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Abstract
Energy efficiency (EE) is essential for sustainable development; nevertheless, Africa, which faces
some of the most acute energy challenges globally, remains underexplored in this context.
Although existing literature emphasizes technology, human capital, and institutional quality as cru-
cial determinants of EE, their specific effects in Africa have received less attention. This study uti-
lizes stochastic frontier analysis to investigate the influence of these factors on green total factor
energy efficiency (GTFEE) in 33 African nations from 1990 to 2020 within a unified framework for
precise estimation. We find that a 1% improvement in institutional quality or human capital is
associated with a 4.7% and 4.5% increase in GTFEE, respectively. Technology has a significant
impact at first, but it becomes statistically insignificant when all three variables are considered sim-
ultaneously. Nonetheless, technology improves efficiency in middle-income countries when
income is disaggregated, but it exacerbates it in low-income settings, implying that the benefits
of technological adoption have developmental limitations. These results are similar across different
GDP measures and functional forms. EE remains unevenly distributed across the continent in
terms of GTFEE performance. The average GTFEE is 0.80, with South Africa (0.95), Egypt
(0.93), and Morocco (0.90) ranking highest and Mozambique and Rwanda (0.57) ranking lowest.
Based on these findings, several policies are proposed.

1College of Management and Economics, Tianjin University, Tianjin, PR China
2Faculty of Economics and Business Administration, Vilnius University, Vilnius, Lithuania
3School of Finance and Economics, Jiangsu University, Zhenjiang, PR China
4Faculty of Management, Multimedia University, Cyberjaya Selangor, Malaysia
5School of Economics, University of Johannesburg, Johannesburg, South Africa
6Department of Economics, Tashkent State University of Economics, Tashkent, Uzbekistan
7The Institute of Convergence Science, Korea University, Seoul, South Korea

Corresponding author:
Simplice A. Asongu, School of Economics, University of Johannesburg, Johannesburg, South Africa.
Emails: asongusimplice@yahoo.com; asongus@afridev.org

Original article

Energy & Environment
1–33

© The Author(s) 2025

Article reuse guidelines:
sagepub.com/journals-permissions

DOI: 10.1177/0958305X251367116
journals.sagepub.com/home/eae

https://orcid.org/0000-0001-5227-5135
mailto:asongusimplice@yahoo.com
mailto:asongus@afridev.org
https://uk.sagepub.com/en-gb/eur/journals-permissions
https://journals.sagepub.com/home/eae
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0958305X251367116&domain=pdf&date_stamp=2025-09-02


Keywords
Africa, energy efficiency, technology, human capital, institutional quality

Introduction
Africa’s energy consumption has increased by 45% since 2000, nearly as much as its
economy, signaling robust economic growth.1 To sustain this trajectory, a reliable energy supply
is essential. Yet, Africa remains the continent with the most limited access to energy, with over
85 million people annually requiring access to modern electricity through 2030 in Sub Saharan
Africa.2 This limit constraints economic growth and development3 and has been exacerbated by
climate change, the COVID-19 epidemic, and geopolitical upheavals like the Russia–Ukraine
war.4 According to the International Energy Agency (IEA),5 these shocks have reversed processes,
with the population without electricity rising by 4% between 2019 compared 2021, while globally
household energy costs have nearly doubled (See https://theconversation.com/russia-ukraine-war-has-
nearly-doubled-household-energy-costsworldwide-new-study-200104#:∼:text=The%20Russia%
E2%80%93Ukraine%20war%20has,services%20throughout%20global%20supply20chains).

Addressing these energy insecurities requires Africa to prioritize affordability, security, and sus-
tainability in its transition strategies.3 Given infrastructure limitations, improving energy efficiency
(EE) emerges as a critical and cost-effective pathway.6 With its energy consumption per dollar of
GDP higher than the developed regions, enhancing efficiency in Africa may be beneficial.7

Although it is sometimes used to refer to technology, the concept of energy efficiency also has a
behavioral aspect in practice, meaning it involves using less energy to achieve the same outcome.8

Enhancing efficiency reduces energy import costs and overall economic costs9 and mitigates carbon
emissions in fossil fuel–dependent African countries.3 Furthermore, it fosters competitive advan-
tage, alleviates energy poverty, and creates employment opportunities,10 with several studies doc-
umenting substantial growth and job creation benefits.11,12 Thus, advancing EE is vital for Africa’s
energy security and sustainable development.

The above prospect raises a critical question: what practical measures can improve EE in devel-
oping economies like those in Africa? Previous research highlights the importance of sound
energy policies,13 strengthening absorptive capacity14,15 and adopting energy-efficient technol-
ogy.16 In essence, EE hinges on three pillars: robust institutions to design and enforce policies;
human capital to absorb innovations; and technology to improve energy utilization. Among these,
technology presents the greatest challenge for African governments due to its high cost. As a
result, many countries rely extensively on technology transfer through foreign direct investment
(FDI), trade, and international partnerships.6 The key challenge lies in adapting imported tech-
nologies to local contexts—where inconsistent power supply, infrastructure gaps, and limited
finances often prevail. In this perspective, Africa’s reliance on imported technologies presents
both a challenge and an opportunity.

Beyond technology, human capital—the skills, knowledge, and experience embodied in the
workforce—are fundamental to growth. This idea, articulated by Mincer17 and later developed
by Romer’s18 endogenous growth framework, remains central to long-term growth. Recently, stud-
ies have also demonstrated that a well-educated workforce contributes to reducing energy consump-
tion and tackling climate change.15,19 For instance, Opoku et al.20 emphasize that enhanced human
capital fosters environmental awareness, while Sharif et al.21 link it to innovation that reduces reli-
ance on nonrenewable energy. Thus, human capital is not only a key driver of economic growth but
also plays a critical role in addressing global challenges like climate change. Africa has achieved
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significant progress in human capital development over the last three decades, including increased
university enrolment. Despite progress, Africa’s human capital index remains at 0.40, below the
worldwide average of 0.57.22 With the labor force expected to grow by 12 million annually through
2035, targeted policies remain essential for both economic growth and climate mitigation.

Institutions also play a pivotal role by establishing the framework for policy implementation and
enforcement. Hodgson23 defines institutions as formal and informal rules governing behavior.
Strong institutions influence public attitudes toward energy use and encourage efficiency initia-
tives.8,24 They also lower transaction costs and information asymmetries, improving market out-
comes and environmental protection.25 By internalizing externalities through mechanisms like
taxes and subsidies, institutions can drive significant change.26 While institutional reforms in
Africa—often supported by international agencies such as theWorld Bank—have reshaped govern-
ance structures,27 their effectiveness in tackling energy and environmental challenges remains
uncertain. Legislation alone is insufficient; institutions must ensure that rules are effectively imple-
mented, adaptable, inclusive, and resilient. Without strong institutions, achieving long-term EE and
sustainability is a daunting task.

Despite a growing literature on the roles of technology, human capital, and institutions in EE
(e.g.,8,14,28,29,30), important gaps remain. First, most studies examine these factors in isolation or
focus on developed and rapidly emerging economies (e.g.,31–35), leaving Africa—home to the lar-
gest energy poverty population relatively understudied. This study addresses that gap by synthesiz-
ing technology, human capital, and institutions within a unified framework tailored to Africa’s
unique context, enabling more precise estimation and interpretation of their impacts. Second, exist-
ing research often uses energy consumption or intensity as proxies for EE (e.g.,15,29,31,32,34–36)
which may be limited.37 Stochastic frontier analysis (SFA) and data envelopment analysis
(DEA) offer more robust alternatives,38 though prior SFA studies rarely incorporate environmental
costs such as pollution and resource depletion (e.g.,4,39). Our study advances the literature by esti-
mating green total factor energy efficiency (GTFEE), which explicitly accounts for negative envir-
onmental externalities, offering a more comprehensive and environmentally sensitive measure.
Finally, we highlight the importance of accounting for heterogeneity bias arising from differences
in economic development and industrial structures across countries. Variations in GDP per capita,
industrialization, and income distribution can distort cross-country comparisons and engender mis-
leading conclusions about EE. By explicitly controlling for these factors, our analysis offers more
accurate, locally relevant insights and policy recommendations.

The remainder of the paper is organized as follows: “Literature review” section reviews the rele-
vant literature on the study. “Specification of model and variable selection” section outlines the
model and data. “Discussion of empirical results and findings” section presents the empirical find-
ings. “Conclusion and policy recommendations” section concludes with a summary and policy
implications.

Literature review
EE has assumed a central role in the energy policies of various economies since the 1973 oil crisis.
Energy prices soared during this time, piquing the interest of decision-makers and industry experts
investigating how to increase productivity while reducing energy consumption. Later in the 1980s,
worries about global warming due to human activities further highlighted the importance of EE. In
this context, the IEA40 reported that the energy sector is responsible for about 90% of all emissions.
As the current trend in energy consumption is expected to increase emissions, the Paris Agreement
required countries to increase EE to keep global warming below 2°C.41 EE ensures that less energy
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is used to produce at least equivalent services or outputs, and it is crucial in mitigating environmen-
tal impacts while improving economic productivity.

