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Abstract: This paper examines the dual efficiency of bioenergy, renewable hydro energy, solar
energy, wind energy, and geothermal energy for selected OECD countries through an integrated
model with energy, economic, environmental, and social dimensions. Two questions are explored:
Which renewable energy alternative is more dual efficient and productive? Which renewable energy
alternative is best for a particular country? Data envelopment analysis (DEA) is used for the efficiency
evaluation, and the global Malmquist productivity index is applied for productivity analysis. Results
indicate bioenergy as the most efficient renewable energy alternative with a 20% increase in average
efficiency in 2016 compared to 2012. Renewable hydro energy, wind energy, and solar energy show
a 17.5%, 16%, and 11% increase, respectively. The average efficiency growth across all renewable
energy alternatives signifies major advancement. Country performance in renewable energy is
non-monolithic; therefore, they should customize their renewable energy portfolio accordingly to
their strengths to enhance renewable energy efficiency. Renewable hydro appears to have the most
positive productivity change in 2016 compared to 2012, while solar energy regressed in productivity
due to its scale inefficiency. All renewable energy alternatives have relatively equal average pure
efficiency change. The positive trend in efficiency and productivity provides an incentive for policy
makers to pursue further development of renewable energy technologies with a focus on improving
scale efficiency.

Keywords: efficiency; productivity; renewable energy; data envelopment analysis; Malmquist
productivity index; OECD

1. Introduction

When countries want to achieve sustainability, they consider renewable energy (RE)
as a fundamental driver of sustainable and socio-economic development [1]. There are
multiple RE alternatives, and choosing the right one for the country is also critical because
investment and resource availability also plays an important role. Climate change as a
result of fossil fuels has exacerbated the need for RE as a component of the world energy
consumption portfolio [2].

To achieve a sustainable ecosystem, RE has been highlighted by researchers as a
path to environmental sustainability. According to a forecast of the International Energy
Agency (IEA), the proportion of renewables in primary energy use will rise from 13%
in 2011 to 18% in 2035. This will increase the share of RE in the energy mix [3]. RE is
ranked second in terms of electricity production owing to the growth of hydropower and
bioenergy [3]. Institutions and the government are ramping support for RE technology
in order to reduce the cost of production. A number of studies argue that RE reduces
greenhouse gas emissions and efficiently utilizes resources better than fossil fuel [4,5].
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However, many still argue about the economic implications of RE while producing the
needed power.

The environmental and economic concerns of RE are yet to be fully reconciled [6,7].
Decisions that incorporate investors’ desire for shareholder maximization and society’s
concerns for the environment are likely to be sustainable [8]. To incorporate environmental
and economic sustainability of wind energy, Welch and Venkateswaran [7] coined the term
dual sustainability (efficiency) to mean the achievement of environmental and financial
sustainability simultaneously. A similar study is yet to be made for RE alternatives concur-
rently. A relative comparison among the RE alternatives presents an opportunity for an
informed choice of RE. Efficiency is a universal measurement that can be applied to energy
alternatives, in this case, RE. The efficiency context and grounds for comparison have to
be consistent across all RE alternatives. An array of indicators to define the situation and
objective of the analysis needs to be made [9]. In this study, the dual efficiency context
and grounds for comparison were consistent across all RE alternatives. Therefore, relative
comparison of RE alternatives in different periods across various countries was feasible.
This study aimed to fill the void in RE literature by analyzing the dual relative efficiency
and productivity in addition to electricity generation of RE alternatives. Benchmark for
the RE alternatives and strategic policy recommendation for future investment into RE
systems for individual countries is needed to enhance efficiency. To estimate efficiency
and productivity of the RE alternatives, this study used data envelopment analysis (DEA)
models and Malmquist productivity index that are widely used in applied energy litera-
ture [10,11]. The major types of RE sources are: hydropower, biomass, geothermal, ocean,
solar, and wind. [12,13].

Hydropower is the most mature and largest source of RE for producing electricity [14].
Hydropower plants produce zero carbon emissions as they convert the energy in flowing
water into electricity [15]. Biomass is one of the RE sources capable of making a significant
contribution to the world’s future energy supply [16]. Bioenergy is the energy derived
from biomass (organic matter) such as plants and wastes [17]. Some utilities and power
generating companies with coal power plants have found that replacing some coal with
biomass is a low-cost option to reduce emissions [18]. In addition, using biomass in boilers
reduces nitrous oxide emissions [19]. The most common biofuel is ethanol. Another biofuel
is biodiesel, which can be made from vegetable and animal fats. Biodiesel can be used
to fuel vehicles or as a fuel additive to reduce emissions [20]. Geothermal energy is the
natural heat within the earth that arises from the earth’s core. To produce power from
geothermal energy, wells are dug a mile deep into underground reservoirs to access the
steam and hot water, which can then be used to drive turbines connected to electricity
generators [21]. It has strong potential for continued expansion, especially in developing
countries. The ocean can produce two types of energy: thermal energy from the sun’s heat
and mechanical energy from the tides and waves [22]. Electricity conversion systems can
use either the warm surface water or boil the seawater to turn a turbine, which activates
a generator [23]. Solar energy is the energy that comes from the sun. The energy is used
by solar cells which convert sunlight into direct current electricity [22]. The sun is a major
source of inexhaustible free energy (i.e., solar energy). Currently, new technologies are
being employed to generate electricity from harvested solar energy [24]. Wind turbines
transform wind energy into electric energy without producing any waste. Wind energy
is a clean source of energy, and wind power is one of the lowest-priced RE technologies
available [25]. In recent years, electricity generation from wind energy has grown all over
the world.

Efficiency of Renewable Energy

From an economic perspective, efficiency is the ratio of resources consumed to the
results achieved or the ratio of input to output [26]. Efficiency analysis has grown in com-
plexity because it should not only include economic perspective but also environmental
and social dimensions [27]. Results of efficiency analysis have been providing guidance for
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policy makers at economic and micro/macro levels. This has helped policy makers make in-
formed decisions suited for their available resources and societal constraints [28]. Financial
or economic efficiency is a general concept of efficiency where the desired outcome of the
system is compared to the investment made in the particular system [29]. Environmental
efficiency, on the other hand, takes into consideration environmental impact of resources
consumed in the society [30]. Combining economic and environmental perspectives for
efficiency creates a dual efficiency from an energy perspective with energy dimension as
the principle factor.

