:

= @io + P14 INPgAP1i ¢ + P2y, 1N PEAPSQir + ¢34, INRE; ¢ + g, INMTK; ¢ + g, MMk + €5 (23)



F.V. Bekun et al.

where, QInEI ;;[7 /a; &, X;.] is the quantile of InEI with the scalar coef-
ficient (a;(z)) for the distributional effect at 7. By setting T between 0 and
1, such as 0.2, we obtain the 20th quantile equation for the distribution
of LNEL

4. Results and discussion
4.1. Model validation tests

The results from Tables 3-7 provide robust econometric evidence
supporting the validity and stability of the models. The Hausman test in
Table 3 strongly rejects the null hypothesis, indicating that the fixed
effects model is the appropriate specification. Table 4 shows that mul-
ticollinearity is not a concern, as the variance inflation factor (VIF)
values remain well below the critical threshold of 10. The results in
Table 5 suggest the presence of cross-sectional dependence in most
variables, except for financial freedom, emphasising the need for
second-generation unit root tests. Table 6 confirms that all variables are
non-stationary at levels but become stationary after first differencing,
supporting their integration of order one, I(1). Finally, Table 7 estab-
lishes long-run relationships among the variables through the West-
erlund and Edgerton [60] panel cointegration test, where the rejection
of the null hypothesis in most cases indicates robust cointegration. These
findings confirm the econometric approach’s appropriateness and the
estimated relationships’ validity.

4.2. Mean effect analysis

The mean effects, relying on the Driscoll-Kraay adjusted fixed effects
model, are given in Table 8. The coefficient on InPgdp is positive and
highly significant across all model specifications, ranging from 1.927 to
2.045, indicating that economic growth increases energy intensity,
contrary to the observation that GDP usually bears some negative effect
on energy intensity, implying that with the increase in income level,
energy efficiency is gained by the economy [33]. This result aligns with
the early-stage industrialisation argument, where economic expansion
leads to increased energy consumption due to industrial demand and
urbanisation [35]. However, the squared term InPgdpSQ is negative and
significant, ranging from -0.115 to —0.123, confirming an
inverted-U-shaped relationship between economic growth and energy
intensity, consistent with the EKC hypothesis. This observation aligns
with Kepplinger et al. [29], who, using mixed-effect models to examine
the causes of EI in the manufacturing industry in both OECD and
non-OECD nations, found that GDP is adversely correlated with EL This
suggests that while energy intensity initially rises with economic
development, it declines as economies transition towards service-based
industries and adopt energy-efficient technologies. Governments should
support industrial modernisation and energy efficiency initiatives at
higher income levels to accelerate the transition to a
low-energy-intensive economy.

The coefficient for InRE is negative and statistically significant across
all specifications, ranging from —0.325 to —0.352. This implies that a 1
% increase in renewable energy consumption leads to a reduction in
energy intensity by approximately 0.325 %-0.352 %, demonstrating the

Table 3
Results from Hausman test.

Model Specification chi2(6) Prob > chi2

InEI = f(InPgdp, InPgdpSQ, InRE, InFinF)

InEI = f(InPgdp, InPgdpSQ, INRE, [nINVF)

InEI = f(InPgdp, InPgdpSQ, InRE, InTRDF)

InEl = f(InPgdp, InPgdpSQ, InRE, InFinF, InINVF, InTRDF)
InEI = f(InPgdp, InPgdpSQ, InRE, InMrkF)

InEI = f(InPgdp, InPgdpSQ, INRE, InMrkF, InMrkFSQ)

30.310°  0.000
32.410"  0.000
21.720"  0.000
36.780"  0.000
28.880"  0.000
37.310"  0.000

? p<0.01.
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Table 4
Variance inflation factors (VIF) tests.
@ (2
Tests - -
VIF 1/VIF VIF 1/VIF
InPgdp (InPgdpSQ) 2.12 0.472 2.11 0.474
InRE 2.12 0.472 2.08 0.479
InMrkF (InMrkFSQ) 1.05 0.951
InFinF 1.68 0.596
InINVF 1.62 0.618
InTRDF 1.08 0.926
Mean VIF 1.72 1.75

Theoretical benchmark: VIF = 10; Mean VIF = 6.