Despite the growing importance of EE, accurately measuring EE is complex, as highlighted by
Wei et al.,42 who categorized EE indicators into single-factor energy efficiency (SFEE) measures
and total-factor energy efficiency (TFEE) measures. Traditional SFEE measures are based solely
on the output-to-energy input ratio and do not account for other essential production inputs, such
as labor and capital.43 This method has been criticized for failing to reflect actual technical effi-
ciency and may possibly overestimate EE due to input substitution effects. Furthermore, it makes
the misleading assumption that energy use is the only production input, overlooking the value of
other inputs such as labor and capital.

EE can be accurately estimated using a total factor framework considering all production-related
factors. Therefore, Hu and Wang44 developed total factor EE (TFEE) by considering labor and cap-
ital as inputs in addition to energy. The TFEE is more comprehensive than the SFEE as it considers
additional production inputs. It separates energy inputs, determines whether the inputs are substi-
tutable or complementary, and computes the technical efficiency of the inputs. The TFEE metric
assesses EE more precisely. It can help identify areas for improvement in the manufacturing process
by considering all production-related inputs. This metric helps compare the EE of different sectors
or countries.

While TFEE has gained traction, methodological debates persist over how to measure it. Two
dominant approaches—SFA and DEA—are frequently employed in EE studies. Charnes et al.45

proposed the former, while Aigner et al.46 and Meeusen and Broeck47 proposed the latter, both
of which use distance-based frontier functions. The non-parametric DEA approach emphasizes
technical optimization, while the parametric SFA approach focuses on economic optimization.
Selecting a method involves trade-offs, as each has its advantages and disadvantages. In the case
of SFA, the residual is split into two distinct components: noise and inefficiency, which is the pri-
mary advantage of this method, as it can differentiate between random estimation errors or statis-
tical noise and inefficiency. However, the efficiency levels of the efficient frontier need to be
defined beforehand, including their shape and probability distribution, which can cause bias in
the stochastic method if they do not fit the data. On the other hand, DEA does not rely on the shape
of the efficient frontier or the probability distribution, so it avoids this specification problem.
However, DEA does not account for random estimation errors, considering them inefficient, lead-
ing to deterministic frontiers analysis and no statistical foundation. Neither approach is superior to
the other. Nevertheless, due to statistical noise in macroeconomic data, the current study uses a
parametric SFA approach to measure African EE. SFA also permits statistical testing of alternative
model specifications, making it widely used in evaluating the EE performance at both micro and
macro levels.

With respect to the focus of the study, some studies have been carried out on the relationship
between technological transfer, human capital, institutions, and EE. For instance, Chang et al.48

provide empirical evidence that government ideology significantly determines EE in 23 OECD
countries. In another study, Chang et al.49 found increased EE due to greater government efficiency.
Sun et al.8 demonstrate how proximity to countries with solid institutional foundations positively
impacts the domestic EE. Similarly, Sun et al.28 show that proximity to countries with good insti-
tutional frameworks positively affects the domestic EE. Azam et al.50 show that institutional quality
positively affects energy use in 66 developing countries. However, not all studies support this view.
For instance, Mayer51 finds no evidence that democracy enhances sustainability, as measured by the
energy intensity of well-being. Likewise, Ren et al.30 examine the threshold effect of institutional quality
on EE, and their results show that higher levels of institutional corruption reduce EE in Pakistan.
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The interaction between human capital and EE has also garnered attention in recent literature.
For instance, Edziah et al.14 demonstrate the energy-saving effect of human resources in ten emerging
countries, while Akram et al.52 report that human capital reduces energy consumption in 73 countries.
Conversely, other studies, such as those by Salim et al.36 and Shahbaz et al.53 in China, suggest a negative
correlation between human capital and energy consumption, indicating that the relationship may vary
depending on regional contexts. Ma54 also investigated how human capital affected total factor EE in
China and discovered a negative correlation. In a sample of OECD countries, Yao et al.15 found that
investing in human capital reduces overall energy intensity by 15.36%. Lastly, Awaworyi Churchill
et al.55 found a negative correlation between the UK’s energy consumption and human capital.

Finally, for the technology and EE nexus, Adom and Amuakwa-Mensah56 demonstrate the
energy-saving effect of technology derived from FDI and trade in East Africa. Wang57 reports
that from 2001 to 2013, FDI-led technological transfer improved China’s EE. Adom58 uses the
Markov-switching method to demonstrate that trade openness (a proxy for technology) can facili-
tate the transition from energy-inefficient states in Cameroon. Adom and Kwakwa59 find that tech-
nical diffusion through trade has a more substantial effect on energy intensity in Ghana than through
FDI. However, other studies present mixed findings. For instance, Ahmed60 argues that trade lib-
eralization increases the energy intensity of BRICS countries. Jiang et al.61 report that the energy
intensity of Chinese industries is generally 5–35% greater than that of foreign industries in China.
Keho62 noted that while trade cuts energy intensity in Cameroon, Côte d’Ivoire, and Togo, FDI
increases it in Cameroon and Nigeria. Huang et al.63 demonstrate that spillover effects from FDI
and imports reduce energy intensity, except for exports in 30 Chinese provinces between 2000
and 2013. In addition, Liu et al.64 examine the impact of economic globalization on EE in 141 coun-
tries, while Doğan et al.65 investigate the impact of economic globalization on energy demand in 63
countries. Finally, Leal and Marques66 evaluate how the three aspects of globalization
(i.e., economic, social, and political) affect EE.

Lastly, the traditional reliance on GDP as the sole output of efficiency or production is increas-
ingly being questioned. Although GDP helps measures economic health, it does not account for
environmental impacts associated with energy use, like pollution or depletion of natural resources.
Researchers have proposed using the green GDP (GGDP) as a more inclusive metric of natural eco-
nomic well-being.67,68 GGDP is a metric that accounts for the economic benefits of energy con-
sumption and the costs associated with adverse environmental effects and energy consumption,
like pollution and resource depletion. This shift toward GGDP aligns with broader sustainability
goals, offering a more holistic evaluation of energy consumption and conservation efforts.
Considering these developments, unlike previous studies (e.g.,64,69,70) we adopt the GGDP measure
proposed by Stjepanovic et al.71 to better reflect the true costs and benefits of EE (Table 1).

Specification of model and variable selection

Energy distance function
We estimate the GTFEE using the energy distance function, which was drawn from Farrell’s72
influential work on input-oriented production efficiency. Accordingly, we adopted a neoclassical
production framework that assumes countries employ inputs such as capital (K), energy (E), and
labor (L) to produce GGDP (YG). In essence, the production technology is conceptualized as fol-
lows in Equation (1):

T = {(K, L, E, Y): (K, L, E)produces (YG)} (1)
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Table 1. Summary of key research on technology, human capital, and energy efficiency.

Author(s) Focus Findings

Chang et al.48 Government ideology & EE Government ideology impacts EE in OECD
Chang et al.49 Government efficiency & EE More efficient governments improve EE
Sun et al.8 Institutional quality & EE Strong institutions boost domestic EE
Sun et al.28 Institutional quality & EE Institutions improve EE
Azam et al.50 Institutional quality & energy

use
Better institutions reduce energy use in

developing nations
Mayer51 Democracy & sustainability No link found between democracy &

sustainability
Ren et al.30 Institutional corruption & EE Corruption decreases EE in Pakistan
Edziah et al.14 Human capital & EE Human capital aids energy saving in emerging

economies
Akram et al.52 Human capital & energy

consumption
Human capital reduces energy consumption

globally
Salim et al.36 Human capital & energy

consumption
Negative link between human capital & energy

consumption in China
Shahbaz et al.53 Human capital & energy

consumption
Negative correlation between human capital &

energy use in China
Ma54 Human capital & EE Negative link between human capital & EE in

China
Yao et al.15 Human capital & energy

intensity
Investment in human capital reduces energy

intensity
Awaworyi Churchill

et al.55
Human capital & energy

consumption
Negative effects between human capital & energy

consumption in UK
Adom &

Amuakwa-Mensah56
FDI, trade & EE FDI and trade improve EE in East Africa

Wang57 FDI & EE in China FDI improves EE in China
Adom58 Trade openness & EE Trade openness helps EE in Cameroon
Adom and Kwakwa59 Trade & FDI in Ghana Trade has a larger effect on EE than FDI
Ahmed60 Trade liberalization & energy

intensity
Trade liberalization increases energy intensity in

BRICS
Jiang et al.61 Energy intensity of Chinese

industries
Chinese industries have higher energy intensity

than foreign industries
Keho62 FDI, trade & energy intensity FDI increases energy intensity in some African

nations
Huang et al.63 FDI, imports & energy

intensity in China
FDI and imports reduce energy intensity

Liu et al.64 Globalization & EE Globalization improves EE
Doğan et al.65 Globalization & energy

demand
Economic globalization affects energy demand

Leal and Marques66 Globalization & EE Economic, social, & political globalization impact
EE

Kumar67 Green GDP & EE Green GDP is a better measure of energy-related
environmental impact

Jansen et al.68 Green GDP & EE Green GDP offers a more accurate evaluation of
energy use
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Following Färe et al.,73 T in the production economic theory must meet the following condi-
tions: (1) first, K, L & E is needed to produce Y; (2) inaction is always an option, and inputs
and outputs are also disposable; and (3) T is convex, finite and bounded.

