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Abstract
Energy efficiency is widely regarded as the most efficient means of supplying additional energy to meet the rising demand. 
However, extensive energy consumption causes greenhouse emissions, environmental destruction, and a decrease in energy 
efficiency (EE). This study investigates the role of energy efficiency and productivity growth in the ecological improvement 
of South Asia. Moreover, it evaluates the determinants (efficiency change or technology change) of energy productivity 
change across different SA (South Asian) countries. To estimate the energy efficiency and productivity change, we employed 
SBM-DEA and Malmquist Productivity Index methods with three inputs (capital stock, labor, and energy consumption), 
a single desirable output (gross domestic product) and a single undesirable output (CO2 emissions) on the well-extended 
dataset (2001–2019) for 6 South Asian countries. Furthermore, to check the impact of energy policy (2010) over the study 
period, the statistical significance of the change in mean scores for energy efficiency and productivity over two time periods 
(2001–2010 and 2011–2019) and six countries was examined using the Mann–Whitney U and Kruskal–Wallis tests. Results 
reveal that the average EE score of all 6 SA countries for the study period is 0.7278. This score shows that SA countries still 
have the potential of 27.22% to improve their energy efficiency to minimize the inputs to get the optimum output level with 
the least emissions. The primary determinant of energy productivity growth is technological change instead of efficiency. The 
average energy efficiency level is significantly different for two time periods, 2001–2010 and 2011–2019. Results conclude 
that energy efficiency and productivity in SA declined over the period, and potential causes are an inefficiency in the energy 
conversion process, extensive utilization of inputs, and less output growth.
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Introduction

Sustainable economic development with the least energy 
consumption and emission reduction is a global challenge 
for developed and developing economies. Economic growth 
increases energy consumption and carbon emissions, result-
ing in global warming and natural disasters. Economic 
growth can be decoupled from greenhouse gas (GHG) 
emissions in two ways. Firstly, solar and wind technologies 
are pollution-free alternatives that can be used with dirty 
energy inputs to generate clean power. This green path to 
technological advancement has received much attention 
in recent years. Renewable energy sources such as solar, 
geothermal, and wind generally do not contribute to global 
warming or local air pollution because no fossil fuels are 
burned. The second method of reducing GHG emissions is 
to improve the efficiency of the energy-intensive production 
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units through technological advancement, resulting in more 
production with fewer emissions Witajewski-Baltvilks et al. 
2017. Although heavy investments have been made in recent 
decades to improve the share of renewable energy sources 
that are low-carbon emitters and environmentally friendly, 
non-renewable sources are still dominating with 89% of the 
World’s total energy consumption Ritchie & Roser 2020.

It is widely accepted that the most effective strategy 
for mitigating global warming is to implement policies 
that reduce carbon emissions, promote energy efficiency, 
and decouple energy demand and environmental pollution 
Iqbal et al. 2019; Adom et al. 2018. In recent years, energy 
efficiency and sustainable economic growth with the least 
environmental impact have been a popular research topic 
Wang & Dao 2019; Yao et  al. 2021a, b. Technological 
advancement and energy efficiencies are the essential fac-
tors in energy transformation and emission reductions. It is 
interesting to note that energy efficiency is the most crucial 
component in decarbonizing and reshaping the energy sector 
through technological advances in environmental friendli-
ness. Advanced technologies are helpful in the energy trans-
formation process to produce more energy quantity and 
decrease emissions (Hassan et al. 2022).

Similarly, energy productivity change1 and environmental 
innovation2 are two critical aspects of environmental protection 
that technological advancements in the energy production pro-
cess could be enhanced. Energy productivity could be further 
decomposed into technical efficiency and technological change, 
which could explore the impact of technological advancement 
on energy productivity growth or decline. Therefore, improving 
advanced technologies to increase energy productivity growth 
with less emission is the common global target for sustainable 
economic development Cheng et al. 2021a, b.

With one-fourth (24.89%) of the World’s population 
and a high population growth rate, South Asia is a major 
energy consumer and carbon emitter, resulting in massive 
environmental destruction Worldometers, 2022. Fifteen of 
the World’s 20 most polluted cities are in the South Asian 
region, causing severe health risks to the local population, 
disrupting ecological balance, and contaminating water 
reservoirs Vanzo 2022; Lozano-Gracia & Soppelsa 2019. 
South Asian countries are ecologically valuable due to their 
diverse natural resources and ecosystems Hasnat et al. 2019. 
The transitional nature of South Asian countries shows that 
environmental quality, behavior, and resource utilization are 
all interconnected Sarker et al. 2019. Member states raised 
several main concerns3 at the third South Asian Association 
of Regional Cooperation (SAARC) Environment Ministers’ 

Meeting (held in Male on 15–16 October 1997) that were 
addressed in “SAARC Environment Action Plan.” The 
regional countries initiate numerous environmental protec-
tion policies, including carbon reduction, energy efficiency, 
and sustainable energy productivity growth.

Specifically, as a part of the 16th SAARC summit, held in 
Thimphu, Bhutan, on April 28–29, 2010, energy conserva-
tion was given the highest priority. “Towards a Green and 
Happy South Asia” was the SAARC’s Silver Jubilee Dec-
laration theme. The participant agreed that to remain com-
petitive in the global market, member states must improve 
their energy efficiency. Therefore, SAARC Energy Centre 
prepared an Action Plan on Energy Conservation with input 
from the Member States and presented its recommendations 
to the intergovernmental mechanism for consideration which 
member states accepted and implemented in their respec-
tive countries Centre 2012. However, this energy efficiency 
policy (2010) impact on EE level and productivity change 
in south Asian countries are unexplored.

Furthermore, South Asian countries also enforced policies 
at the country level to minimize carbon emissions in the energy 
transformation process Zafarullah & Huque 2018. However, the 
extent to which South Asia has succeeded in reducing carbon 
emissions, improving energy efficiency, and boosting produc-
tivity is unknown and should be investigated. Statistics show 
that compared to other world regions, energy consumption and 
emissions in Asia have increased dramatically over the last two 
decades (see Figs. 1 and 2). Energy consumption in SA has 
increased from 63.23 in 2001 to 157.19 (quadrillion Btu) in 
2019, resulting in an emission incline 182,283.3 (kt) in 2001 to 
462,648.34 (kt) in 2019 (Eia, 2022; World Bank 2021. Further-
more, India is the major energy consumer and carbon emitter 
with 88.5% of total carbon emissions. Pakistan and Bangladesh 
account for 10%, while Nepal, Sri Lanka, and Bhutan account 
for the remaining 1.5% of total emissions (see Fig. 3).

