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The gap in demand and supply of energy across Sub-Saharan African (SSA) countries
has increased energy insecurity in the region. Therefore, power outages have become
pervasive, causing unemployment and a decline in production output. Among the
several energy-saving factors identified in the literature across developing economies,
technological spillover driven by trade openness appears to be a prominent factor in
improving energy efficiency. Thus, this study evaluates the impact of machinery
imported from OECD and non-OECD countries and its corresponding research and
development (R&D) spillover on energy efficiency performance in 18 SSA countries
from 1995 to 2017. Using a stochastic energy distance function, we discover that
aggregated data from OECD and non-OECD countries have no significant effect on
energy efficiency performance across SSA countries. However, results from
disaggregated data for OECD and non-OECD machinery imports show that OECD
machinery imports improve energy efficiency contrary to non-OECD imports. Thus,
technology spillover from OECD countries is advantageous for SSA countries to
reduce long-term energy-based emissions. Furthermore, our results show that human
capital has no significant effect on SSA energy efficiency. Consequently, the results
possess some policy implications; for instance, policymakers responsible for
promoting science and technology could increase investment in human capital
development by developing technology and engineering expertise and increasing
GDP allocation to R&D activities. For energy efficiency scores, we observe
substantial differences in efficiency across SSA countries — implying potential
improvements in energy efficiency across SSA countries.

Keywords: energy efficiency; import; distance function; R&D spillover

1. Introduction

Energy is one of the primary and essential needs of any functioning society. The con-
tribution of energy to economic growth is considered very important — as emphasized
in several empirical works (Ahmed 2017; Sun et al. 2021a). Nevertheless, energy con-
sumption is often linked to carbon emissions and global warming (Edziah et al. 2021a;
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Kohler 2013; Ozturk and Acaravci 2013). It is reported that about 67% of these green-
house gas (GHG) emissions emanate from excessive energy use (IEA 2017).

Energy demand is expected to rise dramatically, with most of this increase in devel-
oping countries (IEA 2017). Like many developing countries, several Sub-Saharan
African (SSA) countries have witnessed a rise in energy demand, averaging 14.42%
between the periods 1995-2017" (see Figure 1 in the Appendix [online supplementary
material]). Meanwhile, in many developing countries, particularly in the SSA region,
energy use per dollar of GDP remains higher than in industrialized countries, suggesting
inefficiency in energy use (Blanco et al. 2014). Due to the limited energy supply in the
region, energy insecurity is also a fundamental problem, causing power outages that
affect economic production in the region (Adom, Appiah, and Agradi 2020). According
to recent reports, the decline in energy intensity in developed countries over the last few
decades has been attributed to energy-saving technologies that improve industrial energy
efficiency (Liu ef al. 2022). In this context, increasing energy-efficient technology in the
SSA region is critical to improving energy efficiency.

Energy efficiency is regarded as one of the most cost-effective approaches to miti-
gating the adverse effects of climate change by reducing the amount of energy
required to produce a unit of output (Edziah et al. 2022). Increasing energy efficiency
has several potential benefits, including energy savings, lower energy costs, and lower
carbon emissions. Despite these benefits, SSA countries’ commitment to energy effi-
ciency efforts lags far behind that of Europe, Asia, and Latin America, owing primar-
ily to financial constraints (Blanco et al. 2014). Given the region’s economic situation,
research and development (R&D) initiatives are extremely low (Danquah 2018).
Consequently, several SSA countries have actively promoted policies encouraging for-
eign technology transfer and adoption to improve their national energy efficiency per-
formance (Sun et al. 2020a; Danquah 2018; Adom and Kwakwa 2014). In most cases,
foreign technologies enter SSA countries via trade and investment (Danquah 2018).

Trade is an important means of transferring technology embodied in imported capital
goods into SSA countries. As a result, research into the impact of trade (specifically,
imported machinery) on productivity efficiency is a hot topic (Jijian et al. 2021). For
instance, Mazumdar (2001) investigated the effect of imported machinery on productiv-
ity growth in 30 least-developed countries and found that importing machinery from
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Figure 1. Graphical illustration of the Shepard energy distance function. Adapted from Zhou,
Ang, and Zhou (2012).
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industrialized countries increases productivity. Henry, Kneller, and Milner (2009)
studied productivity efficiency across 57 countries using the Stochastic Frontier Analysis
(SFA) model and discovered that importing machinery increases productivity output in
developing countries. Danquah (2018) investigated the role of imports on production
efficiency using a similar model and found no effect on productivity in SSA countries.
However, Danquah and Ouattara (2015) discovered that machinery imports play an
important role in illuminating variations in productivity efficiency in SSA.

Other studies look into the effects of machinery imports on energy efficiency.
Therefore, with a specific focus on energy, Fisher-Vanden ef al. (2006) investigated the
principal drivers of energy intensity within China’s industrial sector from 1997-1999.
They observed significant differences in factor biases between domestically produced
and internationally imported technology. In other words, imported technology contrib-
utes more to energy efficiency improvement. Fisher-Vanden and Jefferson (2008) com-
pared Chinese-developed technology to imported technology and discovered that the
former saves more energy than the latter. Teng (2012) examined the effects of domestic
R&D spending, imported foreign technology, and human capital on energy intensity in
Chinese industries from 1998 to 2006. According to the study, importing foreign technol-
ogy reduces the intensity of China’s industrial energy consumption. Herrerias, Cuadros,
and Orts (2013) investigated whether China’s improved energy efficiency from 1985 to
2008 was due to the openness of their economy. They confirmed the positive effect of
foreign technology imports on China’s energy efficiency using a panel-corrected stand-
ard error model. Carraro and de Cian (2013) investigated various technological drivers
for factor productivity by estimating a factor-specific technical change in trade in thirteen
OECD economies. They discovered that imported machinery and equipment reduce the
share of energy input in these countries.