Table 5
Pesaran [59] cross-section dependence test.

Variable CD-test p-value average joint mean p mean abs(p)
InEL 16.347%** 0.000 24.00 0.14 0.36
InPgdp 59.885%%* 0.000 24.00 0.52 0.65
InPgdpSQ 59.757%*%* 0.000 24.00 0.51 0.64
InRE 51.137%*%* 0.000 24.00 0.44 0.60
InMrkF 17.159%** 0.000 24.00 0.15 0.36
InMrkFSQ 17.357%** 0.000 24.00 0.15 0.36
InFinF 1.119 0.263 24.00 0.01 0.35
[nINVF 16.67 0.000 24.00 0.15 0.38
InTRDF 45.009 0.000 24.00 0.39 0.43

Note:, CD ~ N(0,1); ***p < 0.01.

Table 6
Panel unit root tests.
Level 1(0) 1st Difference I(1) Results
Variables Constant Constant Constant Constant and
and Trend Trend
Panel A: Pesaran’s CADF test
InEL —1.566 -1.821 1(1)
InPCgdp —1.477 —1.554 —3.278%** 1(1)
InPCgdpSQ —1.424 —1.481 —3.676%** 1(1)
InMrkF —1.553 —1.884 —4.47 1(1)
InMrkFSQ —1.563 —1.891 —4.332%%%  —4.486*** 1(1)
InRE —1.493 —-1.791 —4.286%** —4.393%** 1(1)
InFinFrd —1.849 -2.117 —4.461%** 1(1)
InINVFrd —1.534 —2.089 —3.905%**  —3,034%** 1(1)
InTRDFrd —1.313 -1.311 —4.98%** —5.119%** 1(1)
Panel B: CIPS
InEL -1.597 —0.999 —4.526%** 1(1)
InPCgdp —-1.314 -1.172 —3.278%** 1(1)
InPCgdpSQ —-1.237 —1.059 * 1(1)
InRE —1.868 —2.464 1(1)
InMrkF —1.466 —1.984 —3.173%** 1(1)
InMrkFSQ —1.494 —2.092 —3.143%** —3.821%** 1(1)
InFinFrd -1.751 —2.274 —4.461%**  —4.674* 1(1)
InINVFrd —1.534 —2.089 —3.261%** 1(1)
InTRDFrd —1.313 -1.311 —3.641%** —3.703%*** 1(1)

*x+p < 0.01, **p < 0.05, *p < 0.1.