To this end, our study investigates the effects of South 
Asian countries’ energy consumption and environmental pro-
tection policies on productivity and energy efficiency growth. 
This study makes numerous contributions to the current lit-
erature on energy efficiency and productivity by measuring 
the SA country-level growth in energy efficiency and produc-
tivity to examine the improvement in environmental quality. 
First, SBM-DEA measures the energy efficiency scores of 
6 SA countries across a wide range of years, from 2001 to 
2019. It quantifies the discrepancy between estimated and 
optimum energy efficiency levels in SA countries. The study 
further splits the period into two Sects. (2001–2010) and 
(2010–2019) to investigate the statistically significant differ-
ence (as determined by the Mann–Whitney U test) between 
the average energy efficiency scores of the two time peri-
ods (pre- and post-energy efficiency policy of 2010), which 
explains the degree of success in EE targets and environ-
mental improvement over the study period. The Malmquist 

1  Changes in energy productivity are the result of improvements in 
both technical efficiency and technology.
2  Eco-friendly organizational initiatives and reforms.
3  Natural disasters and environmental preservation and protection.

19891Environmental Science and Pollution Research  (2023) 30:19890–19906

1 3



Fig. 1   Annual CO2 emissions 
growth (%) in different regions 
of the World from 2001 to 2019
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Fig. 2   Annual change in 
primary energy consumption 
(TWh) in different regions of 
the world from 2001 to 2019
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Fig. 3   The ratio of carbon emis-
sions by each country in 2019 Carbon emissions (Kt) 2019
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Productivity Index is used to assess the total factor energy 
productivity (TFEP) change across the study period to deter-
mine whether variations in TFEP are caused by energy effi-
ciency or technological advancement.

It explains the impact of technological advancement on 
energy productivity growth or decline from 2001 to 2019. 
SA countries will be reminded to make energy and economic 
decisions based on quantitative and empirically grounded sys-
tematic analyses to mitigate environmental hazards. Finally, 
research decomposes each SA country’s energy productivity 
change and explores its determinants (efficiency change or 
technology change). Kruskal–Wallis test gauges the signifi-
cant difference among six SA countries’ energy efficiency, 
productivity growth, and technology level. This study will 
advise the policy implication for each SA country to deter-
mine the influencing factor of energy productivity change 
and take adequate steps to improve particular determinants 
of energy productivity change and environmental protection.

The structure of this article is as follows: the “Literature 
review” section consists of the study’s extensive literature 

review. The “Literature review” section explains the study’s 
methodology in depth. The “Data sources” section details 
the data sources. Results and discussions are discussed in 
the “Results and discussion” section. The “Conclusion and 
policy recommendations” section offers the conclusions and 
policy implications.

Literature review

Energy efficiency and constant energy productivity growth 
are critical for long-term sustainable economic develop-
ment. Even though clean energy is on the rise, most of the 
world’s energy comes from fossil fuels like oil and natu-
ral gas. About half of the world’s electricity comes from 
coal Li et al. 2017, causing a rise in global emissions, and 
South Asia is not distinct (see Fig. 4). Therefore, the general 
public, scientists, and governments pay more attention to 
energy efficiency and productivity for environmental con-
cerns. In recent years, researchers have focused more on 

Fig. 4   Global carbon emission in 2019.  Source: Our World in Data
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comparing the energy efficiency and productivity of various 
regions, countries, and industries to shed light on inconsist-
encies in the energy transformation process and provide a 
quantitative foundation for improving the efficiency of this 
transformation Song et al. 2015; Patterson (1996) was the 
first academic to coin the phrase “energy efficiency” and 
propose four metrics for assessing a system’s ability to use 
its resources effectively. It is impossible to overestimate the 
significance of reliable energy efficiency and productivity 
assessments. Energy efficiency and total factor productiv-
ity are commonly measured through a well-known linear 
programing technique known as data envelopment analysis 
(DEA). According to the literature, DEA methods have been 
utilized widely to quantify energy efficiency and productiv-
ity change in numerous regions and nations worldwide Xu 
et al. 2020.

Energy efficiency and environmental protection

All power generation sources affect our air, water, and land, 
but the impact varies. Power generation accounts for most 
of the total energy consumption, making it an essential por-
tion of each person’s carbon footprint. Wang and Dao 2019 
argue that energy efficiency is vital in upgrading environ-
mental quality and sustainable economic development. Shah 
et al. 2019 found that financial development increases car-
bon emission, which causes a decline in energy efficiency. 
In addition, numerous research utilized DEA to measure 
energy efficiency in various regions and countries world-
wide W. U. Hassan Shah et al. 2022; Yao et al. 2021a, b; 
Yao et al. 2021a, b; Tang et al. 2015. To expose discrepan-
cies in energy efficiency and provide a quantitative founda-
tion for efficiency improvement, it is crucial to measure the 
energy efficiency of different regions and industries Song 
et al. 2015). Initially, Patterson 1996 introduced the notion 
of energy efficiency, which he described as “using fewer 
resources at the same output,” and provided four metrics 
for quantifying it. This approach divides energy efficiency 
measures into economic and physical energy efficiency. 
According to the usual definition of “energy efficiency,” Hu 
and Wang 2006 proposed the concept of total factor energy 
efficiency, TFEE, which has been widely accepted because 
standard energy efficiency measurement methods neglect 
other factors. Energy cannot generate any output within the 
TFEE architecture without being coupled with other ele-
ments. The TFEE index considers all three factors (energy, 
labor, and capital) in the input system that generates eco-
nomic output. W. U. Hassan Shah et al. 2022 employed DEA 
to evaluate the EE in Chinese belt and road countries from 
2003 to 2014 and argue that the average energy efficiency 
of six regions in B&R has been below 1% is not satisfac-
tory. However, under the B&R, the Europe and Central 
Asia region is more efficient than the others. The region 

of Europe and Central Asia is taking steps to strengthen its 
energy supply. The average efficiency levels of Sub-Saharan 
Africa and South Asia are 0.06 and 0.07, respectively, which 
demonstrates the wastage of energy resources. Choosing 
the correct input and output variables is critical to the DEA 
model evaluation of EE. Despite several energy efficiency 
analysis studies, the input and output variable selection is 
still not uniform. Hu and Wang 2006 used labor and capital 
for the first time as inputs into the energy efficiency evalua-
tion system to evaluate the energy efficiency of 29 Chinese 
provinces and cities.