While several studies have investigated the impact of imported machinery on
regional energy efficiency, none have focused on the SSA region. The SSA region is
one of many developing regions that rely heavily on imported technologies (from
OECD and non-OECD countries) to produce goods and services — to meet basic eco-
nomic needs such as lighting, cooking, heating, warming, and entertainment (Doyon-
Martin 2015). However, a sizeable portion of these imported technologies are either
used products from OECD countries with energy that can be highly inefficient — due
to use beyond lifespan and optimal efficiency — or low-grade and energy-inefficient
products from non-OECD countries (Fioratta 2019). As a result, there may be reserva-
tions about importing these technologies into the region. Given these perspectives, a
more in-depth examination of the impact of trade on imported capital goods from
OECD and non-OECD countries on energy efficiency in SSA is critical.

Furthermore, internationally traded capital goods (specifically imported machinery)
enable countries to import R&D investments. The seminal work of Coe and Helpman
(1995) demonstrated that trade boosts domestic productivity through the international R&D
spillover effect caused by bilateral trade. According to Coe, Helpman, and Hoffmaister
(1997), a percentage increase in R&D capital stock in developed countries increases output
by 0.06 percent in developing countries. Without a doubt, R&D benefits developing coun-
tries significantly through trade. As a result, studies on R&D spillovers and productivity
efficiency are hot topics, with some focusing on (Coe, Helpman, and Hoffmaister 2009; Coe
and Helpman 1995; Danquah 2018; Henry, Kneller, and Milner 2009), sectors (Bernstein
and Mohnen 1998; Cohen et al. 2002), industries (Ben Hassine, Boudier, and Mathieu
2017; Bernstein 1996) and firms (Griffith, Harrison, and Van Reenen 2006).
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While the literature on this scope is extensive but focuses more on how foreign
R&D inputs are essential for increasing productivity efficiency (e.g. Coe, Helpman,
and Hoffmaister 2009; Cohen ef al. 2002; Danquah 2018; Henry, Kneller, and Milner
2009; Keller 1998) rather than energy efficiency, which is the focus of this study.
Even the few studies that have looked at SSA countries have focused on the impact of
R&D spillovers on economic productivity (e.g. Danquah 2018; Danquah and Ouattara
2015; Tiruneh, Wamboye, and Sergi 2017) or agricultural productivity (e.g. Adetutu
and Ajayi 2020). Therefore, the effects of R&D activities on energy efficiency per-
formance in SSA countries have received little attention in the existing literature?.
Since SSA countries rely on foreign R&D investments through trade, the impact of
R&D spillovers from imported machinery on energy efficiency is essential for policy
consideration. R&D spillover initiatives are critical for developing economies to trans-
fer new technologies and ideas to domestic firms. In light of these concerns, the
second objective of this paper is to investigate the impact of R&D spillover from
imported machinery on energy efficiency in SSA countries.

In conclusion, the following key points are noted: First, several studies in the field
of energy economics have examined the impact of machinery imports in various coun-
tries and regions but have failed to consider the SSA region. Second, several studies
assess the productivity efficiency of R&D spillovers embodied in technology transfer
in developing countries without explicitly addressing their impact on energy efficiency.

To address this gap, the current study examines the effects of machinery imported
from OECD and non-OECD countries and the associated R&D spillovers on energy
efficiency performance in 18 SSA countries between 1995 and 2017. Thus, we pose
the following questions: Do imports of machinery from both OECD and non-OECD
countries help the SSA region improve energy efficiency? Second, what role do for-
eign R&D spillovers play in energy efficiency? Third, does importing solely from
OECD countries improve SSA countries’ energy efficiency? Fourth, how do imports
from only non-OECD countries affect energy efficiency?

In answering these questions, we add to the existing literature in various ways. First,
rather than focusing solely on OECD machinery imports, as previous studies have done
(Adetutu and Ajayi 2020; Arazmuradov, Martini, and Scotti 2014; Coe and Helpman
1995; Danquah 2018; Danquah and Ouattara 2015; Henry, Kneller, and Milner 2009;
Tiruneh, Wamboye, and Sergi 2017), we investigate the energy-saving effects of OECD
and non-OECD machinery imports. Second, we extend the initial SFA model used in
previous studies (Adetutu and Ajayi 2020; Danquah 2018; Danquah and Ouattara 2015;
Henry, Kneller, and Milner 2009; Kneller and Stevens 2006; Mastromarco and Ghosh
2009) by accounting for undesirable outputs (i.e. carbon emissions) within the production
framework. According to Mandal (2010), energy efficiency estimates may be skewed if
only desirable outputs are considered in the model. Controlling undesirable outputs in a
production framework thus provides more reliable and accurate estimates of energy effi-
ciency. Third, we adopt the stochastic energy distance function proposed by Zhou, Ang,
and Zhou (2012) and expand it from its cross-sectional nature into a panel form. In this
way, we improve the econometric specification of the SFA model by employing Belotti
and Ilardi’s (2014) pairwise difference estimator (PDE) to account for potential unob-
served heterogeneity in the sample countries.

The remainder of the paper consists of methodology elaborated in Section 2, data
description and sources presented in Section 3, empirical findings in Section 4 and
conclusion and policy implications presented in Section 5.
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2. Methodology

There are several energy efficiency indicators, most notably the thermodynamic indicator,
the physical thermodynamic indicator, and the economic indicator (see Patterson 1996)
but for this study, we use the economic indicator. Energy intensity, usually measured as
the energy to GDP ratio, is the most commonly used economic indicator in the energy lit-
erature. Filippini and Hunt (2015) consider this type of efficiency measurement less accur-
ate. Therefore, we base our energy efficiency measurement on Kopp’s (1981) non-radial
notion of input-specific technical efficiency. This approach necessitates estimating the
frontier using either the stochastic frontier analysis (SFA) or the Data Envelopment
Analysis (DEA). Unlike the DEA, the SFA model accounts for measurement error or ran-
dom noise (see Kumbhakar and Lovell (2000) for more information on the parametric and
non-parametric efficiency measurement method). Considering random noise and possible
country heterogeneity, we control for these by using the SFA approach. Specifically, we
adopt the SFA energy distance function presented by Zhou, Ang, and Zhou (2012).