Given the focus of the study, we adopt the Shepard energy input distance function74 first sug-
gested by Shepherd.75 The function is expressed in Equation (2) as follows:

DE(K, L, E, YG) = sup λ: K, L,
E

λ
, YG

( )
∈ T

{ }
(2)

Equation (2) aims to determine the highest potential reduction in E while maintaining the input
and output vectors constant, subject to the limitations imposed by the production process. As such,
D E ( K, L, E, YG) represents the ideal energy utilization for a given country. To provide a
clearer understanding of this concept, we utilize the graphical representation of the Shepard energy
distance function introduced by Zhou et al.74 (Figure 1).

The curve line OF indicates the production isoquant for the energy (E) required to produce out-
put (YG) when other inputs (K, L) are held constant. The energy needed at point C to produce out-
put Y is CB, but the energy used is CA. To achieve EE at point C, energy use must shift from E0 to
E1 to meet the isoquant production. This means that the Shepard energy distance function can be
expressed as CA / CB, while the EE value is the inverse of this function. This can be represented
mathematically in the following way in Equation (3):

EE = E / DE(K, L, E, YG)

E
= 1

DE(K, L, E, YG)
(3)

EE measures how much a country’s energy consumption differs from the optimal amount
required for output. When a country lies on the frontier curve OF, and EE equals 1, it is deemed
energy-efficient in its production. Conversely, if a country falls below the OF curve, it is considered
inefficient energy production, and the EE value will be less than one.

Figure 1. Graphical illustration of the Shepard energy distance function.
Source: Adapted from Ref.74
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Econometric estimation of the energy distance function
To estimate the Shepherd energy distance function, a particular functional form must be
selected. In line with Sun et al.,8 we opt for the trans-log function as it offers greater flexibility
and does not impose technological limitations on production. Therefore, our econometric
representation of the translog distance function for country (c) at time (t), given our inputs
and outputs, is as follows:

lnDE (Kct, Lct, Ect, YGct ) = β0 + βklnKct + βllnLct + βelnEct + βylnYGct + βkk0.5(lnKct)
2

+ βll0.5(lnLct)
2 + βee0.5(lnEct)

2 + βyy(lnYGct )
2 + βkllnKctlnLct

+ βkelnKctlnEct + βkylnKctlnYGct + βlelnLctlnEct + βlyLctlnYGct

+ βyelnYGct lnEct + βtT+ βtT
2 + βtkTlnKct + βtlTlnLct + βteTlnEct

+ βtyTlnYGct + νct
(4)

where K, L, E, and Y still represent the capital, labor, energy, and GGDP; νit is the error
term assumed to follow a normal distribution; β’s are parameter to be estimated; T denotes
the technical progress and noneconomic factors such as behavior and lifestyle. Chitnis and
Hunt76 suggest that noneconomic factors may affect EE nonlinearly but due to the unavailability
of such data, we capture this by including the time trend (T) and its square (T²).

Since the function of Shepherd energy distance is linearly homogenous to the degree of one in
the energy input, Equation (4) can be rewritten as:

lnDE(Kct, Lct, Ect, YGct ) = LnEct + LnDE(Kct, Lct, 1, YGct ) (5)

Equation (5) is then expanded and substituted back into Equation (4); and after algebraic trans-
formation, we obtain Equation (6):

lnDE (Kct, Lct, Ect, YGct ) = lnEct + β0 + βklnKct + βllnLct + βylnYGct + βkk0.5(lnKct)
2

+ βll0.5(lnLct)
2 + βyy0.5(lnYGct )

2 + βkllnKctlnLct

+ βkylnKctlnYGct + βlyLctlnYGct + βtT+ βtT
2 + βtkTlnKct

+ βtlTlnLct + βtyTlnYGct + νct

(6)

Setting

uct = lnDE (Kct, Lct, Ect, YGct )

we rearrange Equation (6) to derive Equation (7):

−lnEct = β0 + βklnKct + βllnLct + βylnYGct + βkk0.5(lnKct)
2 + βll0.5(lnLct)

2

+ βyy0.5(lnYGct )
2 + βkllnKctlnLct + βkylnKctlnYGct + βlyLctlnYGct + βtT

+ βtT
2 + βtkTlnKct + βtlTlnLct + βtyTlnYGct + Dumc + νct

− uct

(7)
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where Dumc is a dummy variable capturing country-specific effects (geography, climate, socio-
economic factors), νct is a random error term, and uct is a non-negative inefficiency term represent-
ing energy inefficiency based on available technology at time t. The terms uct and νct are
independent and uncorrelated with regressors.

Using Equation (7), the EE for country c at time t is calculated by Equation (8):

EEct = exp(−uct) (8)

Following Battese and Coelli,77 we model the inefficiency term (uct) as a function of our key
explanatory variables—economic globalization, human capital, institutional quality, and some con-
trols as follows in Equation (9):

uct = α0 + β1Techct + β2INSTct + β3HCct + β4conct + ect (9)

where Techct denotes technical transfer, INSTIct represents institutions, HCct represents human cap-
ital, conct denotes the control variables, eit is the error term, and β is the variable parameters. Since
uct measures inefficiency, a negative coefficient indicates the variable reduces inefficiency (i.e.,
improves EE). However, a positive coefficient suggests the variable increases inefficiency.

While SFA is useful for measuring efficiency, it can be limited by unobservable factors that
influence the results but cannot be directly measured. Traditional SFA either ignores these country-
specific effects or includes them in inefficiency. Battese and Coelli’s77 method ignores unobserved
effects, while Schmidt and Sickles78 incorporate them as technical effects. Greene79 argued that
separating country effects from inefficiency is important to avoid bias, especially if they correlate.
Farsi et al.80 addressed this by linking heterogeneity to average variables but allowed inefficiency to
vary only over time. Greene81 proposed the true fixed-effects model with country-specific fixed
effects. To address unobservable country effects, we use Greene’s true fixed-effect SFA model
with country dummies.

Choice of variables

(i) The Production Frontier equation

This study uses an unbalanced panel of 33 African countries from 1990 to 2020, selected based on
data availability. The production frontier is estimated using four variables: labor, energy use, and
capital stock as inputs, and GGDP as output.

• GGDP data are sourced from Stjepanovic et al.71 and calculated as in Equation (10):

GGDP = GDP− (CO2∗ PCDM)− (Twaste ∗ 74 kWh ∗ Pelect)− GNI

100
∗ %NRD

( )
(10)

where GDP is the traditional gross domestic product; CO2 is carbon emissions; PCDM is
the weighted average PPP carbon price; Twasteis commercial and industrial waste (metric
tons); Pelect is PPP electricity price per kWh; GNI is the gross national income; and NRD is
the natural resource depletion-adjusted savings. Further details and data sources are provided
in Stjepanovic et al.71

The inputs are defined as follows:
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• Capital stock: Total capital invested, measured in millions of US dollars (2011 constant
prices), sourced from Penn World Tables.

• Labor: Number of persons engaged (millions), from Penn World Tables.
• Energy Consumption: Total primary energy consumed, measured in British thermal unit

(BTU), sourced from the Energy Information Administration.

(ii) The inefficiency equation

The first key variable, economic globalization (used here as a proxy for technological transfer),
is measured using the KOF Globalization Index developed by Dreher.82 This widely recognized
index captures multiple dimensions of international exchange, including trade, FDI, income out-
flows, and portfolio investments. Unlike traditional measures that focus solely on trade or FDI,
the KOF index also accounts for barriers such as tariffs, import restrictions, foreign trade taxes,
and capital flow controls. This makes it a more comprehensive indicator of technology and knowl-
edge transfer. The index ranges from 0 to 100, with higher values indicating greater technological
transfer. Table 2 summarizes the components used in calculating the index, including trade open-
ness, FDI, income outflow, portfolio investments, and restrictions on trade and capital flows, along
with their relative weights.