vital role of renewables in enhancing energy efficiency. This aligns with
prior works, where RE usage is acknowledged as significantly influ-
encing the atmosphere by reducing CO; emissions [37,38]. The
observed reduction in energy intensity due to renewable energy con-
sumption suggests that countries investing in renewables can achieve
dual benefits of environmental sustainability and energy efficiency, as
seen in China [39]. This effect is particularly significant, as a shift from
traditional biomass and inefficient energy systems towards modern
renewable sources such as solar, wind, and hydropower can potentially
drive long-term reductions in energy intensity. African economies must
prioritise renewable energy investments, develop incentives to
encourage private-sector participation, and integrate renewables into
national energy grids to maximise their efficiency-enhancing benefits.
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Table 7
Westerlund [60] ECM panel cointegration test.
@ (2) [©)] ()] 5) 6)
Stats FinF INVF TRDF Combined MrkF Quadratic term
Gt —3.048%** —3.308%** —3.232%%* —2.732%% —3.157%** —2.946%*
(RP-Val) (0.000) (0.000) (0.000) (0.020) (0.000) (0.020)
Ga —11.603*** —12.443%** —11.695%** —8.263*** —11.435%** —9.568%***
(RP-Val) (0.000) (0.000) (0.000) (0.020) (0.000) (0.010)
Pt —22.111%** —21.436%** —25.940%** -14.994* —23.042%** —20.544%**
(RP-Val) (0.000) (0.000) (0.000) (0.080) (0.000) (0.000)
Pa —10.823%** —10.567*** —12.602%** —8.176** —11.930%** —9.575%**
(RP-Val) (0.000) (0.000) (0.000) (0.020) (0.000) (0.010)
Robust P-Val from 100 bootstrap replications; ***p < 0.01, **p < 0.05, *p < 0.1.
Table 8
Mean effect analysis using FE-regression.
Variables @™ (@3] 3) “@ 5) 6)
InPgdp 2.020%** 1.927%%* 2.045%** 1.945%++ 2.007%%* 2.007%%*
(0.110) (0.098) (0.092) (0.101) (0.101) (0.106)
[18.442] [19.708] [22.318] [19.265] [19.893] [18.910]
InPgdpSQ ~0.120%** —0.115%** —0.123%** ~0.115%** —0.119%** ~0.120%**
(0.008) (0.007) (0.006) (0.007) (0.007) (0.007)
[-15.290] [-16.680] [-19.124] [-15.902] [-16.650] [-16.060]
InRE —0.336%** —0.352%** —0.325%** —0.351%** —0.345%** —0.347%**
(0.012) (0.015) (0.013) (0.015) (0.014) (0.014)
[-27.023] [-22.748] [-24.563] [-23.496] [-25.081] [-25.122]
[nFinF —0.305%** —0.147%*
(0.053) (0.060)
[-5.760] [-2.464]
InNINVF —0.301%** —0.222%**
(0.032) (0.033)
[-9.493] [-6.746]
InTRDF —0.089** —0.001
(0.036) (0.042)
[-2.443] [-0.029]
InMrkF —0.519%** 3.888**
(0.075) (1.525)
[-6.946] [2.549]
InMrkFSQ —16.463**
(5.867)
[-2.806]
Constant —5.197%** —4.704%** —6.040%** —4.557%** —4.181%** 1.063
(0.505) (0.380) (0.420) (0.479) (0.575) (2.054)
[-10.294] [-12.389] [-14.397] [-9.518] [-7.266] [0.517]
Observations 816 816 816 816 816 816
R-squared 0.528 0.540 0.491 0.546 0.526 0.538
Number of groups 34 34 34 34 34 34

Driscoll-Kraay standard errors in brackets; ***p < 0.01, **p < 0.05, *p < 0.1.

Additionally, energy storage technologies and smart grid infrastructure
improvements will ensure a stable and sustainable supply of renewable
energy, amplifying its impact on reducing energy intensity.

The results for the disaggregated open market indicators reveal
important insights into how market liberalisation affects energy in-
tensity. Financial freedom, represented by InFinF, has a significant
negative effect on energy intensity, with coefficients ranging from
—0.147 to —0.305, indicating that greater financial liberalisation pro-
motes efficient capital allocation towards energy-efficient technologies
and projects. However, the effect weakens in some specifications, sug-
gesting that financial liberalisation alone may not drive substantial en-
ergy efficiency improvements [6,44]. Strengthening financial
institutions and ensuring access to green finance mechanisms can
enhance the role of financial freedom in energy efficiency. Investment
freedom, represented by InINVF, also has a consistently negative and
significant impact on energy intensity, with coefficients between —0.222
and —0.301, highlighting the role of foreign and domestic investments
in fostering energy-efficient industrialisation. Conversely, Indonesia
affects energy intensity positively, thus prompting the assumption that
more financial investments could lead to higher energy consumption

[36]. Countries should create an investment-friendly environment,
ensuring regulatory frameworks facilitate green investments and attract
sustainable energy projects. Trade freedom, represented by InTRDF, has
a weaker and less consistent effect, with coefficients ranging from
—0.089 to —0.001, suggesting that trade openness alone does not
significantly drive energy efficiency unless complemented by policies
encouraging imports of cleaner technologies, thus aligning with Gyamfi
et al. [33]. Trade liberalisation policies should be aligned with envi-
ronmental objectives by reducing tariffs on energy-efficient equipment
and technologies.

The coefficient of InMrkF in column (5) is negative and highly sig-
nificant at —0.519, indicating that higher market freedom reduces en-
ergy intensity. This suggests economies benefit from efficiency gains,
improved resource allocation, and better access to energy-saving tech-
nologies as market conditions become more liberalised. This outcome is
supported by the observation that three internal Chinese economic el-
ements (technology advancement, economic structure and energy usage
framework) impact EI In contrast, clean energy usage reduces EI [42]. A
well-functioning market environment fosters competition, encourages
investment in energy-efficient infrastructure, and supports innovation in
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Fig. 1. Quantile plots.

frameworks in enhancing the efficiency gains associated with renewable
energy adoption.