In contrast, conventional energy efficiency measurements 
only employ energy as one input to generate GDP Patterson 
1996. From 1993 to 2003, Honma and Hu 2008 used the 
same variables to calculate the energy efficiency of a Japa-
nese region. The energy efficiency of 27 emerging nations 
was examined by Zhang et al. 2011. SBM DEA is the most 
common way to evaluate DEA models with bad output. 
More specifically, Hu and Kao 2007 used the SMB-DEA to 
evaluate 17 APEC member countries’ economies based on 
their energy-saving goals. Hu and Kao 2007 used an SBM 
model to determine how well the Organisation for Eco-
nomic Co-operation and Development (OECD) countries 
used energy. Shang et al. 2020 used the SBM-DEA model 
to account for an undesirable generation when calculating 
the regional energy efficiency of China.

Masuda (2018) further applied the SBM model to ana-
lyze energy and CO2 emission efficiency with various inputs 
and favorable and unfavorable output. From 1990 to 2015, 
44 countries in Europe were studied for their energy effi-
ciency Khraiche et al., 2021. Between 1990 and 1998, 1999 
to 2007, and 2008–2015, trends in average energy efficiency 
across countries were studied. Results show that energy effi-
ciency gains in European countries increased at 67.44% in 
the first period and declined to 59.09% in the second period, 
suggesting spillover effects; improvements in energy effi-
ciency may be plateauing or decreasing over time; and when 
countries achieve their highest levels of energy efficiency, 
there is evidence of spillover effects. Thermal power plants 
in South Asia have relatively low efficiency and reliability.

In contrast, electricity transmission and distribution sys-
tems have a disproportionately high loss rate, affecting energy 
efficiency on a national level Wijayatunga & Siyambalapitiya 
2017). Besides this, numerous research studies measure the 
EE of many regions and countries around the globe Shah 
et al. 2022; Ul et al. 2022. Jain and Goswami 2021 meas-
ure the EE in SA countries using Logarithmic Mean Divisia 
Index-I, which decomposes the energy consumption change 
into activity, structure, and intensity effects. However, the 
application of DEA evaluates the overall EE using a bundle 
of inputs and outputs; hence, overall EE level in SA is still 
missing, and a comprehensive evaluation of SA countries 
for EE and productivity evaluation is a substantial research 
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gap. The difference between the optimum and current energy 
efficiency levels in SA countries remains undiscovered and 
needs to be explored.

Technological advancement and energy 
productivity

Different energy-intensive countries and regions are com-
mitted to reducing their carbon footprint and preserving the 
environment. Sustaining energy productivity increases a 
country’s competitiveness, assists consumers in managing 
their energy expenses, and contributes to reducing green-
house gas emissions. It is a global challenge for countries 
and regions to reduce emissions throughout the value chain 
and assure high efficiency through sophisticated technolo-
gies, processes, and equipment while constantly upgrading 
and expanding their energy-transforming facilities. Energy 
efficiency reduces the amount of fuel used to generate elec-
tricity and the number of greenhouse gases and other pol-
lutants released into the atmosphere (Vance et al. 2015). An 
economic transition away from energy-intensive growth and 
toward innovation-oriented development is often signaled 
by increases in energy productivity, which can be the con-
sequence of using less energy to produce the same amount 
of output or utilizing the same amount of energy to produce 
more output (Jin and Zhang 2014). Using regional-level data 
from China from 1995 to 2012 and a dynamic panel data 
model, researchers examined the connection between energy 
output, consumption, and technological innovation Jin et al. 
2018. Unlike previous research, it looks at the short-term 
and long-term relationships between technological inno-
vation, energy productivity, and energy consumption. The 
results show that new technologies increase energy use 
in the short term but that energy use has no effect on new 
technologies.

On the other hand, energy use and technological progress 
are linked positively in the long run. These results show that 
new technologies do not directly lead to less energy use and 
fewer greenhouse gas emissions. Zhu et al. (2019) explore 
that technological progress is essential for increasing energy 
efficiency and growth in productivity. Huo et al. (2018) used 
the total-factor energy productivity change index (TFEPCH) 
to examine how China’s construction industry used energy 
from 2006 to 2015. They researched 30 Chinese provinces. 
Also, TFEPCH was split into two parts: a change in how 
energy is used and a change in how technology is used. First, 
the results show that China’s construction industry lost 7.1% 
of its energy productivity from 2006 to 2015. The overall 
drop in energy productivity was caused by energy technical 
regress in China’s construction industry, not by technical 
energy efficiency. Since 2006, this has caused China’s cen-
tral region to lose 77.1% of its energy productivity, while 
the eastern and western regions have lost 54.3 and 65.3%, 

respectively. Only Hebei and Shandong, out of the thirty 
provinces that were looked at, saw an increase in how much 
energy they used between 2006 and 2015. This study greatly 
affected how energy and resources were used in the Chinese 
construction industry.

Chang and Hu (2010) measured China’s energy produc-
tivity and found that it went down by 1.4% per year from 
2000 to 2004. Total-factor energy efficiency goes up by an 
average of 0.6% per year, while total-factor energy technical 
change goes down by 2% per year. The following things also 
affect TFEPI: The TFEPI performance of a region will be 
better if it is more developed and uses more electricity. In 
contrast, a region’s TFEPI performance will worsen if the 
secondary industry’s GDP goes up. Moreover, many studies 
measure energy productivity in different areas and countries 
globally to find the impact of technological advancement on 
energy productivity change Rath et al. 2019; Honma & Hu 
2009; Liu et al. 2018; Malanima 2021. Zeshan and Ahmed 
2013 concluded in their study that South Asia is a major 
energy consumer and carbon emitter. Literature advocates 
that although SA countries have implemented policies for 
technological improvement and energy productivity growth, 
the level of success in this mission is still not explored.

Methodology

DEA is a well-established mathematical linear program-
ming technique to compare the efficiency of similar DMUs. 
Charnes et al. 1978 proposed the DEA basic model with 
the constant return to scale (CSR) assumption; Banker et al. 
1984 amended the model to allow for a variable return to 
scale (VSR). Undesirable outputs are not accounted for in 
the standard DEA model, so Karou Tone 2003 presented the 
slack-based measure (SBM) with undesired results based on 
his first investigations Tone 2001.