Our second key variable—institutional quality, comes from the World Economic Freedom
Index (EFW). The Fraser and Cato Institutes have collaborated to create a widely respected
index of institutional quality. Since 1970, the index has been used to assess a country’s pol-
icies and level of economic freedom across five dimensions: (i) government size (ii) legal sys-
tem and property rights (iii) money and financial stability (iv) freedom to engage in
international trade and (v) freedom to regulate credit, labor, and business. There are 24 com-
ponents within each of these categories, making up 42 variables in the index. Each category is
assigned a score between 0 and 10; higher scores denote better institutional quality, while
lower score indicates poorer institutional quality. From 1970 to 1995, the data was available
every five years, and from 2000 to 2020, it was available annually. Given that our study covers
the period from 1990 to 2020, we encountered gaps in the data for the years 1991–1994 and
1996–1999, during which data were not reported annually. To address this, we applied linear
interpolation between the available data points before and after these gaps. This method esti-
mates missing yearly values by assuming a steady progression over time, allowing us to main-
tain continuity and consistency in the dataset while minimizing potential biases caused by
missing observations.

Our third key variable is human capital, obtained from the Penn World Table. This database
thoroughly assesses educational attainment by considering the various educational levels—pri-
mary, secondary, and tertiary—and their individual returns. The research of Hall and Jones83

and Caselli84 served as the foundation for the educational attainment indicator provided by the
Penn World Table. The database has undergone extensive updating and improvement, making it
a reliable and essential resource for scholars.

In addition to the variables mentioned above, we control for key factors such as economic struc-
ture (measured by the percentage of value added by the service sector), price levels (represented by
the consumer price index), and demographics (indicated by the total population of each country) in
the model. Table 3 provides definitions and data sources for each variable, and Table 4 provides
summary statistics.

10 Energy & Environment 0(0)



Discussion of empirical results and findings
This section first discusses the baseline results on the effects of key factors on EE from various esti-
mation methods (Tables 5 and 6). We then present robustness and sensitivity tests (Tables 7–9) to
validate these initial findings. Each table includes results for the production frontier and technical
inefficiency in energy consumption. After examining the effects on GTFEE, we assess Africa’s
overall performance.

Baseline results
Our primary goal is to understand how technology, human capital, and institutional quality influ-
ence technical inefficiency in African energy consumption. Tables 5 and 6 explore this using
two approaches. In Table 5, Models (1) to (3) introduce each key variable separately into the inef-
ficiency equation without controls. The results show that technology (−2.864, Model 1), human
capital (−4.684, Model 2), and institutional quality (−4.500, Model 3) all have negative and stat-
istically significant effects on technical inefficiency at the 1% level. This implies that increases in
any of these variables reduce inefficiency, ceteris paribus. Even after adding control variables in
Models (4)‒(6), the key variables’ coefficients remain negative and significant at the 1% level—
technology (−1.375), human capital (−3.183), and institutional quality (−2.996). However, the
magnitude of these coefficients declines compared to the initial models, indicating that factors
like energy prices, economic structure, population, and urbanization may share positive correlations
with the key variables. This underscores the importance of including relevant controls in the inef-
ficiency equation to avoid bias and ensure reliable estimates.

In Table 6, the key variables are incrementally added to the inefficiency equation across Models
(1)‒(3), followed by the systematic inclusion of three control variables in Models (4)‒(6) (This step-
by-step and multidimensional approach helps us better understand the effects of the key and control
variables on technical inefficiency). Our analysis focuses primarily on Table 6 to understand the
combined effects of these variables.

As we progressively included technology, human capital, and institutional quality one at a time,
the statistical significance of technology diminished, becoming insignificant in Model (6) when all
three variables were included. Specifically, the technology coefficient dropped from −2.864 (Model
1, significant at 1%) to 0.380 (Model 6, not significant). This suggests that technology’s direct effect

Table 2. Components of economic globalization measure.

Economic globalization Variables and indices Weights (%)

1. Actual flows 50
1. Trade 21
2. FDI stocks 28
3. Portfolio investment 24
4. Income payments to foreign nationals 27

2. Restrictions 50
1. Hidden import barriers 22
2. Mean tariff Rate 28
3. Taxes on international trade (% of current revenue) 26
4. Capital account restrictions 24

Note: All actual flow variables are expressed as a percentage of GDP.
Source: http://globalization.kof.ethz.ch/media/filer_public/2017/04/19/variables_2017.pdf
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Table 3. Definitions and sources of variables.

Variables Abbreviations Definitions Unit Sources

Frontier equation
Input–output variables

Green GDP lnGGDP GGDP Millions of US
$ at 2011

Stjepanovic et al.71

GDP lnGDP Gross domestic product Millions of US
$ at 2011

World Bank (WDI)

Capital stock lnCap Total capital stock invested Millions of US
$ at 2011

Penn World Tables

Labor lnLab Number of persons engaged millions Penn World Tables
Energy
consumption

lnEne Total amount of primary
energy consumed

British
thermal
unit

Energy Information
Administration

Inefficiency equation
Key explanatory variables

Technological
transfer

lnTech The KOF index of economic
globalization

0–100 KOF globalization
index by Dreher82

Institutional
quality

lnInsti Quality of institutions 0–10 World Economic
Freedom Index

Human capital lnHC Human capital index — Penn World Tables
Control variables

Economic
structure

lnServ Percentage of value added by
the service sector

% World Economic
Freedom Index

Energy price lnPrice Consumer price index (CPI)
used a proxy for energy
price

— Penn World Tables

Population lnUrb Total population of a country Millions World Bank (WDI)

Table 4. Summary statistics.

Variables Obs. Mean SD Min. Max.

lnLab 1023 1.582184 1.167105 −1.246964 4.3165
lnCap 1023 11.53455 1.478292 7.961656 15.33954
lnGGDP 990 23.09927 1.368647 20.10743 27.01356
lnGDP 1023 10.5474 1.312784 7.919024 14.11959
lnEne 994 −3.228463 1.592339 −7.306356 −.0757358
lnTech 1023 3.719596 0.2507019 2.778251 4.441321
lnInsti 1023 1.752032 0.1644539 .9367021 2.111425
lnHC 1023 0.53230 0.2560468 .0291753 1.078007
lnUrb 1023 15.37155 1.21182 12.74807 18.45994
lnServ 1023 22.3675 1.498743 18.19029 26.46286
lnPop 1023 16.43985 1.160934 13.76368 19.14406
lnPrice 1023 −1.10659 0.3271904 −2.05025 0.9314485
lnCPI 1023 −1.101341 0.3247584 −2.05025 0.9314485
lnLE 1023 4.047773 0.1464803 2.646033 4.336951

12 Energy & Environment 0(0)
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Table 7. Results for robustness using Cobb–Douglas, traditional GDP, and endogenous model.

(1) (2) (3)

Variables
Cobb–Douglas
model

GDP
translog model

Endogenous
model translog

Lab −1.016*** 0.280 −0.00720
(0.0785) (0.578) (0.670)

Cap −0.172*** −1.909*** −4.242***
(0.0234) (0.257) (0.653)

GDP −0.105*** −1.429** 2.824***
(0.0278) (0.653) (0.765)

Lab2 −0.00696 −0.515***
(0.0906) (0.0913)

Cap2 0.134*** −0.139***
(0.0423) (0.0411)

GDP2 0.0299 −0.263***
(0.0993) (0.0505)

Lab × Cap −0.0572** −0.0643**
(0.0241) (0.0285)

Lab × GDP −0.00655 0.0470
(0.0604) (0.0327)

GDP × Cap 0.0292 0.253***
(0.0499) (0.0444)

Time 0.0404** −0.0306
(0.0196) (0.0515)

Time2 0.00016* −0.000437***
(9.90e-05) (0.000157)

Time × Cap −0.00156 −0.00718***
(0.00161) (0.00220)

Time × Lab 0.00186 0.0132***
(0.00236) (0.00305)

Time × GDP −0.00207 0.00460
(0.00250) (0.00291)

Constant 1.322** 19.37*** −5.502
(0.544) (2.608) (6.647)

Country dummies YES YES NO
Inefficiency regression
Tech 2.791*** 0.138 0.142*

(0.503) (0.376) (0.0740)
HC −5.905*** −2.181*** −0.904***

(0.651) (0.552) (0.184)
Insti −3.455*** −1.997*** −0.717***

(0.705) (0.533) (0.0965)
Price 1.063*** 0.989*** −0.113***

(0.329) (0.291) (0.0375)
Econ_Struc 0.0393 −0.494*** 0.0166

(0.160) (0.135) (0.0449)
Urb −0.497*** −0.411*** 0.826***

(0.165) (0.131) (0.129)
VSigma constant 3.589* 19.75*** −10.64***

(2.139) (2.388) (1.583)

(continued)
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on reducing inefficiency weakens once human capital and institutional quality are accounted for.
This finding aligns with prior studies such as Danquah85 and Liu et al.,6 indicating that techno-
logical advances alone have limited impact on EE in Africa. In other words, technological
advancements may not be the most crucial factor in Africa for improving EE (Technology’s
impact in Africa may be limited mainly due to high costs, which prevent small farmers and busi-
nesses from adopting advanced systems).9,87 Additionally, cultural norms, like reliance on trad-
itional biomass cooking may hinder the shift to energy-efficient alternatives despite their
benefits.28,42 Instead, a more holistic approach, considering various factors, is more likely to
succeed. For example, policies that foster human capital growth, strengthen institutions, encour-
age using renewable energy sources, and optimize systems and processes could significantly
enhance EE.