Energy–environmental efficiency is a concept related to environmental consequence of
a system toward increase in the desired output (e.g., access to clean energy) and reduction
in undesirable environmental output (e.g., carbon emission) through sustainable practices
represented by their environmental performance. Environmental efficiency has been
considered as an important issue [31]. Edmonds and Reilly [32] argued that decision
makers require global environmental efficiency analysis for environmental development as
well as energy development in order to model or forecast energy changes for the future.

Extensive research has been carried out on renewable energy [33–35]. Chien, and
Hu [36] compared macroeconomic efficiency of OECD and non-OECD in terms of RE. They
showed that increasing RE use improves efficiency, while an increase in traditional energy
decreases environmental efficiency. Studies such as Ibrahim and Alola [37] also support
the findings of Chien and Hu [36]. Efficiency of renewable energy investment for European
countries was performed by Cicea et al. [28] with RE supply and generation as critical
factors. Energy sustainability is a multifaceted system with economic dimension, envi-
ronmental dimension, social dimension, and the primary energy dimension. Numerous
studies have used different indicators to account for the efficiency of the various energy
sustainability dimensions. Labor, capital stock, GDP, and carbon emission were used by
Zaim and Taskin [38] to evaluate environmental efficiency and carbon dioxide emissions
in the OECD. Cicea et al. [28] used energy intensity, GDP per capita, and GDP per RE
investment as inputs and carbon emission as output to analyze environmental efficiency of
investment in RE. In energy efficiency, environmental efficiency, and economic efficiency
of RE literature, indicators such as labor, net stock of fixed capital, materials, capacity,
carbon emission, and renewable electricity generation have been used by numerous stud-
ies [36,39–42]. For a comprehensive review of energy efficiency evaluation using DEA, see
Xu et al. [43].

Investment made in transforming the RE sources into usable energy comes into
consideration when trying to estimate dual efficiency of the RE alternatives. The cheapest
energy source might not necessarily be the most efficient or productive when you take into
consideration the various stages of energy transformation including, generation, storage,
and transportation, in addition to energy sustainability dimensions such as economic,
environmental, and social dimension with electricity production as a principal output. This
study examined the dual efficiency of RE alternatives considering energy sustainability
dimensions. To achieve the said objectives, the remainder of the article is organized as
follows: Section 2 discusses the efficiency evaluation method and data sets. Section 3
presents the results and discussion of the analysis. Conclusion and recommendations are
made in Section 4.

2. Materials and Methods
2.1. Inputs and Outputs Factors

Articles in the literature for RE efficiency analysis are void of at least one of the
important dimensions of energy sustainability, or the environmental indicator used to
represent the environmental dimension lacks robustness in its representation as required
by the environmental sustainable development goals (SDGs) target “SDG13, SDG14, and
SDG15” [22,44]. In this study, all energy sustainability dimensions were represented in
addition to a robust composite indicator for environmental dimension. For economic di-
mension, capital investment in each RE was considered. Energy dimension, environmental
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dimension, and social dimension were considered as outputs, while economic/financial
resources were considered as input. Data for the analysis were sourced from the Interna-
tional Renewable Energy Agency [45], World Bank [46], and Yale Center for Environmental
Law and Policy [47].

Input

• Economic Dimension: Capital investment (USD billions)—investment in each RE
source is considered as input into the technology. Capital investment includes all
forms of financial support such as credit line, equity investment, grants, and guarantee
toward RE transition [45]. Investment is made in expanding installed capacity and
technologies required for RE to usable forms. Investment data are presented in billions
of United States dollars (USD billions) at 2017 prices.

Output

• Energy Dimension: Electricity generation from respective RE sources (GWh). This
represents the amount of electricity generated from the respective RE alternative [45].

• Environmental Dimension: Environmental Performance Index (EPI). EPI is a data-
driven summary of the state of sustainability of a country. It is developed using
32 performance indicators across 11 issue categories under two major issues: environ-
mental health and ecosystem vitality. Figure 1 presents the composition of EPI which
makes it a comprehensive indicator for environmental dimension [47]. The EPI offers
a powerful policy tool in support of efforts to meet the targets of the UN SDGs and to
move society toward a sustainable future. The EPI score indicates which country is
best addressing the environmental challenges that face every nation while conducting
their economic and infrastructural developments. This indicator helps understand
environmental progress and refine policy recommendations [47].
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• Social Dimension: Access to clean fuels and technologies for cooking—this represents
the proportion of the population with access to clean fuels and technology for cooking
and domestic activities excluding kerosene [48]. This is a social component of RE to
support everyday human activities and a major SDG.