2.1. Shepard energy distance function

For clarity, we begin our analysis by considering a functional relationship between two
outputs — desirable and undesirable (GDP- ) and CO,- C) and three inputs (Capital -
KC, Labor - £ and Energy - €) which characterize production processes. The multi-out-
put production technology can therefore be represented as:

T = {(&X, £ & Y, €): (XK, £, &) can produce (Y, C)} (1)

Following Fare, Grosskopf, and Margaritis (2006) the set of all potential input-out-
put vectors of T is presumed to meet the axioms of the production technology. For
example, without inputs, it is impossible to produce anything; therefore, inactivity is
often conceivable, and only finite inputs can create finite outputs. Furthermore, it is
common to assume that the inputs and desirable output are strongly or freely dispos-
able. Like Zhou, Ang, and Zhou (2012), we adopt the Shepard input distance function
to measure energy efficiency. We describe a Shepard sub vector input distance func-
tion for energy consumption as:

De (K, L, & Y, C) =sup {i: (IC,E, ?, Y, C) GT} ()

where Equation (2) implies that energy is reduced to the frontier, while the input and
output vectors are kept constant in the production technology of Equation (1). From
Equation (2), it follows that the optimum energy utilization for an efficient country is
represented as: £/Dg(KC, L, £, Y, C). To explain this, we adapt the graphical illus-
tration of the Shepard energy distance function from Zhou, Ang, and Zhou (2012).

In Figure 1, the curve line OF is a production isoquant for energy used (E) for pro-
duction of output (Y) when other inputs (K, L) are held constant. At point C, the
required energy to generate output Y is CB; however, as it turns out the actual energy
used is CA. If we estimate the energy efficiency (EE) value of point C, we would con-
sider that the actual energy used will reduce from E, to E; to reach isoquant produc-
tion. The Shepard energy distance function is therefore equal to CA/CB, the reciprocal
of the Shepherd energy distance function is EE value, and it can be rewritten mathem-
atically as:
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EE — E/De(K,L,E,Y,C) _ 1 3)
£ D:(K, L, £, Y, C)

By definition, EE means that if the country to be assessed is situated on the fron-
tier curve OF, the value of EE will be equal to one; hence, considered energy efficient
in its production process. However, if the country to be assessed is stationary below
the frontier curve OF, the value of EE will be less than one, representing energy ineffi-
ciency in production.

2.2. Stochastic energy distance frontier method

To employ the energy distance function, we are required to pick a specific functional
form. We follow Sun et al. (2021b) by using the trans-log function form. According to
Christensen, Jorgenson, and Lau (1973), the trans-log is flexible without imposing
prior limitations on the production technology. Using this approach, we connect the
log of two outputs: GDP ())) and CO,; (C), three inputs: capital (), labour (£), and
energy (£) and the energy distance function as:

InDg (Kir, Lir, Eits Vir, Cit) = Do + 0xInK;; + OInly + Delnys + OyIndy + DelnCyy
+ Ok (I0K)* + O (nLi)” + Oge(In€ir)”
+ Oyy(InYi)* + Bee(InCir)® + OxcInKyInL,
+ OxelnKyInE; + OxylnKyInY;, + Ok clnK;InC;,
+ OzelnlyIngy + OeylnLyInYy, + O relnlyInCy,
+ OyelnYyIn€; + Beeln&yInCy; + DeyInCinY;, + vy
“4)

where vy, is the symmetric error term controlling for statistical noise and it is presumed
to follow the standard normal distribution assumption. The input distance function is
linearly homogenous to a degree of one (Lovel ef al. 1994), so is the Shepard energy
distance function in energy input Zhou, Ang, and Zhou (2012). Thus, we have:

InD¢ (K, Li, Eity Vi» Cit) =Ln&y +LnDg (Kiy, Ly, 1, Vi, Ci) %)
From Equation (5), we derive the Shepard distance function and can write it as follows:
InD¢ (Kit, Lis, ity Vi Cit) = &y 4 0o + OxInKi; + D cInLye + OylnYy; + DelnC;
+ Ok (InK;,)* + Oze(Inlie)’ + Byy(Indy)’
+ Dee(InCiy)* + OgclnKyInly + BxynK;ny;,
+ OgclnKInCy; + O pyInlyInY); + O zclnl; InC;,
+ OeyInCilnY;; + v
(6)
Substituting Equation (6) into Equation (4), we have:

In&;; = PoIny; + Dee (&) + DgelnKidnE; + 0pelnlilns + OyelniIn;,

(7N
+ Ogeln€iInCy + v
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Substituting Equation (7) into Equation (4) and making some rearrangements, we
get:
—In&;; = B + OxInKy; + BcInLy + OyInY;, + BelnCir + Ox (INKir)* + Oz (InLi)?
+ Dyy(InY;e)* + Occ (InCir)* + D InKInLyy + OynKyInY;,
+ DgelnKInCy + O yInLyInYy, + G eelnlyInCy + DeylnCiln));;
+vie — InDg (Ky, Lit, Eit, Vi, Cir)
®)
Following Battese and Coelli (1992), we set InDg (Ki, Lit, Eit, Y, Cit) = Uy
Equation (8) becomes:
— In&; = By + OglnKy; + OcInLy + Oylndy; + BelnCy + Dxx (InK;)
+ 0ee(InLy)* + Dyy(InYi)* + Oce(InCy)* + Dx o InKyInLy,
+ DxyInK;InY; + OxelnKyInC; + O yInLiIn;, 4 OrelnLyInC;
+ @Cylncitlnyir + vy — Uy