However, the results for human capital and institutional quality remained negative and stat-
istically significant throughout the model, albeit with a reduction in the magnitude of their coef-
ficients. For example, human capital’s coefficient declined from −4.684 (Model 2, Table 5) to
−3.183 (Model 6), while institutional quality decreased from −4.500 (Model 3) to −2.996
(Model 6), both significant at the 1% level. This shows that high-quality institutions and human
capital can increase EE and assist reach Sustainable Development Goal (SDG) 7.3, which calls
for doubling EE improvement by 2030. The IEA88 states that developing human potential is
essential to accomplishing sustainable energy development goals including energy access,
security, and climate change. Similarly, enhancing African institutions like the rule of law,
openness, and accountability can increase EE. Thus, this research emphasizes the importance
of human resources and high-quality institutions in sustainable growth, particularly in the
energy sector.

For the control variables, energy prices show a negative but statistically insignificant effect on
EE (e.g., −0.108 in Model 6). This suggests that price increases alone are unlikely to improve EE in
Africa, possibly due to market rigidities or limited alternatives. On the other hand, economic struc-
ture (e.g., −0.375 in Model 6) and urbanization (−0.361 in Model 6) have significant negative
impacts on efficiency.

Robustness and sensitivity analysis
To ensure the validity of our findings, we perform robustness tests using a different functional form
and a model that accounts for endogeneity. Additionally, we conduct sensitivity analysis to assess
how contextual differences may impact the results.

Table 7. Continued.

(1) (2) (3)

Variables
Cobb–Douglas
model

GDP
translog model

Endogenous
model translog

USigma constant −3.718*** −4.595*** −2.940***
(0.103) (0.126) (0.0459)

Endogeneity test — — 2.20
Log-likelihood 88.511803 249.94086 2974.8262
Prob > χ2 0.0000 0.0000 —

Observations 994 994 990

Note: The figures (i.e., the standard error) in parentheses symbolise significance at the 1% (***), 5% (**), and 10% (*) level.
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Table 8. Results for the middle-income group.

(1) (2) (3) (4)
Variables Model Model Model Model

Lab −2.390** −1.765* −2.467** −2.366**
(0.936) (1.041) (0.987) (0.955)

Cap −4.764*** −5.250*** −4.529*** −4.557***
(0.807) (0.873) (0.864) (0.812)

GGDP 2.892*** 2.474*** 2.415*** 2.843***
(0.823) (0.888) (0.912) (0.824)

Lab2 −0.107 −0.0752 −0.135 −0.118
(0.0932) (0.0985) (0.0962) (0.0918)

Cap2 0.0810* 0.132** 0.0173 0.0269
(0.0478) (0.0593) (0.0496) (0.0481)

GGDP2 −0.233*** −0.214*** −0.228*** −0.241***
(0.0544) (0.0599) (0.0598) (0.0536)

Lab × Cap −0.0996*** −0.139*** −0.0961*** −0.0967***
(0.0367) (0.0403) (0.0353) (0.0342)

Lab × GGDP 0.152*** 0.144*** 0.146*** 0.142***
(0.0393) (0.0415) (0.0423) (0.0401)

GGDP × Cap 0.166*** 0.162*** 0.190*** 0.186***
(0.0504) (0.0551) (0.0544) (0.0507)

Time −0.213*** −0.158*** −0.206*** −0.239***
(0.0531) (0.0552) (0.0586) (0.0564)

Time2 −0.000286** −0.000326*** −0.000183 −0.000176
(0.000120) (0.000122) (0.000127) (0.000124)

Time × Cap −0.00897*** −0.0101*** −0.00916*** −0.00820***
(0.00189) (0.00194) (0.00213) (0.00207)

Time × Lab −0.0103*** −0.00798** −0.00803** −0.00933***
(0.00320) (0.00343) (0.00350) (0.00333)

Time × GDP 0.0138*** 0.0121*** 0.0135*** 0.0143***
(0.00275) (0.00285) (0.00304) (0.00288)

Constant −2.318 5.113 2.514 −2.837
(7.885) (8.398) (8.600) (8.093)

Country Dummies YES YES YES YES
Inefficiency regression
Tech −3.975*** −3.572***

(0.719) (0.725)
HC −2.431** −0.0581

(0.951) (0.847)
Insti −5.408*** −4.654***

(1.002) (1.009)
Price −0.945*** −1.042*** −1.858*** −1.434***

(0.338) (0.369) (0.328) (0.319)
Econ_Struc −0.515** −0.580** −0.580*** −0.331

(0.221) (0.260) (0.223) (0.226)
Urb −0.842*** −0.547** −0.798*** −1.118***

(0.223) (0.216) (0.222) (0.237)
VSigma Constant 35.10*** 18.59*** 29.25*** 41.14***

(4.888) (4.055) (4.203) (4.973)

(continued)
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Robustness analysis. First, our analysis has so far assumed that energy sector production technology
follows a flexible translog functional form. However, if this assumption is incorrect, it may bias our
estimates of how technology, human capital, and institutional quality affect GTFEE. To test this, we
re-estimate the model using a different functional form—the Cobb–Douglas model. The results,
shown in Model 1 of Table 7, confirm that human capital and institutional quality significantly
reduce energy consumption inefficiency, with coefficients of −5.905 and −3.455, respectively,
both significant at the 1% level. Interestingly, technology shows a positive and significant coeffi-
cient of 2.791 (1% level), suggesting it may not enhance EE under this specification. The effects
of control variables remain consistent with earlier findings.

Second, to verify the robustness of our results to the choice of output measure, Model 2 in Table 7
replaces GGDP with traditional GDP. Here, human capital (−2.181) and institutional quality (−1.997)
again significantly reduce inefficiency (both at 1%), while technology’s effect becomes insignificant
(0.138). This consistency supports the robustness of our key findings across different GDP measures.

Third, recognizing potential endogeneity concerns—especially that GGDP may be endogenous
—we employ the Karakaplan and Kutlu86 endogenous SFA model in Model 3 (Table 8). Using life
expectancy at birth as an instrument for GDP (following),87 we find that the endogeneity test is
insignificant (test statistic 2.20), indicating no endogeneity problem. Under this model, human cap-
ital (−0.904, 1%) and institutional quality (−0.717, 1%) remain significant in reducing inefficiency,
while technology shows a small positive effect (0.142, significant at 10%). Control variables dis-
play similar patterns as before.

Sensitivity analysis of the results

1. Level of development

So far, our analysis has assumed that advances in EE are driven by improvements in technology,
human capital, and institutions. However, economic growth plays a crucial role in enhancing these
factors, and poorer countries may face challenges improving EE due to limited resources or weak
institutions. To account for these differences, we divide countries into low- and middle-income
groups, allowing for more accurate analysis. The results are summarized in Table 8 (middle-
income) and Table 9 (low-income).

Table 8 illustrates that, in middle-income countries, technology significantly reduces technical
inefficiency in energy use. For example, technology coefficients are −3.975 in Model (1) and
−3.572 in Model (4), both significant at the 1% level, indicating its potential to improve EE. Human
capital also negatively affects inefficiency, with a coefficient of −2.431 (Model 2, significant at 5%),
though it becomes insignificant in Model (4) (−0.0581). Institutional quality consistently has a strong

Table 8. Continued.

(1) (2) (3) (4)
Variables Model Model Model Model

USigma Constant −4.401*** −4.343*** −4.347*** −4.417***
(0.122) (0.135) (0.116) (0.109)

Log-likelihood 242.92355 228.42512 239.01155 253.76588
Prob > χ2 0.0000 0.0000 0.0000 0.0000
Observations 570 570 570 570

Note: The figures (i.e., the standard error) in parentheses symbolise significance at the 1% (***), 5% (**), and 10% (*) level.
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Table 9. Lower-income group.