2.2. Data Envelopment Analysis

To analyze the dual efficiency of RE alternatives, DEA technique was employed
to accommodate the multi-dimension of RE system. DEA is an increasingly popular
management tool. DEA was introduced by Charnes, Cooper, and Rhodes through the
CCR model [49] and was modified by Banker, Charnes, and Cooper through the BCC
model [29]. It measures efficiency of homogenous systems known as decision-making units
(DMUs) using frontier estimation. DEA allows for the total factor efficiency of DMUs with
multiple inputs and outputs comprising measurement units that cannot be reduced to a
common denominator criterion [50]. DEA has grown in popularity in efficiency evaluation
of both public and private sectors. In DEA, there are a number of producers (DMUs). In
this study, RE systems for each country at a particular year. Each producer takes a set of
inputs (Investment) and produces a set of outputs (electricity, environmental performance,
and access to clean fuels and technologies). The systems take varying levels of inputs
and provide different levels of outputs. DEA attempts to determine which system is most
efficient. The fundamental assumption of DEA is that, if a system “A” produces “Y(A)”
amount of output with “X(A)” amount of inputs, then other systems should be able to
do the same. In the context of dual RE efficiency, if a particular RE utilizes a certain
amount of investment, then the output should be compared with other RE alternatives
since they are all receiving investment for their development. If a particular RE alternative
has better combination of outputs while receiving less investment, then it is considered
to be more efficient than others. To illustrate DEA frontier analysis technique, Figure 2
presents a numerical illustration for one input–one output production possibility set of
systems for simplicity. Each unit utilizes x amount of input and produces y amount of
outputs; DMU(x, y). DMUs on the frontier are considered to be relatively efficient, and
those enveloped are deemed inefficient. A(4, 6), B(6, 9), C(6, 15), D(8, 9), E(10, 21), F(10, 18),
and G(12, 15).
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Advantages of its application are as follows: it easily accommodates production sys-
tems with multiple inputs and outputs, it imposes no functional form for the production
function and no endogeneity bias of traditional regression technique, and more importantly,
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it identifies improvement targets for the inefficient units to achieve efficiency, thus pro-
viding useful insight into sources of inefficiency [51–53]. From this perspective, the DEA
approach is valuable for policy makers and management to understand their processes
and identify if they are utilizing their resources appropriately by comparing them to the
best practice [51]. DEA compares the homogenous units among themselves and accepts
the best observation as the efficient frontier, and other observations are benchmarked com-
pared to the frontier. DEA identifies the frontier by seeking the maximum input/output
combination. The relative efficiency scores are reported between 0 and 1. DMUs with score
of 1 are regarded as efficient relative to other units. Whereas less than 1 is regarded as
inefficient. DEA models comprise constant returns to scale (CRS) and variable returns
to scale (VRS) models. The CRS model systems assume that increase in inputs results in
proportional increase in output level, while VRS models assume that increase in input
does not necessarily results in proportional increase in output. The VRS models show if
a particular system is evaluated at increasing returns to scale (IRS), constant returns to
scale (CRS), or decreasing returns to scale (DRS) [54]. A system is said to operate at IRS if a
proportionate increase in its inputs results in more than proportionate increase in output.
Conversely, DRS unit results in less than proportionate increase in output [54,55].

Application of DEA in energy efficiency literature is well documented, with some link-
ing it to environmental efficiency. However, only a few examine RE and make comparison
with other countries. Chien and Hu [36] compared OECD and non-OECD countries’ RE
and traditional energy with focus on macro-economic efficiency. Efficiency analysis of re-
newable energy investment in European countries was performed by Cicea and Marinescu
using DEA [28]. This study evaluated the dual efficiency of RE among OECD countries.
The analysis has two folds: first, comparison between RE alternatives and then across
different countries. Two important conclusions can be made. First, the overall performance
of each RE alternative can be estimated. Second, countries can reflect and see which
RE alternative is most efficient for them since the comparison is made on homogenous
grounds, i.e., investment, which covers installed capacity and other energy transformation
process, electricity generation from the RE alternatives, and environmental performance of
the country.

To develop the model, consider a set of n observed DMUs; each DMUj, j = (1, . . . n),
utilizes m inputs xij =

(
x1j, . . . , xmj

)
> 0 to produce s outputs yrj =

(
y1j, . . . ysj

)
> 0.

The DMU represents the RE alternative in a country. A country can utilize multiple
RE alternatives simultaneously, for example, Mexico—Bioenergy, Mexico—Solar energy,
Finland—Wind energy, and Finland—Hydropower. We assume that all entries of these
two arrays are positive. Overall, n DMUs and the production possibility set (PPS) are
as follows:

PPS =
{
(x, y) ∈ Rm+s

+ : x can produce y
}

Model (1) shows the output-oriented BCC VRS DEA model. The dual form that shows
input weight vi and output weight ur is presented in Model (2). An efficiency score of one
indicates the unit as efficient and less than one as inefficient.

Min ϕ
Subject to
n
∑

i=1
zjxj − s+ = x0, i = 1, . . . , n

n
∑

i=1
zjyj + s+ = ϕy0, j = 1, . . . , n

n
∑

i=1
zj = 1

z0 ≥ 0, j = 1, . . . , n

(1)
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Max
s
∑

r=1
ury0 + σ

Subject to

−
m
∑

i=1
vixij +

s
∑

r=1
uryrj + σ ≤ 0

m
∑

i=1
vixij = 1

vi ≥ 0, ur ≥ 0, σ : unrestricted

(2)

2.3. Malmquist Productivity Index

DEA models analyze the relative efficiency of units; however, the Malmquist pro-
ductivity index (MPI) used to estimate total factor productivity change (TFPC) examines
the change in efficiency between period t and t + 1 [56]. MPI is a broadly used method
to track progress of system performance in various sectors. Ibrahim et al. [57] applied
MPI for healthcare systems, while Sueyoshi and Goto [58] utilized MPI for environmental
efficiency of industrialized countries. Similarly, Woo et al. [41] analyzed environmental
efficiency of agricultural sector of European countries using MPI [59]. MPI Equation (3)
refers to the ratio of the distance functions to measure their productivity [60]. The distance
function was extended to DEA-based MPI by Färe and Grosskopf [61] using geometric
mean index. MPI can be decomposed into technical efficiency change (TEC) or efficiency
change (EC) (Equation (4)) and frontier change (FC) or technical change (TC) as illustrated
by Equation (5) [62].

Mt+1
t =

Dt
0

(
xt+1

0 , yt+1
0

)
Dt+1

0

(
xt+1

0 , yt+1
0

)
Dt

0
(
xt

0, yt
0
)

Dt+1
0
(
xt

0, yt
0
)


1
2

(3)

TEC =
Dt+1

0

(
xt+1

0 , yt+1
0

)
Dt

0
(
xt

0, yt
0
) (4)

FC =

 Dt
0

(
xt+1

0 , yt+1
0

)
Dt

0
(
xt

0, yt
0
)

Dt+1
0

(
xt+1

0 , yt+1
0

)
Dt+1

0
(
xt

0, yt
0
)


1
2

(5)

From Equation (3), efficiency improves if Mt+1
t > 1, remains the same if Mt+1

t = 1,
and decreases if Mt+1

t < 1. Equation (4) estimates the “catch up” effect of the DMU. It
measures whether the DMU is closer or further away from the frontier in period t and
t + 1. FC or TC symbolizes technological progress or regression of the DMU between t
and t + 1. To overcome possible infeasibility in DEA model and lack of circularity, Pastor
and Lovell [63] proposed the global Malmquist index. The output distance indices are
measured with respect to a global benchmark technology, defined as the convex hull of the
set of all period’s technologies. TEC or EC can be further decomposed into pure efficiency
change (PEC) and scale efficiency change (SEC). To perform a comprehensive analysis of
the RE alternatives. This study employed VRS DEA model and global MPI.