)

where U;, is assumed to be non-negative exogenous variables representing energy inef-
ficiency, which are considered to vary over time in country i at time . U; and v;, are
assumed to be distinct from each other and not connected to the independent variables
in Equation (9). Accordingly, the energy efficiency in country i and period ¢ can be
measured by:

EE” = E[exp (_Uiteit” (10)

There are two approaches to estimate energy efficiency and its determinants: the sin-
gle-stage or two-stage approach. However, there are few disagreements over whether a
single-stage or two-stage approach is better for assessing the stochastic frontier analysis-
based energy efficiency and its determinants. While some researchers have used the two-
stage process (Sun et al. 2020b), most studies have used a single-stage procedure.
Possibly this is because of the parametric nature of the SFA and the observations by
Wang and Schmidt (2002) that the two-stage technique provides highly biased results.
Furthermore, most SFA models have been designed to incorporate exogenous variables —
distinct from the input factors. However, they affect the inefficiency in the single-stage
approach by scaling the distribution of U;, and/or v; in Equation (9). Using the approach
is also likely to address the problem of conditional heteroscedasticity in energy ineffi-
ciency. For these reasons, we employ the single-stage technique to investigate the causal
elements of SFA-based energy efficiency estimations. As a result, following Battese and
Coelli (1995), we enable U;, to be explained concurrently by a collection of exogenous
variables to assess the effect of machinery imports and R&D spillover on energy ineffi-
ciency. Thus, we specify the inefficiency function U;, as:

Oi = oo+ BiImp;, + B,R&D;, + Byconiy + et (11)

where Imp;, denotes the machinery imports, R&D;, represents R&D spillovers from these
imported machineries, con;; denotes the control variables, ¢;; is the error term and f is
the variable parameters. The variables in Equation (11) represent inefficiencies; there-
fore, a negative covariate indicates a decrease in energy inefficiency. For example, if any
of the variables improve energy efficiency, we assume that the sign of the coefficients
will be negative — meaning that the distance from frontier decreases due to that variable.
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However, if the sign of the coefficients is positive, then it means the variable increases
energy inefficiency and, thus, increases the distance from the frontier.

2.3. Econometric model

From an econometric perspective, various panel data-based models have been consid-
ered for estimating SFA. Previous works have adopted the time-invariant SFA model,
which considers individual country effects as part of inefficiency (Battese and Coelli
1992; Pitt and Lee 1981; Kumbhakar 1990). This means the inefficiency may be over-
estimated, hence, producing biased estimates. Nevertheless, the unobservable individ-
ual effects are essential and must be accounted for when estimating SFA panel
models. Therefore, the commonly used approach in empirical analysis is the SFA
model, with fixed-effects capturing unobserved heterogeneity (Chen, Schmidt, and
Wang 2014; Greene 2005). The popular approach is the true fixed-effects model
(TFEM), which estimates an inefficiency component that varies over time using the
maximum likelihood approach (Greene 2005). However, an incidental parameter prob-
lem is identified in Greene’s TFE model, which produces inconsistencies in estimating
the variance parameter (Belotti and Ilardi 2014; Chen, Schmidt, and Wang 2014). To
resolve this “incidental parameter” issue, Belotti and Ilardi (2014) proposed two ways,
i.e. by either adopting the maximum simulated likelihood estimator (MMSLE) or the
pairwise difference estimator (PDE) model. To avoid the “incidental parameter” issue
in our estimation, we use the PDE of the SFA model for fixed effects, where ineffi-
ciency follows a first-order autoregressive process.’

3. Description of data and their sources

This study focuses on 18 SSA countries from 1995-2017. We use an unbalanced panel
dataset because of data limitations for other variables. The countries, in our sample,
are selected primarily based on data availability for the main explanatory variables.
Beginning with the production frontier data, we use real GDP, CO, emissions, capital
stock, energy consumption, and labour, defined as:

(1) Real GDP is extracted from the Penn World Table (PWT) and transformed into
natural logarithm (in millions of US$ as of 2011);

(2) Physical capital stock is sourced from PTW and converted to natural logarithm at
current PPPs (millions of US$ as of 2011);

(3) Labor data is sourced from PTW and converted into a log of the total number of
employed people;

(4) Energy use is derived from the Energy Information Administration (EIA) and
transformed into the log of terajoules;

(5) Carbon emission data is sourced from World Development Indicators (WDI) and
converted to a natural logarithm.

The two main variables used as explanatory variables for inefficiency effects and
other control variables considered in this study are explained as follows:

e Import of machinery and transport equipment from OECD and non-OECD
countries:
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To focus on energy-consuming technologies, we use the same method as Henry,
Kneller, and Milner (2009) to extract machinery import data from the United Nations
Comtrade Database by narrowing our search to aggregate data on machinery and trans-
port equipment in US$ (i.e. SITC Rev. 2, Sec. 7). However, imports from non-OECD
countries (particularly China) into Africa appear to have surpassed those from OECD
countries in recent years (see Figure 2). Thus, in addition to the 14 developed OECD
countries, we considered imports from non-OECD countries®. As a result, this study
considers two major non-OECD exporters to SSA countries (China and Singapore).
Only two countries are included based on data availability for R&D in machinery
R&D. Imports of machinery and transportation equipment range from capital equip-
ment, such as factory machinery, office machines, and telecommunications equipment,
to transportation equipment and household electrical appliances.