SBM‑DEA with undesirable output

We suppose that there are n total DMUs. Input, good out-
puts, and bad outputs are all distinct elements designated by 
various vectors: x ∈ Rm, yg ∈ Rs1 and yb ∈ RS2 , respectively. 
In other terms, the set of production possibilities P is defined 
as follows:

The definition is compatible with the “constant returns 
to scale assumption” when the intensity vector λ ∈ R^n is 
used. Even if the model contains bad outputs, the efficiency 
of DMU _0 (x_0, y_0^g, y_0^b) can be obtained. SBM is 
defined as follows:

(1)P =
{(

x, yg, yb
)

∣ x ≥ X�, yg ≤ Yg
�, yb ≥ Yb

�, � ≥ 0
}

,
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Subject to

Excessive input is represented by s− ∈ Rm , and bad output 
is represented by sb ∈ Rs2 , while a shortage of good outputs 
is shown by sg ∈ Rs1 . The best solution for this program is 
(

�
∗, s−∗, sg

∗

, sb
∗).

The following restriction can be placed on the [SBM-
Undesirable] to allow for the inclusion of RTS features. 
Hence, production possibility can be defined as:

To estimate the EE for SA countries for each year, we 
used SBM-DEA in the initial stage of the empirical analysis 
(2001–2019).

DEA‑Malmquist Productivity Index

Malmquist Productivity Indexes at a DMU can monitor 
efficiency trends over time. This index assumes that a pro-
duction function, which reflects technology status at any 
given time, exists. We employ DEA models to locate this 
boundary. According to Färe et al. 1992, the variation in out-
put between periods t and t + 1 characterizes a given DMU 
( DMU0).

•	 where Dt
0

(

xt
0
, yt

0

)

 represents the technical efficiency meas-
urement of the DMU0 in time period t.

•	 Dt+1
0

(

xt+1
0

, yt+1
0

)

 is the technical efficiency measurement 
for the DMU0 in time period t + 1.

•	 Dt
0

(

xt+1
0

, yt+1
0

)

 represents the shift from t to t + 1 in techni-
cal efficiency.

•	 Dt+1
0

(

xt
0
, yt

0

)

 refers to the technical efficiency of a certain 
DMU 0 as measured by substituting its data from period 
t with those from period t + 1.

(2)

[SBM − Undesirable] p ∗= min

1 −
1

m

∑m

i=1

s−
i

xi0

1 +
1

s
1
+s

2

�

Σ
s
1

r=1

s
g
r

yro
+
∑s

2

r=1

sb
r

yb
r0

�

(3)x0 = X� + s−

(4)y
g

0
= Yg

� − sg

(5)yb
0
= Yb

� + sb

(6)s− ≥ 0, sg ≥ 0, sb ≥ 0, � ≥ 0

(7)L ≤ e� ≤ U

(8)

M0 =
Dt+1

0

(

xt+1
0

, yt+1
0

)

Dt
0

(

xt
0
yt
0

)

[

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

The change in DMU 0’s technical efficiency between 
periods t and t + 1 is shown by the first term of Eq. (8), which 
does not have any parentheses. The second term between 
square brackets in Eq.  (8) shows how the technological 
boundary of the same DMU has changed. If the index is 
more than 1, DMU 0 has been more productive than the 
first period. One of the two possible reasons for a rise in 
production is that the DMU changed its ways to make them 
more efficient (technological change). We used the DEA 
Malmquist Index to figure out how technological progress 
affected a drop in emissions and a rise in EE in SA countries 
from 2001 to 2019.

Mann Whitney U and Kruskal–Wallis test

The Mann–Whitney U test, first developed by Wilcoxon 
1945 and later refined by Mann and Whitney 1947, is a well-
known non-parametric method for comparing the results of 
two assumed groups completely different. The Mann–Whit-
ney U test (also known as the Mann–Whitney Wilcoxon Test 
or the Wilcoxon Rank Sum Test) determines whether or not 
two samples come from the same population (i.e., the two 
populations have the same shape). This analysis contrasts 
the middle values (medians) of the two groups. The (H0 : 
1 = 2) hypothesis test compares the means of two sets of 
unrelated individuals, while the (H1 : 1 = 2) hypothesis test 
compares the means of two sets of unrelated individuals. 
However, if there are more than two independent groups, 
the Kruskal–Wallis test can be used to determine whether 
or not the differences between them are statistically signifi-
cant Theodorsson-Norheim, 1986. We compared the aver-
age energy efficiency ratings for 2001–2010 with those for 
2011–2019 using the Mann–Whitney U test. As a result, we 
will use the following as our base case for the Mann–Whit-
ney Wilcoxon test:

H01: The distribution of Avg EE is identical between the 
two time periods.
H02: The average Malmquist Index (MI) distribution is 
the same for both periods.
H03: The distribution of average technology change across 
two distinct periods is identical.
H04: The distribution of average efficiency change across 
the periods is the same.

The Kruskal–Wallis test was used to compare the EE 
across the six SA countries to see if there were any discern-
ible differences. For the Kruskal–Wallis test, we use the fol-
lowing null hypothesis:

H11: The distribution of Avg.EE is identical in six distinct 
SA countries.
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H12: The average Malmquist Index (MI) change distri-
bution is the same across all six SA countries.
H13: The distribution of average technology change is 
identical across all six SA countries.
H14: The distribution of average efficiency change is 
similar across all six SA countries.

Data sources

Researchers have used numerous input–output indicators 
to measure energy efficiency and productivity Li & Lin 
2015; Zhang & Choi 2013; Wang et al. 2012. The follow-
ing input and output variables are selected based on prior 
study expertise and data availability (Table 1). World Bank 
indicators were used to obtain data on all inputs and out-
puts except energy consumption from 2001 to 2019 World 
Bank 2021. The US Energy Information Administration 
was tapped for its database on annual energy consumption 
((Eia), U. E. information administratin (2020).

Results and discussion

This study used SMB-DEA to analyze energy efficiency 
for 6 SA countries and account for undesirable output. Fur-
thermore, Malmquist Productivity Index with undesirable 
output is employed to explore the total factor productiv-
ity change over the study period. To encounter a problem 
regarding the insufficient DMUs, we used KAM model 
by Khezrimotlagh 2015 and got the results to check the 
robustness of estimation. No significant difference was 
found in the rank or efficiency scores of DMUs. Given one 
of the inputs (energy consumption), this study measures 
technical efficiency, also known as energy efficiency. On 
the other hand, pure energy efficiency is usually measured 
in terms of energy intensity. Moreover, numerous factors, 
including energy efficiency, could cause changes in techni-
cal efficiency.