3. Results

This study applied the output-oriented BCC model to examine the dual efficiency of
RE alternatives for selected OECD countries. Data availability of RE was the only metric
used to select the evaluated countries. To ensure empirical stability of DEA models, the
number of evaluated units “n” must satisfy the criteria: n ≥ max{m× s, 3(m + s)} [64].
Considering the one input–three outputs, the number of units should be greater than or
equal to 12. The study evaluated sixty-seven units, and therefore the model is stable, and
results are reliable. The Performance Improvement Management (PIM-DEA) tool was used
for the efficiency analysis. Malmquist productivity index was also applied to examine
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the change in efficiency between periods. The RE alternatives evaluated were bioenergy,
renewable hydro, solar energy, wind energy, and geothermal energy for the available
OECD countries. Renewable hydro and geothermal energy were excluded for 2014 and
2016, respectively, due to insufficient data at those periods. This does not affect the stability
of the model or reliability of the results as the PPS function remains the same. The results
of the analysis have two folds: the most efficient RE alternative across the evaluated OECD
countries and the most efficient RE for an individual country. The second part of the result
can infer resource availability of a particular RE alternative.

Figure 3 presents the average efficiency for the evaluated RE alternatives, and Table 1
shows the individual efficiency scores. Average efficiency appears to increase for all RE
alternatives across the evaluated period. Bioenergy shows a 20% efficiency increase in 2016
compared to 2012. Renewable hydro shows a 17.5% increase while wind energy shows a
16% increase in efficiency, and solar energy shows an 11.4% increase in 2016 compared to
2012. Reliable data for geothermal energy were available for only three countries, Chile,
Mexico, and Turkey 2014, with an efficiency score of 77.9%, 72.8%, and 86.4%, respectively.

Across all RE alternatives in the evaluated period and countries, bioenergy appears to
be the most efficient with an average efficiency of 99.3% in 2016, followed by renewable
hydro in 2016 with an average efficiency of 96.45%. Wind energy and solar energy have an
annual average maximum efficiency of 92.98% in 2016. The continued increase in average
efficiency of all RE alternatives can be attributed to the growing technological advancement
over the years; however, bioenergy appears to be the most significantly improved form of
RE alternative.

Sustainability 2021, 13, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 3. Average renewable energy dual efficiency. 

Across all RE alternatives in the evaluated period and countries, bioenergy appears 
to be the most efficient with an average efficiency of 99.3% in 2016, followed by renewable 
hydro in 2016 with an average efficiency of 96.45%. Wind energy and solar energy have 
an annual average maximum efficiency of 92.98% in 2016. The continued increase in av-
erage efficiency of all RE alternatives can be attributed to the growing technological ad-
vancement over the years; however, bioenergy appears to be the most significantly im-
proved form of RE alternative. 

Different countries at different periods appear to be the benchmark for individual RE 
alternatives. Countries that aim to improve certain RE sources can reference the said 
benchmark countries. Chile and Finland 2016 are the benchmark for bioenergy; France, 
Italy, and Turkey in 2016 are the benchmark for renewable hydro; Italy in 2016 is the 
benchmark for solar energy; the USA in 2012 and Sweden in 2016 are the benchmark for 
wind energy. For geothermal energy, a reference can be made to Turkey in 2014. However, 
Turkey should focus more on renewable hydro as its primary source of RE. All other RE 
sources appear to be less efficient for Turkey. The UK’s wind energy efficiency appears to 
be higher than bioenergy in 2012; however, bioenergy has a higher efficiency in 2014 and 
2016. Therefore, the UK should focus on enhancing bioenergy systems to improve RE ef-
ficiency. Consideration can be given to an RE mix of bioenergy and wind energy for the 
UK. Similarly, Sweden should focus on an RE mix of bioenergy and wind energy. Coun-
tries can draw a conclusion on which RE alternative to focus on if they are to enhance their 
RE efficiency and boost their sustainable energy portfolio. 

DEA allows for weight flexibility and allocates the appropriate weights for the deci-
sion variables when calculating efficiency. The weight distribution highlights the varia-
bles that are most significant to efficiency attainment of the unit under evaluation. The 
average weight distribution (capital investment = 3.67, electricity generation from respec-
tive RE sources = 0.056, EPI = 1.13, access to clean fuels and technologies = 0.421) shows 
that capital investment is the most significant indicator. In the output, environmental per-
formance and access to clean fuels and technology are significant factors for efficiency. 
Interestingly, all RE alternatives across the evaluated period indicate a DRS performance 
with the exception of Turkey’s renewable hydro energy in 2016. This observation, in ad-
dition to the economic dimension identified as the most significant indicator, infers that 
prudent economic policies toward RE and strategic investment are required to improve 
efficiency. Energy system combines capital and energy to provide energy service[65]; 
however, DRS is not unique in energy and electricity sector [66], mostly due to the fact 

Figure 3. Average renewable energy dual efficiency.