e Research and Development (R&D) Spillover

Because most developing countries, particularly SSA, rarely invest in domestic
R&D, we assume that SSA countries’ knowledge stock is dependent on the stock of
foreign R&D. As done in other international spillover studies (Coe, Helpman, and
Hoffmaister 1997; Adetutu and Ajayi 2020; Henry, Kneller, and Milner 2009), we cal-
culate the stock of machinery R&D in 16 technologically advanced countries (i.e. 14
OECD and 2 non-OECD countries). The R&D stock of machinery (R;) is calculated
with a rate of 10% using the continuous inventory approach. The two equations for the
calculation of the R&D stock as presented as:

Ry = (1 — O)Ri-1 +RD; (12)
RD,

Rip = 13

" (P +9) =

where R;, indicates the machinery R&D stock®, & denotes the rate of depreciation,
which is set at 10% following Henry, Kneller and Milner (2009), RD stands for

400000000 -

350000000 -

300000000 A
250000000

200000000 -
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150000000 A
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o F——— : . .
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Figure 2. Machinery imports from OECD and non-OECD countries.
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machinery R&D investments and gRP is the average annual rate of growth in R&D
over the period. Data for R&D machinery investment in 16 technologically advanced
countries are extracted from the OECD ANBERD database. To calculate the R&D
stock in each SSA country, the aggregate R&D of the 16 technologically advanced
countries are weighed according to the ratio of SSA machinery imports to the GDP of
the technologically advanced countries. Therefore, the spillover of foreign machinery
R&D stock from the country j (i.e. technologically advanced OECD and non-OECD
countries) through imports by developing SSA country i is mathematically represented
as:

MM;;
RD™ = Z—Y 7 RD; (14)

A

where MMj; is the import of machinery by developing SSA countries i from techno-
logical advanced country j, and Y; is the technological advanced country’s GDP.

e Economic Structure

The economic structure significantly impacts energy consumption (Adom et al.
2018). A shift in production structure to less energy-intensive sectors reduces energy
demand. One possible explanation for the wide variation in energy efficiency across
SSA countries is that different countries have different economic structures. As a
result, following other studies, we include the service sector’s share of value-added as
a percentage of GDP to control the shift in production structure (Filippini and Zhang
2016; Filippini and Hunt 2011)

e Human Capital

Improving energy efficiency depends not only on the efficiency of machinery and
the rate of R&D spillover but also on the technical know-how of labour to imitate and
operate the technology (Filippini and Hunt 2011; Filippini and Hunt 2012). The ability
of a country to innovate or use knowledge spillover from other countries depends on
the level of its human capital, and this depends entirely on the education and experi-
ence level of the workforce (Edziah et al. 2021b; Adom et al. 2018; Adom 2019).
Thus, education is a widely-used variable in models to control for variation in the
quality of human capital across countries. In line with Engelbrecht (1997), we control
for human capital in the efficiency model. We assume that human capital will posi-
tively affect energy efficiency, but are unsure of the outcome given the quality of
human capital in SSA countries. We use the PWT human capital index as a proxy for
human capital. Table 1 provides descriptive statistics for the variables adopted in our
empirical research.

4. Empirical results and discussion
4.1. Production function and inefficiency effects results

This section presents the pairwise difference estimator parameters and inefficiency esti-
mates for the trans-log SFA production function. Our empirical strategy is divided into
two stages. In the first stage, we look into the energy-saving effects of our two main
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Table 1. Descriptive statistics.

Variable Symbols Obs Mean Std. Dev Min Max

Energy use InE 390 —11.046 1.232 —14316  —8.059
GDP Iny 414 24.077 1.161 21.609  27.645
CO, InC 378 8.056 1.271 5.288 11.590
Capital InK 414 25.267 1.250 22393 28.424
Labour InL 414 15.667 1.015 12.604  17.992
Total R&D SSA R&D 395 12.268 1.775 3.975 16.277
Total machinery SSA_MI 392 16.599 1.388 13.628  20.669
OECD machinery OECD_MI 392 16.406 1.286 13.685 20352
Non-OECD machinery Non OECD_MI 392 16.962 1.998 12.311 21.682
Service SSA_Serv 414 45.429 8.136 25.792 77.020
Human capital SSA_HC 414 1.609 0.371 1.049 2.648

Note: All variables are in log except service and human capital.

variables, machinery imports and R&D spillover, as well as other factors. In the
second stage, we re-examine one of the key variables — machinery imports — to better
understand how technologies from the OECD and non-OECD countries affect Sub-
Saharan Africa. Therefore, we divide machinery imports into two categories: OECD
and non-OECD.

(i) First stage

Table 2 presents the results for the first stage, where we examine the impact of our
two variables — machine imports and R&D spillover — on energy efficiency. Turning
to the first question, this study asks: do imports of machinery from both OECD and
non-OECD countries help the SSA region improve energy efficiency? We find that the
coefficient of an aggregate of imports of machinery from both OECD and non-OECD
countries has a negative sign, denoting an increase in efficiency. However, the sign of
the coefficient is statistically insignificant, which means that the sum of machinery
imported from both regions has had no effect on energy efficiency. Do foreign R&D
spillovers also promote energy efficiency in SSA? According to our estimation results,
R&D spillover has a positive and statistically significant effect on energy inefficiency.
The positive and significant coefficient of R&D spillover indicates that R&D spillover
reduces energy efficiency in SSA. These results mean that neither of the variables
improves energy efficiency in SSA.