(1) (2) (3) (4)
Variables Model Model Model Model

Lab 1.185* 2.143*** 1.022 2.337***
(0.619) (0.686) (0.833) (0.599)

Cap 1.922** −1.494* −2.280** 0.515
(0.806) (0.829) (1.071) (0.815)

GGDP −0.548 −2.028* 2.044 −1.601
(1.274) (1.056) (1.625) (1.034)

Lab2 −0.498*** −0.598*** −0.129 −0.659***
(0.107) (0.104) (0.139) (0.101)

Cap2 −0.0546 0.258*** −0.0152 0.116**
(0.0404) (0.0627) (0.0643) (0.0518)

GGDP2 0.0516 0.132* −0.148 0.123*
(0.0753) (0.0686) (0.0975) (0.0641)

Lab × Cap −0.0434* −0.0820*** −0.0402 −0.0116
(0.0256) (0.0227) (0.0344) (0.0228)

Lab × GGDP −0.0506* −0.0689** −0.0358 −0.123***
(0.0295) (0.0340) (0.0400) (0.0289)

GGDP × Cap −0.0646 −0.0683 0.0991 −0.0861*
(0.0451) (0.0529) (0.0655) (0.0443)

Time −0.143** 0.135*** −0.229*** 0.0314
(0.0617) (0.0496) (0.0783) (0.0547)

Time2 −0.000889*** −0.000515*** −0.000658*** −0.000606***
(0.000158) (0.000137) (0.000198) (0.000136)

Time × Cap 0.00151 −0.00230 −0.00554 0.000150
(0.00282) (0.00303) (0.00396) (0.00266)

Time × Lab 0.0198*** 0.0236*** 0.00243 0.0266***
(0.00318) (0.00313) (0.00387) (0.00311)

Time × GDP 0.00587 −0.00543* 0.0131*** −0.00212
(0.00359) (0.00318) (0.00451) (0.00324)

Constant −5.050 27.65*** −9.580 11.04
(11.22) (8.826) (14.35) (9.023)

Countries dummies YES YES YES YES
Inefficiency regression
Tech 9.079*** 3.825***

(0.915) (0.871)
HC −6.577*** −9.299***

(0.636) (1.055)
Insti −2.799* −7.235***

(1.480) (1.309)
Price 2.425*** 2.752*** −1.699** 1.875***

(0.487) (0.469) (0.831) (0.646)
Econ_Struc −1.920*** 0.304* 0.199 1.154***

(0.208) (0.166) (0.356) (0.310)
Urb 2.426*** −0.557*** −0.347 −1.185***

(0.262) (0.142) (0.428) (0.243)
VSigma Constant −28.88*** 5.971*** 0.106 −5.189

(4.991) (2.273) (0) (4.411)

(continued)
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negative impact, with coefficients such as −5.408 (Model 3) and−4.654 (Model 4), both highly signifi-
cant. Control variables including energy prices (−0.945 to −1.858), economic structure (−0.515 to
−0.580), and urbanization (−0.547 to −1.118) show significant negative effects on the energy ineffi-
ciency, highlighting the importance of sustainable economic and urban policies.

However, Table 9 reveals that in low-income countries, technology increases inefficiency signifi-
cantly, with coefficients of 9.079 (Model 1) and 3.825 (Model 4), both significant at the 1% level.
This suggests that technology may exacerbate inefficiency in poorer contexts, likely due
to adoption barriers. Human capital remains strongly negative and significant (−6.577 in Model 2
and−9.299 inModel 4). Institutional quality also negatively affects inefficiency, although with some-
what smaller andmixed coefficients (−2.799, Model 3;−7.235, Model 4). Interestingly, energy prices
tend to increase inefficiency in low-income countries, with positive and significant coefficients such
as 2.425 (Model 1) and 2.752 (Model 2). Urbanization effects vary, increasing inefficiency in some
models (2.426 in Model 1) and decreasing it in others (−1.185 in Model 4).

These results indicate a potential heterogeneity bias in technology’s effect on EE: it improves
efficiency in middle-income countries but may hinder it in low-income countries due to restricted
access and cultural barriers. Meanwhile, human capital and institutional quality consistently pro-
mote better EE across income groups, emphasizing the need to invest in education and institutional
development to foster sustainable energy consumption in Africa.

GTFEE analysis
So far, we analyze the effects of technology transfer, institutional quality, and human capital on
GTFEE. Next, we evaluated each country’s GTFEE. We then took a regional perspective by cat-
egorizing these countries into five distinct regions to assess their GTFEE performance. Finally,
we compared the GTFEE results based on countries’ income levels. It is important to note that
throughout the research we use GTFEE and EE interchangeably.

Country-level analysis. Using the sixth model in Table 6, we estimated the average GTFEE levels for
each country over the study period, allowing for a relative performance comparison. The GTFEE
values range from 0.57 to 0.95, with most countries scoring higher than 0.70 and an average of 0.80.
Although no country has achieved the benchmark score of one, the average score of 0.80 suggests
significant short-term progress toward this benchmark. South Africa (0.95), Egypt (0.93), Morocco
(0.90), Ghana (0.89), Nigeria (0.89), Algeria (0.88), and Tunisia (0.88) recorded the highest EE
scores, consistent with Liu et al.6 On the other hand, Mozambique (0.57), Rwanda (0.57) and
Burundi (0.59) are among the least-performing countries. Countries with low GTFEE could

Table 9. Continued.

(1) (2) (3) (4)
Variables Model Model Model Model

USigma Constant −3.883*** −5.185*** −3.024*** −4.478***
(0.0890) (0.362) (0.114) (0.244)

Log-likelihood −25.283494 26.148086 −28.438662 76.943742
Prob > χ2 0.0000 0.0000 0.0000 0.0000
Observations 420 420 420 420

Note: The figures (i.e., the standard error) in parentheses symbolise significance at the 1% (***), 5% (**), and 10% (*) level.
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improve energy security by implementing short-term strategies to increase efficiency; without such
adjustments, significant inefficiencies will persist. Figure 2 provides a visual representation of the
estimated scores.

Figure 2. Green total factor energy efficiency (GTFEE) for African countries.
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Figure 3 shows the projected GTFEE trends over time, ranging from 0.66 to 0.87. GTFEE gen-
erally increased from 1990 to 2008, declined significantly between 2008 and 2013, and rose again
after 2013. The growth from 1990 to 2008 likely reflected economic growth and global climate
change mitigation initiatives. The reduction between 2008 and 2013 could be attributed to the
2007/2008 global economic crisis, which heightened resource consumption, including energy.
As economies recovered, GTFEE improved, aided by renewed emphasis on EE and emissions
reduction. Overall, the figure reveals a positive upward trend in GTFEE, emphasizing the import-
ance of sustained energy-saving efforts for Africa’s environment and economy.

Regional-level analysis. To assess the average GTFEE level across five African regions—Southern
Africa, Central Africa, Eastern Africa, Western Africa, and Northern Africa—we used the sixth
model shown in Table 6. Figure 4 presents the results, showing that Northern Africa leads with
the highest GTFEE, followed by Eastern Africa, while Central Africa ranks the lowest.
Efficiency scores across the region show clear convergence over time, with most regions approach-
ing values near 0.9 by 2020. The central region showed the sharpest improvement, catching up with
the consistently high performing Northern and rebounding Eastern regions. In contrast, the Western
region plateaued after the mid-2000s, remaining slighly below the other regions at approximately
0.82 by 2020.

Income-level analysis. To deepen understanding of the GTFEE variation by income, we analyzed
middle- and low-income country groups, as shown in Tables 8 and 9. Figure 5 illustrates
GTFEE trajectories from 1990 to 2020 for these groups. Middle-income countries maintain
GTFEE levels between approximately 0.71 and 0.95, with steady upward trends reflecting substan-
tial progress toward efficiency goals. In contrast, low-income countries exhibit lower and more
volatile GTFEE paths. From 1990 to 2008, their efficiency was close to that of middle-income

Figure 3. Time evolution of GTFEE for African countries from 1990 to 2020.
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Figure 4. Time evolution of GTFEE from regional perspective.

Figure 5. Temporal GTFEE performance of middle- and low-income countries.

Edziah et al. 25



countries but declined sharply around 2009, likely due to the 2007–2008 global economic crisis.
Despite this volatility, some low-income countries have achieved relatively high GTFEE scores,
indicating that significant efficiency gains are possible regardless of income level. These findings
highlight the critical need for continued EE efforts, particularly in lower-income countries.

Figure 6 depicts the energy-saving potential for middle- and low-income countries, calculated by
multiplying the green total factor energy inefficiency ratings by the total energy consumption (measured
in British thermal units). From the figure, in the 1990s, middle-income countries exhibited higher
energy-saving potential than low-income countries. However, since the early 1990s, this potential
has declined, likely due to improved environmental awareness and technology adoption. In contrast,
low-income countries had lower energy-saving potential until 1998, after which it increased rapidly,
peaking around 2013–2015. This increase may likely be driven by growing energy consumption and
higher inefficiency levels. By 2020, both income groups converged at similar levels of energy-saving
potentials. This convergence suggest that future energy policies sustain efficiency in high-income coun-
tries while prioritizing targeted efficiency investiment in lower-income groups.