Energy efficiency results

Generating the desired output (GDP) using a variety of 
energy and economic inputs while disposing of the unde-
sirable output (CO2), the EE scores are shown in Table 2. 
The average EE score of all 6 SA countries for 2001–2019 
is 0.7278. This score indicates that SA countries still have 
the potential of 27.22% to improve their energy efficiency to 
minimize the inputs to get the optimum output level with the 
least emissions. Pakistan and Sri Lanka achieved an overall 
energy efficiency score of 1 during the study period. Nepal 
also scored unity from 2001 to 2015 until it tilted towards a 
decline in EE score for the rest of the study years. In other 
words, these countries use less energy and produce more 
GDP while emitting less CO2 than the rest of the South 
Asian countries, implying that they are more energy-effi-
cient. After India (0.4008) and Bangladesh (0.6758), Bhu-
tan is the least efficient country (0.3968). In addition, the 
efficiency score of 0.6401 for the entire South Asia sample 
is the lowest in 2019. From 2011 to 2010, the average effi-
ciency scores of the six countries fluctuated but mainly on 
an increasing trend with an average score of 0.7469, while a 
decline was noticed from 2011 to 2019 with an average score 
of 0.7065. The decline in GDP, coupled with an increase in 
emissions, is the most likely explanation. It is clear from 
the EE results that the lowest average efficiency score was 
noticed in 2019. South Asian countries like Bhutan, India, 
and Bangladesh were the least efficient in the study period 
2001–2019. In other words, these SA countries are less 
efficient at converting their inputs into outputs than they 
should be. It suggests that these countries should efficiently 
use their energy resources and reduce carbon emissions 
while simultaneously increasing GDP to reach the efficient 
frontier. Figure 5 shows the average EE score distribution 
for 2001–2019, indicating a gradual decline in EE scores.

Energy productivity results

According to Table 3, the average growth rate of energy pro-
ductivity is 1.0743, implying an average increase of 7.43%. 
From an annual results standpoint, the changes in energy 
productivity demonstrated various characteristics. Accord-
ing to the findings, the primary determinant of energy 
productivity growth was a technological change, with an 
average technological change score of 1.0812 (2001–2019), 
indicating an 8.12% increase in technology over the study 
period. Because the average efficiency change in South 
Asian countries is less than 1 during the study period, energy 
productivity increased or decreased as determined by tech-
nological changes (technical change is greater than one). 
Between 2001 and 2019, South Asia’s energy productivity 
growth fluctuated. Thus, energy productivity increased from 
1.0251 in 2001 to 1.0557 in 2008, a 3.06% increase, before it 

Table 1   Input–output variables utilized for estimating EE and pro-
ductivity

Inputs Outputs

Labor: Labor force, total Desirable output 
GDP (constant 
2015 US$)

Capital: Gross capital formation (constant 
2015 US$)

Undesired output
CO2 emissions (kt)

Energy: Total energy consumption annual, 
quadrillion Btu
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started to decline from 2009 to 2019 when it reached 0.9888. 
Between 2009 and 2019, energy productivity growth in SA 
countries remained less than one, indicating that energy pro-
ductivity has declined since 2009. There were fluctuations 
in efficiency and technology change from 2001 to 2019; 
however, efficiency in most of the years is less than 1 while 
technological change is over 1, clearly indicating that growth 
in energy productivity is due to technological advancement.

Elaborating the energy productivity results for each SA 
country, different factors for different countries determine 
the change. Table 4 shows that the average efficiency change 
in India is 1.0013, while technological change is 1.0084, 
indicating that growth in energy productivity in India is 
mainly due to technology rise. Similar to India, Pakistan’s 
rise in energy productivity is attributable to technological 
development, as shown by TECHCH and EFFCH values 

Table 2   Energy efficiency 
of South Asian countries 
2001–2019

Energy efficiency scores

DMUs India Pakistan Bangladesh Nepal Sri Lanka Bhutan Avg

2001 0.4249 1 0.7809 1 1 0.3602 0.761
2002 0.4295 1 0.7485 1 1 0.4011 0.7632
2003 0.4303 1 0.7541 1 1 0.4503 0.7725
2004 0.3954 1 0.7358 1 1 0.3762 0.7512
2005 0.3884 1 0.7418 1 1 0.3982 0.7547
2006 0.3769 1 0.6707 1 1 0.3709 0.7364
2007 0.3573 1 0.6775 1 1 0.5601 0.7658
2008 0.3531 1 0.5786 1 1 0.473 0.7341
2009 0.3333 1 0.5384 1 1 0.3862 0.7097
2010 0.3492 1 0.6167 1 1 0.3561 0.7203
2011 0.3715 1 0.7168 1 1 0.3395 0.738
2012 0.3888 1 0.7825 1 1 0.3507 0.7537
2013 0.3855 1 0.6156 1 1 0.3832 0.7307
2014 0.4056 1 0.6703 1 1 0.3846 0.7434
2015 0.4286 1 0.6623 1 1 0.3786 0.7449
2016 0.4627 1 0.6725 0.6471 1 0.373 0.6926
2017 0.463 1 0.7036 0.456 1 0.3941 0.6695
2018 0.4438 1 0.6189 0.4226 1 0.3903 0.6459
2019 0.427 1 0.5541 0.4461 1 0.4132 0.6401
Avg. 2001–2019 0.4008 1 0.6758 0.8933 1 0.3968 0.7278

Fig. 5   Average EE in South 
Asia over the period 2001–2019
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of 1.0153 and 1, respectively, which raised the MPI to 
1.0153 and showed that efficiency changes reduced the rise 
in energy productivity from 2001 to 2019. In Bangladesh, 
efficiency change was 0.986, explaining that, on average, 
a decline was noted from 2001 to 2019. Energy produc-
tivity score was 0.9708, while efficiency change hindered 
energy productivity growth in the study period as the tech-
nology change score was greater than efficiency change 
(0.9961 > 0.986). MPI scores in Nepal (0.9299) were the 
worst among all countries. Further elaborating the results, 
we found that the decline in energy productivity growth is 
due to efficiency change and technological change (0.963, 
0.963) in the study period. On average (2001–2019), energy 
productivity growth in Sri Lanka was 1.0156 and mainly due 
to the rise in technological change (1.0156) as efficiency 
remained unchanged (1) during the sample period. Bhutan 

was the most successful in all 6 South Asian countries as its 
productivity growth was risen by 6.98% in the study period. 
Results indicate that technological advancement (1.0617) 
was the primary determinant of energy productivity growth, 
as average energy efficiency was 1.01741 from 2001 to 2019.