Open market conditions (InMrkF) positively and significantly affect
energy intensity at most quantiles, but its impact weakens at higher
quantiles. This suggests that greater market freedom initially promotes
economic activity that is energy-intensive, possibly due to increased
industrialisation and economic liberalisation leading to higher energy
demand. However, as energy intensity increases, the effect of the open
market system becomes less pronounced, likely due to regulatory
mechanisms or shifts in economic structure that encourage energy ef-
ficiency [6,45]. The squared term of market freedom (InMrkFSQ) is
negative and significant across most quantiles, reinforcing the
non-linear relationship, contrary to the observation in Indonesia where
energy intensity is positive, thus prompting the assumption that more
open market conditions could lead to higher energy consumption [36].
This suggests that while market liberalisation initially increases energy
use, it fosters efficiency improvements over time, possibly through
adopting energy-saving technologies, market-driven innovation, or
structural economic shifts towards less energy-intensive sectors.

The heterogeneity in coefficients across quantiles highlights that the
impact of economic growth, renewable energy and market freedom
varies depending on the level of energy intensity in an economy [48,49].
Economic growth is dominant in increasing energy consumption in
economies with lower energy intensity, while renewable energy and

market mechanisms have relatively weaker effects [25,26]. However, in
economies with higher energy intensity, the mitigation effects of
renewable energy and market regulation become more muscular, indi-
cating that energy efficiency improvements and cleaner energy transi-
tions are more critical for reducing energy intensity in these contexts.

These findings have important policy implications. Policies aimed at
reducing energy intensity should be designed with an understanding
that their effectiveness will vary depending on the existing energy in-
tensity level of the economy. In economies with lower energy intensity,
strategies that promote economic growth and incremental energy effi-
ciency improvements may be sufficient. However, for economies with
high energy intensity, more aggressive policy interventions such as
expanding renewable energy capacity, enforcing stricter energy effi-
ciency regulations and incentivising technological innovation will be
necessary to achieve meaningful reductions in energy intensity.
Furthermore, while market freedom can contribute to efficiency im-
provements in the long run, it should be accompanied by regulatory
measures that ensure economic liberalisation does not lead to excessive
energy consumption. This nuanced understanding of how policy vari-
ables interact with energy intensity across different quantiles provides a
more substantial basis for designing effective energy policies that bal-
ance economic growth with sustainability objectives.
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5. Conclusion and policy implications
5.1. Conclusion

The study gives insight into the relationship between economic
growth, the adoption of renewable energy, and energy intensity in Af-
rica, indicating that economic growth increases energy intensity (EI) in
the initial stage. However, as the economy develops, it transitions to
more energy-efficient practices. Results corroborate the environmental
Kuznets curve (EKC) theory, which states that higher income levels
reduce energy intensity as economies shift to service and adopt energy-
efficient technologies. Renewable energy consumption (RE) is found to
indeed reduce energy intensity, especially in economies with greater
initial energy dependence, which reaffirms the importance of transition
to renewables for sustainable development. Also highlighted in this
study are the aspects of market systems and institutional conditions as
enumerated by institutional theory. More independence in finance, in-
vestment and trade will improve energy efficiency, but the leverage wall
depend on regulations and market systems’ maturity. The records in this
study show that, in the interim, more market liberalisation would
generally cause higher energy consumption until, beyond some critical
threshold, it drives energy efficiency improvement. Thus, it emphasises
renewable energy investments, supporting market liberalisation with
effective regulatory frameworks, and encouraging institutional reforms
to follow with energy efficiency. An appropriate balance between eco-
nomic growth, renewable energy acceptance and market freedom will
help reduce energy intensity and achieve sustained sustainable devel-
opment. The study helps deepen understanding of the pathways to
energy-efficient growth.