Conclusion and policy recommendations

Conclusions
EE is essential for sustainable development, yet African countries, facing some of the world’s most
severe energy challenges, remain understudied. Although previous research identifies technology,
human capital, and institutional quality as key drivers of EE, their specific impacts in Africa have
received limited attention. This study examines the effects of technology transfer, human capital,
and institutional quality on GTFEE across 33 African countries from 1990 to 2020, combining
these variables into a unified framework for more accurate estimates. It also provides a comprehen-
sive measure of GTFEE by accounting for negative environmental externalities such as CO2 emis-
sions and other wastes. Furthermore, by addressing economic development disparities, the study

Figure 6. Temporal energy-saving potential for middle- and low-income countries.
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mitigates heterogeneity bias to deliver precise, context-relevant estimates of GTFEE. Key findings
include:

1. The effect of technology on GTFEE in Africa becomes insignificant once human capital and
institutional quality are included in the model. Progressive addition of these variables to the
inefficiency equation showed that technology’s significance decreased until it became stat-
istically insignificant when all three variables were included.

2. Technology improves GTFEE in middle-income countries but may increase inefficiencies in
low-income countries.

3. Human capital and institutional quality are key drivers of GTFEE across both income
groups, highlighting their importance for GTFEE improvement in Africa.

4. GTFEE performance varied widely among countries, from 0.59 to 0.95. South Africa (0.95),
Egypt (0.93), and Morocco (0.90) perform best, while Mozambique (0.59), Rwanda (0.57),
and Burundi (0.59) lag.

5. GTFEE has generally increased over time, with high-income countries maintaining higher
and more stable levels.

6. Although energy-saving potential in high-income countries declined between 1990 and
2008, it rose in lower-income countries after 1998 converging by 2020.

Policy recommendations
Based on these findings, in the short term, the following policies can be adopted:

1. Governments should set clear EE targets and enforce standards for appliances, lighting, and
building codes, supported by regulations and incentives.

2. Promote public awareness campaigns, workshops, and training programs to encourage
energy-efficient behaviors among individuals and businesses.

3. Provide business incentives such as tax credits, subsidies, and grants for energy-efficient
buildings and renovations to stimulate private sector involvement.

In the long-term, however, policy makers may:

1. Increase investments in renewable energy sources, including wind, solar, and hydropower,
to enhance overall EE.

2. Foster international cooperation where African governments collaborate on research, tech-
nology transfer, and sharing of best practices to accelerate EE improvements.

3. Strengthen human capital development and institutional quality, as these are proven drivers
of EE gains across Africa.

Future research
First, further research could benefit from employing time-series analysis to investigate the effect of
technology, human capital, and institutions on EE in emerging African economies. This would pro-
vide valuable insights for policymakers to develop effective strategies to advance sustainable
energy practices in these countries. Second, this study focused on transient EE; future work should
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distinguish between transient and persistent efficiency to deepen understanding of energy use
dynamics. Finally, future research may explore in depth the specific mechanisms through which
institutions, human capital, and technology influence EE.
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29. Paramati SR, Shahzad U and Doğan B. The role of environmental technology for energy demand and
energy efficiency: evidence from OECD countries. Ren Sust Energy Rev 2022; 153: 111735.

30. Ren S, Hao Y and Wu H. The role of outward foreign direct investment (OFDI) on green total factor
energy efficiency: does institutional quality matters? Evidence from China. Resour Policy 2022; 76:
102587.

31. Jahanger A, Ozturk I, Onwe JC, et al. Do technology and renewable energy contribute to energy effi-
ciency and carbon neutrality? Evidence from top ten manufacturing countries. Sust Energy Technol
Assessments 2023; 56: 103084.

32. Wen J, Okolo CV, Ugwuoke IC, et al. Research on influencing factors of renewable energy, energy effi-
ciency, on technological innovation. Does trade, investment and human capital development matter?
Energy Policy 2022; 160: 112718.

33. Zhang R and Fu Y. Technological progress effects on energy efficiency from the perspective of techno-
logical innovation and technology introduction: an empirical study of Guangdong, China. Energy Rep
2022; 8: 425–437.

34. Churchill SA, Inekwe J, Ivanovski K, et al. Human capital and energy consumption: six centuries of evi-
dence from the United Kingdom. Energy Econ 2023; 117: 106465.

35. Samour A, Ali M, Tursoy T, et al. The nexus between technological innovation, human capital and energy
efficiency: evidence from E7 countries. Gondwana Res 2024; 135: 89–102.

36. Salim R, Yao Y and Chen GS. Does human capital matter for energy consumption in China? Energy Econ
2017; 67: 49–59.

Edziah et al. 29

https://doi.org/10.7208/chicago/9780226237268.003.0005
https://doi.org/10.7208/chicago/9780226237268.003.0005
https://doi.org/10.1080/1331677X.2022.2155681
https://doi.org/10.1080/1331677X.2022.2155681
https://doi.org/https://doi.org/10.1016/j.seps.2021.101023
https://doi.org/https://doi.org/10.1016/j.seps.2021.101023


37. IEA. Progress with implementing energy efficiency policies in the G8. Paris: IEA, 2009.
38. Filippini M and Zhang L. Estimation of the energy efficiency in Chinese provinces. Energy Effic 2016; 9:

1315–1328.
39. Sun H, Edziah BK, Kporsu AK, et al. Energy efficiency: The role of technological innovation and knowl-

edge spillover. Technol Forecast Soc Change 2021; 167: 120659.
40. IEA. Energy transitions indicators—analysis. Paris: IEA, 2019b.
41. Savaresi A. The Paris agreement: a new beginning? J Energy Nat Resour Law 2016; 34: 16–26.
42. Wei Z, Han B, Pan X, et al. Effects of diversified openness channels on the total-factor energy efficiency in

China’s manufacturing sub-sectors: evidence from trade and FDI spillovers. Energy Econ 2020; 90:
104836.

43. Huo T, Tang M, Cai W, et al. Provincial total-factor energy efficiency considering floor space under con-
struction: an empirical analysis of China’s construction industry. J Cleaner Prod 2020; 244: 118749.

44. Hu J and Wang S. Total-factor energy efficiency of regions in China. Energy Policy 2006; 34: 3206–3217.
45. Charnes A, Cooper WW and Rhodes E. Measuring the efficiency of decision making units. Eur J Oper

Res 1978; 2: 429–444.
46. Aigner D, Lovell CAK and Schmidt P. Formulation and estimation of stochastic frontier production func-

tion models. J Econom 1977; 6: 21–37.
47. Meeusen W and Broeck JvD. Efficiency estimation from Cobb–Douglas production functions with com-

posed error. Int Econ Rev (Philadelphia) 1977; 18: 435–444.
48. Chang CP, Lee CC and Berdiev AN. The impact of government ideology on energy efficiency: evidence

from panel data. Energy Effic 2015; 8: 1181–1199.
49. Chang CP, Wen J, Zheng M, et al. Is higher government efficiency conducive to improving energy use

efficiency? Evidence from OECD countries. Econ. Model 2018; 72: 65–77.
50. Azam M, Liu L and Ahmad N. Impact of institutional quality on environment and energy consumption:

evidence from developing world. Environ Dev Sustain 2021; 23: 1646–1667.
51. Mayer A. Democratic institutions and the energy intensity of well-being: a cross-national study. Energy

Sustain Soc 2017; 7. https://doi.org/10.1186/s13705-017-0139-7
52. Akram V, Jangam BP and Rath BN. Examining the linkage between human capital and energy consump-

tion: cross-country evidence. OPEC Energy Rev 2020; 44: 3–26.
53. Shahbaz M, Song M, Ahmad S, et al. Does economic growth stimulate energy consumption? The role of

human capital and R&D expenditures in China. Energy Econ 2022; 105: 105662.
54. Ma W. Exploring the role of educational human capital and green finance in total-factor energy efficiency

in the context of sustainable development. Sustain 2023; 15. https://doi.org/10.3390/su15010429.
55. Awaworyi Churchill S, Inekwe J, Ivanovski K, et al. Human capital and energy consumption: six centur-

ies of evidence from the United Kingdom. Energy Econ 2023; 117: 106465.
56. Adom PK and Amuakwa-Mensah F. What drives the energy saving role of FDI and industrialization in

East Africa? Renew Sustain Energy Rev 2016; 65: 925–942.
57. Wang S. Impact of FDI on energy efficiency: an analysis of the regional discrepancies in China. Nat

Hazards 2017; 85: 1209–1222.
58. Adom PK. The transition between energy efficient and energy inefficient states in Cameroon. Energy

Econ 2016; 54: 248–262.
59. Adom PK and Kwakwa PA. Effects of changing trade structure and technical characteristics of the manu-

facturing sector on energy intensity in Ghana. Renew Sustain Energy Rev 2014; 35: 475–483.
60. Ahmed K. Revisiting the role of financial development for energy-growth-trade nexus in BRICS econ-

omies. Energy 2017; 128: 487–495.
61. Jiang X, Zhu K and Green C. China’s energy saving potential from the perspective of energy efficiency

advantages of foreign-invested enterprises. Energy Econ 2015; 49: 104–112.