Furthermore, Table 5 (Appendix) compares the average 
EE and MPI scores of all 6 countries for the study period 
(2001–2019). The average EE score of India is 0.4008, indi-
cating that as compared to other SA countries, India still 
has 60% potential for improvement in energy efficiency. 
However, MPI score is over 1, which indicates the energy 
productivity growth during the study period. With EE score 
of 1, Pakistan is efficient among SA countries and improved 
its productivity growth by 1.53% during 2001–2019. Bang-
ladesh and Nepal still have a potential of 32.42 and 10.67% 
in their EE, while both countries did not get energy produc-
tivity growth during 2001–2019. Sri Lanka is also efficient 
with an efficiency score of 1 and progresses with 1.56% in 
its energy productivity. Bhutan is the least efficient among 
all SA countries, with an average EE of 0.3968; however, it 
improves its energy productivity growth by 6.98% during 
the study period. These results indicate that Bhutan, India, 
Bangladesh, and Nepal still use extensive inputs (labor, 
capital and energy) to produce similar output (GDP). These 
countries could reduce the amount of inputs and improve 
their energy conversion process efficiency to get an efficient 
frontier. Energy productivity growth in Nepal and Bangla-
desh is on the decline, and primary determinants are both 
efficiency and technology, indicating that these countries 
need to improve both technological level and efficiency to 
achieve growth in energy productivity.

Mann Whitney U and Kruskal–Wallis test results

Table 6 shows the results of the Mann–Whitney U test. 
Table 3 indicates that SA countries’ EE levels continuously 
declined after 2010; therefore, the first hypothesis tests 
whether there is a significant difference in average EE scores 
in two time periods, 2001–2010 and 2011–2019. The sig 
value is 0.035, which is less than 0.050. Therefore, we reject 
our null hypothesis “the distribution of average EE is the 
same across categories of two time periods” and conclude 
that the average EE scores after 2010 are significantly dif-
ferent from 2001 to 2010. It proves a significant decline in 
the energy efficiency level for SA countries after 2011. The 
possible and major causes are increased consumption of fos-
sil fuels and carbon emissions which ultimately decrease EE 
levels in South Asia (Munir & Riaz, 2019). Similarly, energy 
productivity also decline after 2010 (see Table 3).

To test the significant difference among energy produc-
tivity scores before and after 2010, we divide the periods 
into two chunks and test them through the second hypoth-
esis, which states, “The distribution of Avg. MI (Malmquist 

Table 3   Energy productivity scores of South Asian countries over the 
period 2001–2019

*EFFCH refers to technical efficiency change. *TECH refers to tech-
nological change. *MPI refers to the Malmquist Productivity Index

Years EFFCH TECHCH MPI

2001–2002 1.0138 1.0116 1.0251
2002–2003 1.022 0.9736 0.9937
2003–2004 0.955 1.0155 0.9687
2004–2005 1.0082 0.9888 0.9970
2005–2006 0.9677 1.0456 1.0101
2006–2007 1.078 1.0088 1.0851
2007–2008 0.9478 1.1263 1.0557
2008–2009 0.9485 1.0599 1.0007
2010–2011 1.0192 0.9356 0.9500
2011–2012 1.0299 0.9660 0.9906
2012–2013 1.0286 0.9686 0.9946
2013–2014 0.9785 1.1074 1.0758
2014–2015 1.0240 0.9207 0.9425
2015–2016 1.0049 1.0013 1.0063
2016–2017 0.9545 0.9894 0.9458
2017–2018 0.9680 0.9485 0.9257
2018–2019 0.9592 1.0311 0.9888
Avg. 2001–2019 0.9953 1.0812 1.0743

Table 4   Average energy productivity of South Asian countries

Country EFFCH TECHCH MPI

India 1.0013 1.0084 1.0087
Pakistan 1 1.0153 1.0153
Bangladesh 0.986 0.9961 0.9708
Nepal 0.963 0.9629 0.9299
Sri Lanka 1 1.0156 1.0156
Bhutan 1.0174 1.0617 1.0698

19899Environmental Science and Pollution Research  (2023) 30:19890–19906

1 3



Index) is the same across categories of two time periods.” 
The results show that the sig value is 0. 297; therefore, we 
retain our null hypothesis and conclude that although energy 
productivity gradually and continually declined after 2010, 
there is no significant difference found between the energy 
productivity score for the two time periods (2001–2010 and 
2011–2019). Our results are aligned with the research of Jain 
and Goswami (2021), which shows that economic growth 
is the primary driver of energy use, and the shift toward 
sectors that use a lot of energy adds to this. But, except for 
Nepal and Bhutan, all South Asian countries use less energy 
because energy intensity is decreasing.

Further availability of energy resources, the produc-
tion of renewable energy, the price of crude, the number 
of people living in a given area, and the GDP per person 
are all important factors that affect energy productivity and 
slow down its pace in South Asia for recent times. Table 3 
explores that technology change is the primary determinant 
of energy productivity change instead of efficiency change 
over the period for SA countries. However, there are fluctua-
tions in efficiency and technology changes over two periods. 
Therefore, to test the significant difference between the tech-
nology change and efficiency change for two time periods, 
we employed hypotheses 3 and 4. Results in Table 6 and 
Fig. 6 indicate that although there is no significant difference 
between technology change levels for two time periods, there 
is no significant change found in efficiency over the period 
and is not the primary determinant of productivity change. 
Therefore, we retain the third and fourth null hypotheses. 
This argument is sported by the research of Wijayatunga and 
Siyambalapitiya (2017), who state that the energy transfor-
mation process in south Asia is still inefficient and requires 
labor and capital efficiency achieved through a skilled work-
force and continuous supply of funds for energy units. How-
ever, technology advancement level declined after 2010, a 
possible cause of energy productivity decline and carbon 
emission growth. Technology is a significant factor in energy 

transformation for clean production and emission reductions 
(Fisher-Vanden et al. 2006).

Tables 2 and 4 show the different EE, MPI, EC, and TC 
levels for six different South Asian countries from 2001 to 
2019. Therefore, it is critical to estimate that these differ-
ences are statistically significant. Table 7 and Fig. 7 show the 
Kruskal–Wallis test, which evaluates the significant differ-
ence in the average scores of EE, MPI, TC, and EC changes 
among six different South Asian countries. Hypothesis 1 
concludes that the EE scores of all 6 SA countries are sig-
nificantly different, and each country has a different EE level 
and is determined by its domestic factors. If we elaborate 
on the EE results for each country, the average EE scores 
of India, Bangladesh, and Bhutan are continually poor than 
Pakistan, Sri Lanka, and Nepal. The main cause of poor EE 
in these countries are extensive energy consumption, capi-
tal, labor, and inefficiency in the energy conversion process; 
otherwise, India and Bangladesh have dominant GDPs in SA 
Rahman et al. 2020. Null hypotheses 2, 3, and 4 proposed 
that productivity change, technology change, and efficiency 
change are the same across 6 SA countries, and there is no 
significant difference. The sig values of hypotheses 2, 3, and 
4 are.005, 0.360, and 0.980; therefore, we reject our second 
null hypothesis and conclude that statistical difference exists 
among MI scores of 6 SA countries.