The same can be said of the controls, as both variables — human capital and eco-
nomic structure (represented by the service sector) — have a statistically insignificant
negative effect on energy efficiency. In models 2 and 3, we drop R&D spillover and
import, respectively, from the models. Still, the results remain almost the same regard-
less of whether the key variables are entered separately in the regressions or combin-
ation with other key variables. While our findings are new in the existing literature,
they appear to be consistent with Danquah’s (2018) finding that machinery, human
capital, and R&D spillover have no empirical impact on production efficiency in SSA
countries. In model 4, we check for the absorptive ability effect using the interaction
term of R&D capital and human capital. The results show that our estimated results,
the elasticity of the interaction term of R&D capital and human capital on energy effi-
ciency is —0.146, while there is no statistically significant relationship in the estima-
tion. This result seems to lend insufficient support to the importance of absorptive
ability’s effect on the region’s energy efficiency, as argued in previous studies.
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Table 2. Results of the PDE model with an inefficiency component for aggregate imports and
R&D from OECD and non-OECD countries.

Distance function (Model 1) (Model 2) (Model 3) (Model 4)
InL —1.060 —1.005 —0.852 —1.312
(2.158) (2.138) (2.162) (2.266)
InK 12.27%* 12.18%** 11.87%** 12.59%**
(2.893) (2.867) (2.967) (2.754)
Iny —1.562 —0.932 —1.694 —1.379
(2.110) (2.146) (2.096) (2.186)
InC — 8427k —8.601%** —8.366*** —8.354%K*
(1.585) (1.612) (1.588) (1.504)
(InL)? 1.397%%* 1417#%%* 1.332%%* 1.449%%%
(0.410) (0.428) (0.413) (0.424)
(an)2 —0.821%** —(.735%** —0.821*** —0.794%***
(0.234) (0.224) (0.237) (0.221)
(lny)2 —0.0138 0.0686 —0.0503 0.0340
(0.283) (0.285) (0.281) (0.281)
(InC)* —0.159* —0.154 —0.166* —0.154*
(0.0941) (0.0949) (0.0941) (0.0922)
InL * InK —0.312 —0.320 —0.310 —0.322
(0.276) (0.265) (0.275) (0.284)
InL * In) —0.545%* —0.553%* —0.515%* —0.560**
(0.226) (0.248) (0.222) (0.237)
InL * InC —0.0885 —0.0888 —0.0838 —0.0855
(0.126) (0.126) (0.126) (0.130)
InY * InK 0.417 0.327 0.435 0.379
(0.270) (0.262) (0.272) (0.272)
InY * InC —0.0228 —0.0418 —0.0162 —0.0383
(0.117) (0.116) (0.120) (0.118)
InC * InK 0.443%%* 0.466*** 0.434%%* 0.451°%%*
(0.128) (0.129) (0.130) (0.119)
Inefficiency effects
SSA_MI —0.110 —0.0232 —0.110
(0.0923) (0.0603) (0.0798)
SSA_R&D 0.0897* 0.0147 0.325%*
(0.0543) (0.0509) (0.160)
SSA_HC —0.427 —0.464 —0415 1.393
(0.326) (0.323) (0.328) (1.583)
SSA _Serv —0.000288 —0.000145 —0.000369 0.00142
(0.0123) (0.0120) (0.0123) (0.0125)
RD_HC —0.146
(0.115)
Constant —0.468 —1.310 —0.826 —3.459
(1.112) (0.819) (0.944) (2.440)
Sigma_v —3.443%** —3.528%** —3.407*** —3.346%**
(0.569) (0.607) (0.569) (0.499)
Criterion function 110.1655 479.9818 485.3895 497.7533
Observation 359 361 359 359
Number of ID 18 18 18 18

Note: SSA_MI =machinery imports, SSA_R&D =research and development spillover, SSA_HC = human
capital, SSA_Serv = share of value-added by the service sector as a percentage of GDP. The Figures (i.e. the
standard error) in parentheses symbolizes significance at the 1% (***), 5% (**), and 10% (*) level.
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(ii) Second stage

To better understand the impact of machinery imports on energy efficiency, we
split the import of machinery into two sub-samples, OECD imports and non-OECD
imports, in the second stage. Thus, Table 3 presents the results for the second stage, in
which we examine the impact of imports from OECD and non-OECD countries on
energy efficiency. According to the results of Model 1, OECD imports have a negative
sign and are statistically significant at 10%. This finding suggests that OECD imports
have a positive and significant impact on energy efficiency. Imports from non-OECD
countries, on the other hand, have a positive sign and are significant. This means that
imported machinery from non-OECD reduces energy efficiency in SSA countries.

Next, we account for the role of R&D spillover, with estimated results shown in
model 2. The results for OECD imports and non-OECD imports remain almost the
same as in model 1. Like models 2 and 3 in Table 2, the R&D spillover variable is
positive and statistically insignificant, thus denoting that relative R&D exhibits no
effect on energy efficiency in SSA countries. In model 3, we add two control variables
— human capital and economic structure. Even though these two variables are con-
trolled for in the model, the key variables produce the same results. As in Table 2, the
control variables are negative and statistically insignificant. So, both R&D spillover
and the control variables exert no effect on energy efficiency. In model 4, we change
the production function from its initial trans-log function to a Cobb-Douglass function,
but the results remain the same as in model 3. The results show that the coefficient for
imports from the OECD has a negative sign and is significant across the models. This
result implies that technology transfer through imports from OECD countries may
improve energy efficiency in SSA countries. Its coefficients have the largest magni-
tudes throughout the models, indicating that imports from OECD countries play a
dominant role in improving energy efficiency in SSA. Even though our empirical find-
ing is new in the existing literature, they appear consistent with Danquah and Ouattara
(2015) and Henry, Kneller, and Milner (2009). They found a positive and statistically
significant effect of imports from OECD countries on production efficiency in devel-
oping countries.

On the other hand, the coefficient of the imports from non-OECD countries is con-
sistently positive and significant in all models, which indicates that technology spill-
over through imports from non-OECD countries reduces energy efficiency in the SSA
region. The possible reason for such a result might emanate from the large portion of
China’s exports to other countries (regions) that are mostly low-technology
(Mastromarco and Ghosh 2009) — which may be energy inefficient. In 2014, China’s
total exports of high-and new-tech products rose by 28.2%, with the majority going to
developed countries. Besides, the proliferation of affordable, yet shoddy Chinese-made
machinery in Africa could contribute to an extent to these results (Huang, Du, and Tao
2017).