30 Energy & Environment 0(0)

https://doi.org/https://doi.org/10.1186/s13705-017-0139-7
https://doi.org/https://doi.org/10.1186/s13705-017-0139-7
https://doi.org/https://doi.org/10.1186/s13705-017-0139-7
https://doi.org/https://doi.org/10.1186/s13705-017-0139-7
https://doi.org/https://doi.org/10.1186/s13705-017-0139-7
https://doi.org/10.3390/su15010429
https://doi.org/10.3390/su15010429


62. Keho Y. Do foreign direct investment and trade lead to lower energy intensity? Evidence from selected
African countries. Int J Energy Econ Policy 2016; 6: 1–5.

63. Huang J, Du D and Tao Q. An analysis of technological factors and energy intensity in China. Energy
Policy 2017; 109: 1–9.

64. Liu H, Khan I, Zakari A, et al. Roles of trilemma in the world energy sector and transition towards
sustainable energy: a study of economic growth and the environment. Energy Policy 2022; 170:
113238.

65. Doğan B, Ghosh S, Shahzadi I, et al. The relevance of economic complexity and economic global-
ization as determinants of energy demand for different stages of development. Renew Energy 2022; 190:
371–384.

66. Leal PH andMarques AC. Is globalization a driver for energy efficiency and sustainable development? In:
Energy-growth Nexus in an era of globalization. Elsevier, 2022, pp.257–285. https://doi.org/10.1016/
B978-0-12-824440-1.00004-7

67. Kumar P. Innovative tools and new metrics for inclusive green economy. Curr Opin Environ Sustain
2017; 24: 47–51.

68. Jansen A, Wang R, Behrens P, et al. Beyond GDP: a review and conceptual framework for measuring
sustainable and inclusive wellbeing. The Lancet Planetary Health 2024; 8: e695–e705.

69. Khan I, Zakari A, Dagar V, et al. World energy trilemma and transformative energy developments as
determinants of economic growth amid environmental sustainability. Energy Econ 2022; 108:
105884.

70. Hunjra AI, Bouri E, Azam M, et al. Economic growth and environmental sustainability in developing
economies. Res Int Bus Fin 2024; 70: 102341.

71. Stjepanovic S, Tomic D and Skare M. A new database on green GDP; 1970-2019: a framework for asses-
sing the green economy. Oeconomia Copernicana 2022; 13: 949–975.

72. Farrell MJ. The measurement of productive efficiency. J R Stat Soc Ser A 1957; 120: 253–290.
73. Färe R, Grosskopf S and Margaritis D. Productivity growth and convergence in the European Union. J

Product Anal 2006; 25: 111–141.
74. Zhou P, Ang BW and Zhou DQ. Measuring economy-wide energy efficiency performance : a parametric

frontier approach. Appl Energy 2012; 90: 196–200.
75. Shepherd RW. Theory of cost and production functions. Princeton studies in mathematical economics.

Princeton University Press, 1971.
76. Chitnis M and Hunt LC. What drives the change in UK household energy expenditure and associated CO2

emissions? Implication and forecast to 2020. Appl Energy 2012; 94: 202–214.
77. Battese GE and Coelli T. A model for technical inefficiency effects in a stochastic frontier production

function for panel data. Emperical Econ 1995; 20: 325–332.
78. Schmidt P and Sickles RC. Production frontiers and panel data. J Bus Econ Stat 1984; 2: 367–374.
79. Greene W. Reconsidering heterogeneity in panel data estimators of the stochastic frontier model.

J Econom 2005; 126: 269–303.
80. Farsi M, Filippini M and Kuenzle M. Unobserved heterogeneity in stochastic cost frontier models: an

application to Swiss nursing homes. Appl Econ 2005; 37: 2127–2141.
81. Greene W. Fixed and random effects in stochastic frontier models. J Product Anal 2005; 23: 7–32.
82. Dreher A. Does globalization affect growth? Evidence from a new index of globalization. Appl Econ

2006; 38: 1091–1110.
83. Hall RE and Jones CI. Why do some countries produce so much more output per worker than others? Q J

Econ 1999; 114: 83–116.
84. Caselli F. Accounting for cross-country income differences. Handb Econ Growth 2005: 679–741. DOI:

10.1016/S1574-0684(05)01009-9.

Edziah et al. 31

https://doi.org/https://doi.org/10.1016/B978-0-12-824440-1.00004-7
https://doi.org/https://doi.org/10.1016/B978-0-12-824440-1.00004-7
https://doi.org/https://doi.org/10.1016/B978-0-12-824440-1.00004-7
https://doi.org/https://doi.org/10.1016/B978-0-12-824440-1.00004-7
https://doi.org/https://doi.org/10.1016/B978-0-12-824440-1.00004-7
https://doi.org/https://doi.org/10.1016/B978-0-12-824440-1.00004-7
https://doi.org/https://doi.org/10.1016/B978-0-12-824440-1.00004-7
https://doi.org/https://doi.org/10.1016/B978-0-12-824440-1.00004-7
https://doi.org/10.1016/S1574-0684(05)01009-9


85. Danquah M. Technology transfer, adoption of technology and the efficiency of nations: empirical evi-
dence from sub saharan Africa. Technol Forecast Soc Change 2018; 131: 175–182.

86. Karakaplan M and Kutlu L. Handling endogeneity in stochastic frontier analysis. Econ Bull 2017; 37:
889–901.

87. Adom PK, Amuakwa-Mensah F and Akorli CD. Energy efficiency as a sustainability concern in Africa
and financial development: how much bias is involved? Energy Econ 2023; 120: 106577.

88. IEA. IEA steps up its work on energy innovation as money flows into new energy tech companies. Paris:
IEA, 2018. https://www.iea.org/commentaries/iea-steps-up-its-work-on-energy-innovation-as-money-
flows-into-new-energy-tech-companies.

89. Pesaran MH. General diagnostic tests for cross section dependence in panels. Cambridge Working
Papers. Economics 2004; 1240: 1.

Bless Kofi Edziah holds a PhD in Management Science and Engineering from the School of
Finance and Economics, Jiangsu University and a master’s degree in finance from the University
of Sussex, UK. He currently works at Tianjin University in China. His research interest includes
environmental and energy economics, energy policy, climate change, finance, sustainable develop-
ment and sustainable management of the environment.

Emmanuel Anyigbah holds a PhD in Management Science & Engineering (Accounting), an MSc
in Accounting from Jiangsu University, China, and a BSc in Business Administration (Accounting)
from KNUST. He is a researcher in Accounting and Finance. His research areas include corporate
governance, sustainability reporting, financial performance, environmental innovation, and the
application of artificial intelligence (AI) and automation in accounting.

Bright Akwasi Gyamfi is an Assistant Professor at the Faculty of Management, Multimedia
University, Malaysia, with extensive academic and industry experience in finance, investment,
and development economics. He holds a PhD in Business Administration (Finance) from Cyprus
International University, an MBA in Banking and Finance, and a BBA in Accounting from
Valley View University, Ghana. He served as Visiting Professor at the University of
Johannesburg, Visiting Faculty at IIM Ranchi, and Associate Professor at Sir Padampat
Singhania University. With over 100 peer-reviewed publications, his research focuses on sustain-
able finance, entrepreneurship, and economic transformation in emerging economies.

Simplice A. Asongu a Distinguished Visiting Professor in the School of Economics, University of
Johannesburg, Johannesburg, South Africa. He is also a Visiting Professor in the Department of
Economics, Tashkent State University of Economics, Tashkent, Uzbekistan and Specially
Appointed Professor of the Institute of Convergence Science, Korea University, Seoul, South
Korea.

32 Energy & Environment 0(0)

https://www.iea.org/commentaries/iea-steps-up-its-work-on-energy-innovation-as-money-flows-into-new-energy-tech-companies
https://www.iea.org/commentaries/iea-steps-up-its-work-on-energy-innovation-as-money-flows-into-new-energy-tech-companies


Appendix

Cross-sectional dependence (CD) tests
We conducted the CD test to determine whether dependence exists among countries.89 The results
reject the null hypothesis of cross-sectional independence for all variables, indicating significant
dependence across countries. The detailed results are presented in Table A1.

Table A1. The cross-section dependence test.

Variables CD test Variables CD test

Lnene 89.95*** lninsti 64.98***
Lnggpd 115.63*** lnhc 123.30***
lnlab 124.16*** lnurb 125.46***
lncap 91.85*** lncpi 73.59***
Lnindus 28.97*** lnpop 126.41***
lnserv 116.99 *** lnle 103.41***
lntech 31.81***

Note. The statistical test follows the standard normal distribution N(0, 1). Asterisk “***” defines significant 1% level.
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