In contrast, we retain our third and fourth null hypotheses 
and conclude that there is no significant difference between 
technological change and efficiency change among SA coun-
tries. Our results are backed by the research by Arnold and 
Dewald (2012), who concluded that technology adoption in 
developing SA countries is similar and has equal access to 
modern technologies. However, energy productivity is on the 
decline due to efficiency change. For all SA countries, effi-
cient utilization of labor, capital, and energy resources is the 
primary determinant of energy productivity growth in SA 
Hou et al., 2019. Efficient utilization of resources increases 
economic growth, leading to urbanization, another source of 

Table 6   Mann–Whitney U table to indicate the significant statistical difference among EE and energy productivity results for two time periods 
(2001–2010 and 2011–2019)

Asymptotic significances are displayed. The significance level is 0.050
a Exact significance is displayed for this test

Hypothesis test summary

Null hypothesis Test Sig Decision

1 The distribution of avg.EE is the same across categories 
of two time periods

Independent-samples Mann–Whitney U Test 0.035a Reject the null hypothesis

2 The distribution of avg. MI (Malmquist Index) is the 
same across categories of two time periods

Independent-samples Mann–Whitney U Test 0.297a Retain the null hypothesis

3 The distribution of avg. technology change is the same 
across categories of two time periods

Independent-samples Mann–Whitney U Test 0.436a Retain the null hypothesis

4 The distribution of avg. efficiency change is the same 
across categories of two time periods

Independent-samples Mann–Whitney U Test 0.730a Retain the null hypothesis
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Fig. 6   Distribution of average EE, MI, EC and TC across different periods

Table 7   Kruskal–Wallis table indicates the significant statistical difference among EE and energy productivity results for six different SA coun-
tries

Asymptotic significances are displayed. The significance level is 0.050

Hypothesis test summary

Null hypothesis Test Sig Decision

1 The distribution of avg.EE is the same across six different 
SA countries

Independent-samples Kruskal–Wallis Test 0.000 Reject the null hypothesis

2 The distribution of avg. MI (Malmquist Index) change is the 
same across six different SA countries

Independent-samples Kruskal–Wallis Test 0.005 Reject the null hypothesis

3 The distribution of avg. technology change is the same 
across six different SA countries

Independent-samples Kruskal–Wallis Test 0.360 Retain the null hypothesis

4 The distribution of avg. efficiency change is the same across 
six different SA countries

Independent-samples Kruskal–Wallis Test 0.980 Retain the null hypothesis
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environmental degradation in SA countries (Azam & Khan 
2016); therefore, with efficiency improvement, environmen-
tal regulation should be implemented strictly by SAARC 
countries to minimize the emissions of greenhouse gases.

Summarizing our empirical analysis, we conclude that 
the average EE score of all 6 SA countries for the study 
period 2001–2019 is 0.7278. This score shows that SA 
countries still have the potential of 27.22% to improve 
their energy efficiency to minimize the inputs to get the 
optimum output level with the least emissions. Compared 
to Sri Lanka, Pakistan, and Nepal, energy efficiency is 
comparatively low in India, Bangladesh, and Bhutan for 
the study period (2001–2019). Furthermore, a continuous 
and gradual decrease in EE levels was witnessed after 
2010; results of the Mann–Whitney test proved a signifi-
cant difference between the average EE level before and 

after 2010. This situation advocates that carbon reduc-
tion, a possible reason is still on an increasing trend after 
2010 and causing a diverse effect on the SA environ-
ment. Moreover, big economies like India, Pakistan, and 
Bangladesh are the main culprits of SA’s environmental 
destruction; 15 out of 20 most polluted cities globally are 
located in these three countries, strengthening our argu-
ment for this bad environmental condition in SA Vanzo 
2022; Lozano-Gracia & Soppelsa 2019. Possible solutions 
to improve the environmental conditions are to decrease 
the consumption of fossil fuels and shift to cleaner energy 
generations Panwar et al., 2011, moreover, establish poli-
cies and implement them with strict regulations to use the 
modern technologies in power generation units that can 
produce more power with fewer emissions (Guo et al., 
2013) (Wu et al. 2020).

Fig. 7   Distribution of average EE, MI, EC, and TC across different SA countries
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The average growth rate of energy productivity is 
1.0743, implying an average increase of 7.43%. The pri-
mary determinant of energy productivity growth was a 
technological change, with an average technological 
change score of 1.0812 (2001–2019), indicating an 8.12% 
increase in technology over the study period. Efficiency 
did not change much during the study period. Therefore, 
it cannot be considered a major determinant in energy 
productivity growth. Thus, this study concludes that any 
change in productivity growth is due to technological 
advancement instead of efficiency increase. However, the 
results of the Mann–Whitney U test show that the decline 
in energy productivity growth after 2010 is not significant, 
and efficiency decline is the main culprit of this produc-
tivity deterioration. Moreover, technology growth in SA 
countries also decreases after 2010, another reason for 
productivity decline after 2010.

Poor technology is a big source of increased carbon emis-
sions which ultimately slow the pace of energy productiv-
ity growth. Therefore our findings suggest the SA countries 
improve their production technologies and reduce emissions 
to foster energy productivity growth and improve environ-
mental quality. Our results are backed by adequate literature 
and advocate that technological advancement plays an essen-
tial role in the energy transformation process and improves 
ecological quality Li et al. 2021; Cheng et al. 2021a, b. Fur-
ther efficiency change plays a minor impact on the energy 
productivity growth of SA countries, which shows that more 
efficiency is required in the production process for opti-
mum utilization of the input resources (labor, capital, and 
energy). The study by Miao et al. (2017) strengthens our 
argument that efficient resource utilization improves energy 
efficiency and productivity, leading to environmental upgra-
dation. Therefore, this study recommends the SA authori-
ties remove the hurdles in the supply of adequate capital, 
a skillful workforce, and energy stocks to improve power 
generation efficiency.