Different countries at different periods appear to be the benchmark for individual
RE alternatives. Countries that aim to improve certain RE sources can reference the said
benchmark countries. Chile and Finland 2016 are the benchmark for bioenergy; France,
Italy, and Turkey in 2016 are the benchmark for renewable hydro; Italy in 2016 is the
benchmark for solar energy; the USA in 2012 and Sweden in 2016 are the benchmark for
wind energy. For geothermal energy, a reference can be made to Turkey in 2014. However,
Turkey should focus more on renewable hydro as its primary source of RE. All other RE
sources appear to be less efficient for Turkey. The UK’s wind energy efficiency appears
to be higher than bioenergy in 2012; however, bioenergy has a higher efficiency in 2014
and 2016. Therefore, the UK should focus on enhancing bioenergy systems to improve RE
efficiency. Consideration can be given to an RE mix of bioenergy and wind energy for the
UK. Similarly, Sweden should focus on an RE mix of bioenergy and wind energy. Countries
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can draw a conclusion on which RE alternative to focus on if they are to enhance their RE
efficiency and boost their sustainable energy portfolio.

Table 1. Dual efficiency score for renewable energy for selected OECD countries.

2012 2014 2016

Energy Countries Effi. Energy Countries Effi. Energy Countries Effi.

Bioenergy

Finland 71.27

Bioenergy

Chile 94.99

Bioenergy

Austria 97.41
Mexico 93.89 France 82.22 Chile 100
Spain 71.57 Italy 88.18 Finland 100

Sweden 76.16 Mexico 81.51 Italy 98.59
UK 81.77 Sweden 86.34 Sweden 99.96

Renewable
Hydro

Austria 79.26 Turkey 84.38 UK 99.8

Colombia 87.43 UK 89.49

Renewable
Hydro

Colombia 85.78

Denmark 70.29
Geothermal

Energy

Chile 77.9 France 100

Solar

Chile 61.59 Mexico 72.08 Italy 100
Colombia 88.53 Turkey 86.44 Turkey 100

Mexico 90.17

Solar

Chile 77.66

Solar

Chile 86.24
Spain 68.53 Israel 72.73 Colombia 85.5

Wind Energy

Austria 76.24 Mexico 100 Italy 98.48
Belgium 69.82 Turkey 79.48 Mexico 92.01

Denmark 70.32

Wind Energy

Austria 91.08 Turkey 80.52

Germany 79.8 Chile 77.67

Wind Energy

Austria 95.76
Ireland 64.77 Finland 83.72 Belgium 88.68
Poland 72.7 Germany 93.89 Netherlands 91
Spain 76.07 Mexico 70.39 Poland 93.01
UK 82.11 Netherlands 86.28 Sweden 100

USA 100 Poland 78.47 Turkey 83.29
Sweden 86.39 UK 99.05
Turkey 68.95

UK 88.5

DEA allows for weight flexibility and allocates the appropriate weights for the decision
variables when calculating efficiency. The weight distribution highlights the variables that
are most significant to efficiency attainment of the unit under evaluation. The average
weight distribution (capital investment = 3.67, electricity generation from respective RE
sources = 0.056, EPI = 1.13, access to clean fuels and technologies = 0.421) shows that capital
investment is the most significant indicator. In the output, environmental performance and
access to clean fuels and technology are significant factors for efficiency. Interestingly, all
RE alternatives across the evaluated period indicate a DRS performance with the exception
of Turkey’s renewable hydro energy in 2016. This observation, in addition to the economic
dimension identified as the most significant indicator, infers that prudent economic policies
toward RE and strategic investment are required to improve efficiency. Energy system
combines capital and energy to provide energy service [65]; however, DRS is not unique in
energy and electricity sector [66], mostly due to the fact that they are capital-intensive and
require frequent maintenance to provide constant and reliable service. Therefore, countries
should focus on investing in the right RE for them.

Figure 4 illustrates the average global Malmquist indices for the RE alternatives
for 2012–2016, and Table 2 presents the decomposition of the global TFPC for countries
with a continuous data set. The TFPC is decomposed into two components: TC and EC.
EC is further decomposed into SEC and PEC. Solar energy suffers from significant scale
inefficiency. Renewable hydro appears to have the most improved TC in 2016 compared
to 2012. The improvement of renewable hydro is consistent across all other productivity
indices. The relatively high TC for renewable hydro and wind energy implies that they are
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the most technologically advanced RE alternative. Solar energy and bioenergy appear to
be consistent. Decomposing EC into SEC and PEC presents a very interesting result. The
gross scale inefficiency (SEC) of solar energy significantly impacts its productivity. The
competing technical change of solar energy is a result of its technological advancement.
All RE alternatives appear to have a relatively equal PEC in 2016 compared to 2012.
Productivity analysis of geothermal energy could not be performed due to lack of data
across other periods.
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Table 2. Global Malmquist indices by year and country.

2012–2014

TC SEC PEC TFPC

Bioenergy

Mexico 1 0.31 1 0.31

Sweden 1.05 0.4 0.95 0.4

UK 1 0.75 1 0.75

Solar
Chile 1.18 1.06 1.06 1.151

Mexico 1 1.47 1 1.47

Wind Energy

Austria 1 0.94 1 0.94

Germany 1 1.02 1 1.02

Poland 1.12 1.03 0.95 1.1

2014–2016

Bioenergy

Italy 1 0.59 1 0.59

Sweden 1.08 2.15 1 2.31

UK 1 1.05 1 1.05

Solar

Chile 1.15 1.15 0.96 1.29

Mexico 1 0.2 1 0.2

Turkey 1.05 0.03 0.89 0.03
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Table 2. Cont.