Now, turning to the R&D spillover, we observe that the effect of R&D spillover
on SSA countries has no significant impact on energy efficiency in all models. The
insignificant result of R&D spillover could be attributed to the low absorptive capacity
of human capital in SSA, which also turns out to be statistically insignificant in all
models. Perkins and Neumayer (2012) argue that countries with higher human capital
tend to be more receptive to knowledge from import-weighted international spillovers;
thus, there is a greater chance for a significant R&D spillover effect on countries with
higher human capital. This means that low human capital reduces the benefits of R&D
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Table 3. Results of the PDE model with an inefficiency component for disaggregated data for
imports from OECD and non-OECD countries.

Distance function (Model 1) (Model 2) (Model 3) (Model 4) (Model 5)

InL —0.792 —0.976 —0.877 6.909%+* —0.517%**
(2.120) (2.130) (2.145) (2.850) (0.122)
InK T1.11%%* 11.41%** 10.62%** 2214 —0.149
(3.185) (3.138) (2.732) (4.137) (0.110)
Iny —1.172 —1.113 —0.704 —12.55%** —0.0620
(1.822) (1.836) (2.162) (3.320) (0.0935)
InC —7.776%** —7.804%** —7.259%%k  _13,93%** —(.335°%#*
(1.985) (1.978) (1.490) (2.398) (0.0707)
(InL)? 1.343%%x 1.389%* 1.374%%* 3.416%%*
(0.344) (0.339) (0.431) (0.519)
(an)2 —0.683%** —0.686*** —0.627%** —1.782%**
(0.248) (0.247) (0.227) (0.429)
(Iny)* 0.153 0.177 0.175 —0.195
(0.276) (0.275) (0.288) (0.387)
(lnC')2 —0.134 —0.130 —0.101 —0.389%***
(0.106) (0.106) (0.0842) (0.120)
InL * InK —0.220 —0.219 —0.224 —1.357%**
(0.251) (0.253) (0.273) (0.330)
InL * In) —0.606%** —0.628%** —0.628** —1.171%%*
(0.196) (0.196) (0.260) (0.310)
InL * InC —0.102 —0.106 —0.0830 0.0589
(0.112) (0.111) (0.119) (0.145)
InY * InK 0.273 0.263 0.251 1.53 %%
(0.257) (0.256) (0.265) (0.387)
InY * InC —0.00205 —0.00599 —0.00764 —0.372%*
(0.101) (0.0993) (0.114) (0.153)
InC * InK 0.399*** 0.404*** 0.361%** 0.976%**
(0.151) (0.150) (0.119) (0.217)
Inefficiency effects
OECD_MI —0.210* —0.261** —0.284** —0.212 —0.272*
(0.114) (0.120) (0.121) (0.200) (0.150)
Non_OECD_MI 0.135%* 0.121* 0.160** 0.0882 0.227%*
(0.0613) (0.0696) (0.0810) (0.124) (0.113)
SSA_R&D 0.0665 0.0783 —0.392 0.0161
(0.0748) (0.0762) (0.382) (0.206)
SSA_HC —0.546 —4.049 —0.362
(0.355) (3.394) (2.358)
SSA_Serv —0.00271 0.0117 —0.0141
(0.0131) (0.00906) (0.0168)
RD_HC 0.296 —0.0275
(0.248) (0.163)
Constant —0.693 —0.446 0.0830 4.997 0.359
(1.026) (1.090) (1.357) (6.090) (4.042)
Vsigma —3.784%** —3.867** —3,532%k* —2.391%** —3.396%**
(0.822) (0.865) (0.531) (0.218) (0.537)
Criterion function  494.8510 498.2771 538.9399 —97.1831 202.2016
Observation 359 359 359 359 359
Number of ID 18 18 18 18 18

Note: OECD_MI =machinery imports from OECD countries, Non_OECD_MI = machinery imports from
Non-OECD countries, SSA_R&D =research and development spillover, SSA_HC =human capital, SSA_
Serv =share of value-added by the service sector as a percentage of GDP. The Figures (i.e. the standard
error) in parentheses symbolizes significance at the 1% (***), 5% (**), and 10% (*) level.
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spillover effect on energy efficiency and reduces the absorptive capacity to take advan-
tage of neighboring R&D spillover. Therefore, this study found that both human cap-
ital and R&D stock play no significant and essential role in explaining differences in
energy efficiency across SSA countries. With respect to R&D spillover, the results
contradict Yang, Cai, and Wang (2014) where higher R&D spillover is observed to
improve energy efficiency in China. Teng, Wang, and Chen (2011) also show a
decline in industrial energy inefficiency in China due to the imported R&D spillover.
Huang, Hao, and Lei (2018) also found that the spillover of import technologies plays
a significant role in reducing China’s carbon and energy inefficiency.

Regarding the proxy used to control for variations in economic structure across
countries, we find that the service sector also has an insignificant effect on energy effi-
ciency. This implies that changes in economic structure have no meaningful impact on
energy efficiency. Therefore, the focus should be directed towards improving the tech-
nology used in producing goods and services in the region.

4.2. Robustness test

However, one drawback of all the estimated models is their inability to account for
endogeneity bias. There is no specified approach in the literature to deal with this issue
in SFA models. As a result, most empirical SFA studies do not address this potential
issue (e.g. Du, Wang, and Zhang 2018; Sun et al. 2019). Dealing with this in a non-
linear model like SFA could be difficult. Filippini and Zhang (2016) addressed the
endogeneity issue using the two-stage approach. They regressed endogenous variables
against some instrumental and exogenous variables in the first stage; the residuals
obtained in the first stage are used in the second stage. Danquah (2018) also addressed
endogeneity by using lags of explanatory variables to capture the inefficiency effects.