5.2. Policy implications

Governments in Africa must prioritise investment in renewable en-
ergy to enhance energy intensity reduction and promote sustainable
development. In the short term, renewable energy project financial in-
centives, subsidies and tax deductions will attract local and international
investments. By creating an attractive financing environment for
renewable energy, governments can encourage private sector partici-
pation and fast-track the shift towards cleaner energy sources.
Furthermore, grid integration of renewable energy and construction of
infrastructure for large-scale deployment should be prioritised. This
entails upgrading old grids to allow the integration of renewable energy
inputs while ensuring rural and off-grid areas also get access to renew-
able energy solutions.

Moreover, it is imperative to develop green finance mechanisms like
green bonds and low-interest loans to provide affordable capital for
renewable energy and energy efficiency projects. Inviting international
financial institutions to cooperate with governments would be beneficial
for mobilising investments and increasing access to climate finance.
Strengthened financing institutions to enhance energy-efficient tech-
nologies will fundamentally support the transition to a low-energy
future economy. This could include forming green investment funds
and incentivising banks to finance renewable energy projects. Besides
this, energy efficiency market regulations should also be strengthened,
which may include energy efficiency standards for industry, buildings
and appliances. The policies should incentivise companies to implement
cleaner production with tax breaks, grants and research funding for
energy-efficient innovations. Furthermore, governments must ensure a
stable supply of renewable energy with the help of smart grids and en-
ergy storage systems, hence boosting grid reliability and reducing en-
ergy losses.

At the same time, these countries must encourage technological
innovation through increased investments in R&D and by promoting
collaboration between different sectors of the economy: academic, in-
dustrial and governmental. Besides creating innovation hubs, govern-
ments should fund research into energy technologies tailored to Africa’s
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exceptional energy environment. It is also important that market liber-
alisation is accompanied by environmental policies, like reducing tariffs
for energy-efficient technologies and importing cleaner energy products.
Whereas the initial stage of market liberalisation might raise energy
intensity, it could offer both motivation and reward for efficiency im-
provements as the economies reach maturity, thus rendering it imper-
ative that reforms be implemented gradually.

Given the different energy profiles each economy possesses, it would
be advisable for energy-intensive countries to emphasise the use of
renewable energy and energy efficiency. In contrast, energy-non-
intensive countries should look towards diversification and economi-
cally energy-efficient industrial growth. In countries with very high
energy use, there is a need to hasten the promotion of large-scale
renewable energy generation plants, such as wind farms and solar in-
stallations, along with energy-efficiency improvements in the industrial
and commercial sectors. Ultimately, capacity-building efforts will be
strengthened through training programmes for the stakeholders in the
public and private sectors, ensuring a well-skilled workforce that can
effectively apply energy efficiency technologies and renewable energy
systems.

Choosing such a path would allow Africa to smoothly transform its
economy into a low-energy-intensive, sustainable growth path that
fosters long-term growth while also helping to reduce environmental
impacts. Renewable energy investments, strengthening financial sys-
tems, enhancing innovation and ensuring that interventions find their
most outstanding merit in targeted policy support will fast-track the
African approach towards sustainable development.

5.3. Study limitations and suggestions for future research

The study is conducted at the national level, which does not consider
the heterogeneity in

Energy intensity within industry, transportation and residential en-
ergy use. This sectoral heterogeneity could give another view of the
basis of efficiency. Future research should, where possible, be sector-
specific, determining which drivers of energy intensity are most spe-
cific to different economic activities. Understanding these shades can
help policymakers design targeted interventions. Another direction
could be the role of emerging technologies like smart grids, complete
digitalisation, and artificial intelligence in reducing energy intensity.
These innovations hold immense potential for transforming energy
systems and improving efficiency. Cross-regional comparisons between
African nations and other developing regions could be informative
concerning best practices and successful policy models. Future studies
can consider same or similar theme for other regions like European
union, China among others.
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List of Countries:

Benin; Botswana; Burkina Faso; Cameroon; Cote d’Ivoire; Chad; Egypt; Equatorial Guinea; Ethiopia; Gabon; Ghana;
Guinea; Guinea-Bissau; Kenya; Lesotho; Madagascar; Malawi; Mali; Mauritius; Morocco; Namibia; Niger; Nigeria;
Republic of Congo; Rwanda; Senegal; South Africa; Tanzania; The Gambia; Togo; Tunisia; Uganda; Zambia; Zimbabwe
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