2014–2016

TC SEC PEC TFPC

Wind Energy

Austria 1.01 0.62 0.99 0.62

Netherlands 1.12 1.37 0.91 1.29

Poland 1.12 0.43 1.01 0.49

Sweden 1.01 1.32 1.09 1.09

Turkey 0.96 1.45 1.09 1.52

UK 1 1.61 1 1.61

2012–2016

Bioenergy
Finland 0.99 0.16 1.02 0.16

Sweden 1 0.59 1 0.59

Renewable Hydro Colombia 1 0.26 1 0.26

Solar
Chile 1.21 1.56 1.11 1.25

Colombia 1.08 0.01 0.86 0.01

Wind Energy

Austria 1.09 1.03 1 1.12

Belgium 1.21 0.36 0.97 0.43

Poland 0.96 1.38 1.08 1.48

4. Conclusions

This study examined the dual efficiency of RE alternatives considering energy dimen-
sion, economic dimension, environmental dimension, and social dimension in selected
OECD countries for 2012, 2014, and 2016. The study does not only provide analysis of
individual RE alternatives over time, it also provides a comparison with other alternatives
for more informed decision making. The analysis has two folds. First, which is the most
efficient and productive RE alternative in the selected OECD countries? Second, which RE
alternative is best for a particular county? To analyze efficiency, a VRS DEA model was
utilized as well as the MPI for productivity analysis. First, the result presented for efficiency
shows that all RE alternatives were improving in efficiency across the evaluated period.
However, bioenergy appears to be the most efficient due to its maximum average efficiency
score. Renewable hydro and wind energy shows significant potential as well. Countries’
performance in the RE alternatives is non-monolithic. Countries performed differently
with regards to the RE alternatives. Therefore, the countries should enhance performance
in the RE alternative where they perform better. For example, bioenergy appears to be the
most efficient and productive. However, Italy does better in renewable hydro compared to
bioenergy. Similarly, Turkey does well in renewable hydro compared to solar and wind
energy. Furthermore, prudent economic policies toward RE and strategic investment are
required to improve efficiency. Factors such as installed capacity are covered under the
input (investment capital). Weather conditions are exogenous factors that are beyond the
control of the energy systems and should be considered by individual countries. Therefore,
weather conditions and resource availability are factors that countries should carefully
analyze when deciding on the RE alternative to pursue in order to achieve RE efficiency.

The present study makes several contributions to the RE efficiency literature. First, it
outlines the efficiency dimension of RE systems and considers indicators that adequately
represent the dimension in defining efficiency and productivity of RE. A composite and
comprehensive indicator was also introduced to adequately account for the complexity
posed by the environmental dimension of the RE system. Second, the DEA analysis
enhances our understanding of the relative efficiency of RE alternatives, leading to the
conclusion that RE efficiency is not monolithic across countries. For instance, Turkey is
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efficient in renewable hydro energy and is inefficient in wind energy, solar energy, and
bioenergy. Therefore, Turkey should enhance other RE alternatives if they are to operate a
mixed RE system. Chile is efficient in bioenergy and inefficient in solar energy, wind energy,
and geothermal energy. The UK and Sweden had significant improvement in bioenergy
and wind energy in 2016 compared to other periods.

Several noteworthy contributions for policy makers are also provided. First, infor-
mation context is provided for policy makers aiming to improve efficiency across all RE
dimensions. Second, policy makers should understand that RE efficiency tends to be indi-
vidualistic according to the countries’ resources potential and not a generic performance.
Exogenous factors should also be considered. Lastly, the findings of this study provide an
incentive for policy makers to pursue further development of their efficient RE technologies
following the significant growth in efficiency across all RE alternatives.

This study also has a couple of limitations. First, the number of sample countries is
not large enough to generalize the findings; however, statistical measures were employed
to limit any effects on the results despite them satisfying DEA efficiency evaluation criteria.
Data availability was a major constraint in the analysis. Perhaps when countries are fully
committed to transition into complete RE systems, efforts toward data availability will
improve. Second, the study did not consider the economic dimension as an output due
to data restriction. Share of RE contribution to economic measures such as GDP could
be considered. Future studies should aim to include a similar output. In addition, future
studies may also consider a weight-restricted DEA model. However, concrete and evidence-
based weight selection should be made before allocating weights to the selected variables.
PROMETHEE method or analytical hierarchy process (AHP) are interesting multi-criteria
decision techniques to rank and allocate weights to the decision variables.

Author Contributions: Conceptualization, S.E.K., M.D.I., and S.D.; methodology, S.E.K. and M.D.I.
software, S.D.; validation, S.E.K., M.D.I., and S.D.; formal analysis, S.E.K. and M.D.I.; resources,
S.E.K.; data curation, M.D.I.; writing—original draft preparation, S.E.K. and M.D.I.; writing—review
and editing, S.E.K. and M.D.I.; visualization, M.D.I.; supervision, S.D.; project administration, S.E.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in Mendeley
Data at doi:10.17632/chpjt7wfz7.1.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bergasse, E.; Paczynski, W.; Dabrowski, M.; De Wulf, L. The relationship between energy and socio-economic development in the

Southern and Eastern Mediterranean. CASE Netw. Rep. 2013. [CrossRef]
2. Abolhosseini, S.; Heshmati, A.; Altmann, J. A Review of Renewable Energy Supply and Energy Efficiency Technologies; IZA

Discuss. Paper. 2014. Available online: http://ftp.iza.org/dp8145.pdf (accessed on 1 March 2021).
3. IEA. World Energy Outlook 2013. Available online: https://www.iea.org/reports/world-energy-outlook-2013 (accessed on

8 April 2021).
4. Dowaki, K.; Mori, S. Biomass energy used in a sawmill. Appl. Energy 2005, 80, 327–339. [CrossRef]
5. Schneider, U.A.; McCarl, B.A. Economic potential of biomass based fuels for greenhouse gas emission mitigation.

Environ. Resour. Econ. 2003, 24, 291–312. [CrossRef]
6. Florida, R.; Davison, D. Gaining from green management: Environmental management systems inside and outside the factory.