Since no empirical work offers clear guidance on how to deal with this issue, we
follow Filippini and Zhang (2016) to check the robustness of the main results. As a
result, for the robustness check, we used the residual inclusion method for non-linear
models proposed to investigate the GDP endogeneity problem. This is a two-stage
method for dealing with endogeneity. In the first stage, the endogenous variable is
regressed against instrumental and exogenous variables. In the frontier equation, we
use life expectancy at birth to instrument income (or GDP). The Cragg-Donald Wald F
test statistics are one of the tests used to identify the appropriate instrumental varia-
bles. The Cragg-Donald Wald F test value is 152.490, which is greater than the critical
value at a 5% significance level. As a result, we reject the hypothesis that the instru-
mental variables are weak. The residuals obtained in the first stage are used to estimate
the original equation in the second stage. the coefficient values from this method are
very close to those from the first estimation. The estimated technical energy efficiency
of the baseline model and the modified model (which accounts for endogeneity) is
highly correlated. Therefore, we can conclude that our above empirical findings pro-
vide an accurate and relatively unbiased estimate.

4.3. Energy efficiency analysis

Next, we figure out each country’s average energy efficiency score over the sample
period using the SFA specification of the model (10). With a mean value of 0.72 for
energy efficiency across SSA countries and a standard deviation of 0.16, this shows
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that estimates of energy efficiency in SSA countries vary a lot. Figure 3 shows the
annual average efficiency values for the SSA sample. From Figure 3, the average effi-
ciency scores throughout the years are not stable. The estimates show a decrease in
efficiency scores from 0.76 in 1997 to 0.69 in 2000. Afterwards, there was a moderate
increase from 0.68 in 2003 to 0.77 in 2012. This was followed again by a sudden drop
in 2013 and an increase in 2014. Figure 4 shows the time path of the efficiency esti-
mates for sampled SSA countries. From all indications, there is no sign of convergence
in efficiency scores. Table 2 (in the Appendix [online supplementary material]) and
Figure 5 give useful information about each country’s performance by showing their
average energy efficiency score over the sample period. Our results show that about
30% of sampled countries lic below the overall average efficiency score (i.e. Ethiopia,
Mozambique, Uganda, Tanzania, Rwanda, and Zambia). At the same time, the rest are
significantly higher than the average efficiency score of 0.72.
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Figure 3. The trend of SSA energy efficiency score for the period 1995-2016.
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Figure 4. Time series plot of energy efficiency for SSA countries (1995-2016).
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Figure 5. Energy efficiency scores of the SSA countries.

5. Conclusions

Even though most Sub-Saharan African countries need more energy than they can pro-
vide, they are not very committed to becoming more energy efficient. As a result, their
energy consumption far exceeds the required demand. To help close the gap between
supply and demand, SSA countries need to adopt and transfer energy-saving technol-
ogy from other countries. With the help of a stochastic energy distance function, this
paper looks at the effects of machinery imports from OECD and non-OECD countries
and the R&D spillover on energy efficiency in 18 SSA countries from 1995 to 2017.
The results suggest that the import of machinery and R&D spillover has no significant
effect on energy efficiency across SSA countries. The two control variables, human
capital and economic structure, also prove insignificant in explaining the variation in
energy efficiency across the SSA countries.

In the spirit of further examining the import of machinery, we find that machinery
imports from OECD countries improve energy efficiency compared to imports from
non-OECD countries. These results show that machinery from OECD countries may
also contribute to energy efficiency improvements in SSA. Because of this, SSA coun-
tries that buy more machinery from OECD countries may use less energy than other
SSA countries. To achieve better energy use, the region should import less used or
secondhand machinery and equipment from OECD countries. Additionally, the tech-
nology imported from technologically advanced non-OECD nations should be thor-
oughly examined. Stopping the import of cheap, low-quality, and inefficient
technology from countries outside the OECD will do more good. However, SSA coun-
tries can also help people use energy-efficient technologies in their factories, offices,
schools, and homes. In Ghana, for example, where there are a lot of power outages
and rolling blackouts, the government has started a labelling system for appliances to
show how much energy each product uses and how efficient it is. The initiative paid
off, saving approximately 120 megawatts (MW) of energy at peak times, eliminating
the need for US$105 million in power generation while preventing more than 110,000
tons/year of atmospheric carbon (Edziah ef al. 2022).

Second, the fact that stocks of R&D spillover and human capital do not have much
effect shows that SSA countries are not very good at using innovations from



Journal of Environmental Planning and Management 1275

technological leaders. It is likely for SSA countries to witness a significant positive
effect of R&D spillover on efficiency, provided there is available skilled human cap-
ital. So, those in charge of promoting science and technology could make plans and
policies to increase investment in human capital development, especially by building
expertise in technology and engineering. The skilled science, mathematics, and tech-
nology workforce will increase R&D, thereby improving technical development and
energy efficiency. This would mean that SSA governments must increase their GDP
allocation to R&D activities. Thus, policymakers in SSA need to develop new ways of
influencing governments to increase R&D spending significantly.
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Notes

1. This increase is mainly attributed to the rising middle-class population, the growing level of
urbanization and poor energy use practices (Adom, Appiah, and Agradi 2020).

2. Given that SSA countries rarely undertake R&D, the stock of R&D spillover could be used
as a proxy for their own knowledge (technology) stock.

3. For this study, the PDE is preferred to the MMSLE due to its restriction-free feature
imposed on the inefficiency term (see Belotti and Ilardi 2014).

4. See the Appendix (online supplementary material) for a complete list of the OECD countries.

5. Individual country R&D stocks are calculated in US$SPPP.
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