Calif. Manag. Rev. 2001, 43, 64–84. [CrossRef]
7. Welch, J.B.; Venkateswaran, A. The dual sustainability of wind energy. Renew. Sustain. Energy Rev. 2009, 13, 1121–1126. [CrossRef]
8. Walley, N.; Whitehead, B. It’s not easy being green. Read. Bus. Environ. 1994, 36, 4.
9. Forsström, J.; Lahti, P.; Pursiheimo, E.; Rämä, M.; Shemeikka, J.; Sipilä, K.; Tuominen, P.; Wahlgren, I. Measuring Energy

Efficiency: Indicators and Potentials in Buildings, Communities and Energy Systems; VTT Technical Research Centre of Finland: Espoo,
Finland, 2011.

http://doi.org/10.2139/ssrn.2233323
http://ftp.iza.org/dp8145.pdf
https://www.iea.org/reports/world-energy-outlook-2013
http://doi.org/10.1016/j.apenergy.2004.04.006
http://doi.org/10.1023/A:1023632309097
http://doi.org/10.2307/41166089
http://doi.org/10.1016/j.rser.2008.05.001


Sustainability 2021, 13, 7401 13 of 14

10. Bi, G.-B.; Song, W.; Zhou, P.; Liang, L. Does environmental regulation affect energy efficiency in China’s thermal power generation?
Empirical evidence from a slacks-based DEA model. Energy Policy 2014, 66, 537–546. [CrossRef]

11. Kolagar, M.; Hosseini, S.M.H.; Felegari, R.; Fattahi, P. Policy-making for renewable energy sources in search of sustainable
development: A hybrid DEA-FBWM approach. Environ. Syst. Decis. 2020, 40, 485–509. [CrossRef]

12. Short, W.; Packey, D.J.; Holt, T. A Manual for the Economic Evaluation of Energy Efficiency and Renewable Energy Technologies; National
Renewable Energy Lab.: Golden, CO, USA, 1995.

13. Szakály, Z.; Balogh, P.; Kontor, E.; Gabnai, Z.; Bai, A. Attitude toward and Awareness of Renewable Energy Sources: Hungarian
Experience and Special Features. Energies 2021, 14, 22. [CrossRef]

14. Manzano-Agugliaro, F.; Alcayde, A.; Montoya, F.G.; Zapata-Sierra, A.; Gil, C. Scientific production of renewable energies
worldwide: An overview. Renew. Sustain. Energy Rev. 2013, 18, 134–143. [CrossRef]

15. Mohamed, T. Hydropower. In Distributed Renewable Energies for Off-Grid Communities; Elsevier: New York, NY, USA, 2021;
pp. 213–230.

16. Ladanai, S.; Vinterbäck, J. Global Potential of Sustainable Biomass for Energy; Department of Energy and Technology: Stockholm,
Sweden, 2009.

17. Ahorsu, R.; Medina, F.; Constantí, M. Significance and challenges of biomass as a suitable feedstock for bioenergy and biochemical
production: A review. Energies 2018, 11, 3366. [CrossRef]

18. EIA. Renewable Energy Explained. Available online: https://www.eia.gov/energyexplained/renewable-sources/ (accessed on
8 April 2021).

19. Ozgen, S.; Cernuschi, S.; Caserini, S. An overview of nitrogen oxides emissions from biomass combustion for domestic heat
production. Renew. Sustain. Energy Rev. 2021, 135, 110113. [CrossRef]

20. Madiwale, S.; Karthikeyan, A.; Bhojwani, V. A Comprehensive Review of Effect of Biodiesel Additives on Properties, Performance,
and Emission. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Chennai, India, 7–9 July 2016;
p. 012015.

21. Wong, K.V.; Tan, N. Feasibility of using more geothermal energy to generate electricity. J. Energy Resour. Technol. 2015, 137, 041201.
[CrossRef]

22. Mardani, A.; Zavadskas, E.K.; Streimikiene, D.; Jusoh, A.; Khoshnoudi, M. A comprehensive review of data envelopment analysis
(DEA) approach in energy efficiency. Renew. Sustain. Energy Rev. 2017, 70, 1298–1322. [CrossRef]

23. Wilberforce, T.; El Hassan, Z.; Durrant, A.; Thompson, J.; Soudan, B.; Olabi, A.G. Overview of ocean power technology. Energy
2019, 175, 165–181. [CrossRef]

24. Kabir, E.; Kumar, P.; Kumar, S.; Adelodun, A.A.; Kim, K.-H. Solar energy: Potential and future prospects. Renew. Sustain.
Energy Rev. 2018, 82, 894–900. [CrossRef]

25. Sitharthan, R.; Swaminathan, J.; Parthasarathy, T. Exploration of Wind Energy in India: A Short Review. In Proceedings of the
2018 National Power Engineering Conference (NPEC), Madurai, India, 9–10 March 2018; pp. 1–5.

26. Goodman, P.S.; Pennings, J.M. New Perspectives on Organizational Effectiveness; Jossey-Bass: San Francisco, CA, USA, 1977.
27. Radu, A.L.; Dimitriu, M.C. EU funded projects: From financial to economic analysis. Economia. Ser. Manag. 2011, 14, 156–176.
28. Cicea, C.; Marinescu, C.; Popa, I.; Dobrin, C. Environmental efficiency of investments in renewable energy: Comparative analysis

at macroeconomic level. Renew. Sustain. Energy Rev. 2014, 30, 555–564. [CrossRef]
29. Banker, R.D.; Charnes, A.; Cooper, W.W. Some models for estimating technical and scale inefficiencies in data envelopment

analysis. Manag. Sci. 1984, 30, 1078–1092. [CrossRef]
30. Ibrahim, M.D.; Ferreira, D.C.; Daneshvar, S.; Marques, R.C. Transnational resource generativity: Efficiency analysis and target

setting of water, energy, land, and food nexus for OECD countries. Sci. Total Environ. 2019, 697, 134017. [CrossRef]
31. Song, M.; An, Q.; Zhang, W.; Wang, Z.; Wu, J. Environmental efficiency evaluation based on data envelopment analysis: A review.

Renew. Sustain. Energy Rev. 2012, 16, 4465–4469. [CrossRef]
32. Edmonds, J.; Reilly, J. A long-term global energy-economic model of carbon dioxide release from fossil fuel use. Energy Econ.

1983, 5, 74–88. [CrossRef]
33. Usman, O.; Alola, A.A.; Sarkodie, S.A. Assessment of the role of renewable energy consumption and trade policy on environmental

degradation using innovation accounting: Evidence from the US. Renew. Energy 2020, 150, 266–277. [CrossRef]
34. Alola, A.A.; Alola, U.V.; Saint Akadiri, S. Renewable energy consumption in Coastline Mediterranean Countries: Impact of

environmental degradation and housing policy. Environ. Sci. Pollut. Res. 2019, 26, 25789–25801. [CrossRef]
35. Saint Akadiri, S.; Alola, A.A.; Akadiri, A.C.; Alola, U.V. Renewable energy consumption in EU-28 countries: Policy toward

pollution mitigation and economic sustainability. Energy Policy 2019, 132, 803–810. [CrossRef]
36. Chien, T.; Hu, J.-L. Renewable energy and macroeconomic efficiency of OECD and non-OECD economies. Energy Policy 2007, 35,

3606–3615. [CrossRef]
37. Ibrahim, M.D.; Alola, A.A. Integrated analysis of energy-economic development-environmental sustainability nexus: Case study

of MENA countries. Sci. Total Environ. 2020, 737, 139768. [CrossRef]
38. Zaim, O.; Taskin, F. Environmental efficiency in carbon dioxide emissions in the OECD: A non-parametric approach.

J. Environ. Manag. 2000, 58, 95–107. [CrossRef]

http://doi.org/10.1016/j.enpol.2013.10.056
http://doi.org/10.1007/s10669-019-09747-x
http://doi.org/10.3390/en14010022
http://doi.org/10.1016/j.rser.2012.10.020
http://doi.org/10.3390/en11123366
https://www.eia.gov/energyexplained/renewable-sources/
http://doi.org/10.1016/j.rser.2020.110113
http://doi.org/10.1115/1.4028138
http://doi.org/10.1016/j.rser.2016.12.030
http://doi.org/10.1016/j.energy.2019.03.068
http://doi.org/10.1016/j.rser.2017.09.094
http://doi.org/10.1016/j.rser.2013.10.034
http://doi.org/10.1287/mnsc.30.9.1078
http://doi.org/10.1016/j.scitotenv.2019.134017
http://doi.org/10.1016/j.rser.2012.04.052
http://doi.org/10.1016/0140-9883(83)90014-2
http://doi.org/10.1016/j.renene.2019.12.151
http://doi.org/10.1007/s11356-019-05502-6
http://doi.org/10.1016/j.enpol.2019.06.040
http://doi.org/10.1016/j.enpol.2006.12.033
http://doi.org/10.1016/j.scitotenv.2020.139768
http://doi.org/10.1006/jema.1999.0312


Sustainability 2021, 13, 7401 14 of 14

39. Xie, B.-C.; Shang, L.-F.; Yang, S.-B.; Yi, B.-W. Dynamic environmental efficiency evaluation of electric power industries: Evidence
from OECD (Organization for Economic Cooperation and Development) and BRIC (Brazil, Russia, India and China) countries.
Energy 2014, 74, 147–157. [CrossRef]

40. Zofío, J.L.; Prieto, A.M. Environmental efficiency and regulatory standards: The case of CO2 emissions from OECD industries.
Resour. Energy Econ. 2001, 23, 63–83. [CrossRef]

41. Woo, C.; Chung, Y.; Chun, D.; Seo, H.; Hong, S. The static and dynamic environmental efficiency of renewable energy: A
Malmquist index analysis of OECD countries. Renew. Sustain. Energy Rev. 2015, 47, 367–376. [CrossRef]

42. Huang, G.; Pan, W.; Hu, C.; Pan, W.-L.; Dai, W.-Q. Energy Utilization Efficiency of China Considering Carbon Emissions—Based
on Provincial Panel Data. Sustainability 2021, 13, 877. [CrossRef]

43. Xu, T.; You, J.; Li, H.; Shao, L. Energy efficiency evaluation based on data envelopment analysis: A literature review. Energies
2020, 13, 3548. [CrossRef]

44. Eurostat. SDG Indicators: Goal by Goal. Available online: https://ec.europa.eu/eurostat/web/sdi/indicators (accessed on
20 June 2021).

45. IRENA. Data & Statistics. Available online: https://www.irena.org/Statistics (accessed on 11 March 2021).
46. WBG. Access to Clean Fuels and Technologies for Cooking. Available online: https://databank.worldbank.org/source/

sustainable-development-goals-(sdgs)# (accessed on 11 March 2021).
47. YCELP. Environmental Performance Index (EPI). Available online: https://epi.envirocenter.yale.edu/ (accessed on 11 March 2021).
48. WBG. World Development Indicators. Available online: https://databank.worldbank.org/home.aspx (accessed on 11 March 2021).
49. Charnes, A.; Cooper, W.W.; Rhodes, E. Measuring the efficiency of decision making units. Eur. J. Oper. Res. 1978, 2, 429–444.

[CrossRef]
50. Girginer, N.; Köse, T.; Uçkun, N. Efficiency analysis of surgical services by combined use of data envelopment analysis and gray

relational analysis. J. Med. Syst. 2015, 39, 1. [CrossRef]
51. Ibrahim, M.D.; Daneshvar, S.; Güden, H.; Vizvari, B. Target setting in data envelopment analysis: Efficiency improvement models

with predefined inputs/outputs. OPSEARCH 2020, 57, 1319–1336. [CrossRef]
52. Emrouznejad, A.; Parker, B.R.; Tavares, G. Evaluation of research in efficiency and productivity: A survey and analysis of the first

30 years of scholarly literature in DEA. Socio-Econ. Plan. Sci. 2008, 42, 151–157. [CrossRef]
53. Deidda, M.; Lupiáñez-Villanueva, F.; Codagnone, C.; Maghiros, I. Using data envelopment analysis to analyse the efficiency of

primary care units. J. Med. Syst. 2014, 38, 122. [CrossRef]
54. Banker, R.D.; Thrall, R.M. Estimation of returns to scale using data envelopment analysis. Eur. J. Oper. Res. 1992, 62, 74–84.

[CrossRef]
55. Banker, R.D.; Morey, R.C. Efficiency analysis for exogenously fixed inputs and outputs. Oper. Res. 1986, 34, 513–521. [CrossRef]
56. Chen, Y.; Ali, A.I. DEA Malmquist productivity measure: New insights with an application to computer industry. Eur. J. Oper. Res.

2004, 159, 239–249. [CrossRef]
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