Furthermore, each country needs to improve technol-
ogy or efficiency to improve its energy productivity growth. 
India needs to improve its efficiency to increase productivity 
growth and reduce carbon emissions because the technology 
level of India is the main determinant of energy productivity 
growth. Pakistan, Bangladesh, Sri Lanka, and Bhutan need 
to improve their efficiency in the production process as tech-
nology is better than efficiency in determining the energy 
productivity growth in these countries. Nepal lacks both 
technology and efficiency. Therefore, it needs to improve 
both factors to grow its energy productivity. Kruskal–Wallis 
test results explore that there is not much difference in tech-
nology or efficiency in all 6 SA countries, proving that mod-
ern technology access is equally available to all the coun-
tries. Therefore, all the countries lack modern technology 
and efficiency improvement, so this study’s findings suggest 

that the administrative authorities improve these factors to 
foster energy productivity growth and environmental quality.

Conclusion and policy recommendations

In this study, six South Asian countries’ energy efficiency, 
factors influencing the growth of energy productivity, and 
trends in EE and energy productivity are assessed over the 
study period (2001–2019). With three inputs (capital stock, 
labor, and energy consumption), one desirable output (gross 
domestic product), and one undesirable output variable (CO2 
emissions), we used SBM-DEA and the Malmquist Index 
to assess the growth of EE and energy productivity. The 
statistically significant difference between the mean energy 
efficiency and productivity scores for two distinct times and 
six countries was also investigated using the Mann–Whitney 
U and Kruskal–Wallis tests. First, we use SMB-DEA and 
MPI to evaluate energy productivity and efficient growth in 6 
SA countries. We divide the study period into two segments 
to better understand how the energy policy of 2010 affected 
EE and changes in energy productivity: (2001–2010 and 
2011–2019). Second, for two time periods and six nations, 
we apply the Mann–Whitney U and Kruskal Wallis tests to 
determine whether there is a statistically significant differ-
ence between the average EE, MPI, EC, and TC. Our find-
ings and policy recommendations to improve EE and energy 
productivity growth for environmental enhancement are as 
follows: Firstly, results of EE reveal that once we employ 
inputs resources to produce desirable outputs, the production 
process automatically produces undesirable output (carbon 
emissions), which impact the environment and EE level in 
SA. On average, the EE score for the study period is 0.7278. 
This score shows that SA countries still have the potential 
of 27.22% to improve their energy efficiency to minimize 
the inputs to get the optimum output level with the least 
emissions (bad output). Results reveal that during the year 
2001 to 2010, the EE level in SA increased; however, after 
2010, a gradual and continued declining trend was noticed 
in the EE level. Mann–Whitney test results showed a signifi-
cant difference among the EE levels during the two periods. 
To ensure the efficient usage of energy resources and emis-
sion reduction, SA countries need policies and programs 
that resolve established and unsustainable practices and 
permit individuals and energy consumers to make prudent 
energy decisions. India, Bangladesh, and Bhutan are less 
energy-efficient than their remaining 3 counterparts, and the 
core cause is extensive energy consumption and inefficient 
practices in the energy conversion process. To improve the 
EE and environmental conditions in these countries, they 
need to decrease the consumption of fossil fuels and shift 
to cleaner energy generations. They should also establish 
policies and implement them with strict regulations to use 
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the modern technologies in power generation units that can 
produce more power with fewer emissions. Furthermore, SA 
countries might adopt policy actions to better utilize energy 
and economic inputs to boost GDP growth.

Secondly, the Malmquist Productivity Index results 
explore that the average rate of energy productivity growth 
is 1.0743, which corresponds to an average increase of 
7.43%. The average technological change score over the 
study period (2001–2019) was 1.0812, indicating an 8.12% 
increase in technology. During the study period, efficiency 
did not change much, so it cannot be considered a significant 
factor in energy productivity growth. Therefore, this.

growth is attributable to technological development rather 
than efficiency improvement. The decline in efficiency is the 
primary cause of this productivity decline.

Moreover, technology growth in SA countries deceler-
ates after 2010, another reason for the decline in productiv-
ity after 2010. Based on our findings, SA countries should 
improve their production technologies and reduce emissions 
to speed up energy productivity growth and improve envi-
ronmental quality. Changes in efficiency have a negligible 
effect on the growth of energy productivity in SA countries, 
which shows that production processes need to be more effi-
cient to get the most out of the resources they use (labor, 
capital, and energy). So, this study suggests that the South 
Asian government remove barriers to getting enough money, 
skilled workers, and energy to improve power generation 
efficiency. Also, each country needs to improve its technol-
ogy or efficiency for energy productivity growth. India needs 
to improve its efficiency to boost productivity and cut carbon 
emissions. India’s efficiency level is the main factor deter-
mining energy productivity growth. Pakistan, Bangladesh, 
Sri Lanka, and Bhutan need to make their production pro-
cesses more efficient because technology is a better way to 
measure energy productivity growth in these countries than 
efficiency. Nepal needs to improve its technology and effi-
ciency to boost its energy productivity. The Kruskal–Wallis 
test shows that there are not many differences in technology 
or efficiency between the 6 SA countries. It shows that all the 
countries have the same access to modern technology. So, 
all countries do not have adequate modern technology and 
do not work as efficiently as they could. This study’s results 
suggest that these things should be improved to boost energy 
productivity and environmental quality.

This research concluded that South Asia has tremendous 
potential for improving energy efficiency and productivity 
growth. Implementing appropriate policies and programs 
within the existing institutional structure can achieve these 
efficiency gains. The development calls for policies to 
improve efficiency and productivity growth (efficiency and 
technology). Proper and efficient use of resources (such as 
economic and energy expenditure) to stimulate GDP growth; 
proper and regulatory oversight of energy efficiency; and 

climate financing tools to incentivize investments in techni-
cal improvement and fortify institutions that foster efficiency.

Appendix

Author contribution  Wasi Ul Hassan Shah: Conceptualization, formal 
analysis, writing—original draft. Gang Hao and Hong Yan: Super-
vision, methodology. Rizwana Yasmeen and Yuting Lu: Writing and 
review.

Funding  This study is sponsored by the talent person recruitment pro-
ject of Zhejiang Shuren University (KXJ0121610). RGC (Research 
Grant Council) of the Hong Kong SAR Government (project #: 
9042713). Talent person recruitment project of Zhejiang Shuren 
University,KXJ0121610,Wasi Ul Hassan Shah,Hong Kong SAR 
Government,9042713,Gang Hao

Data availability  Data is collected from World Bank indicators.

Declarations 

Ethics approval  Not applicable.

Consent to participate  Not applicable.

Consent to publish  Not applicable.

Competing interests  The authors declare no competing interests.

References

Azam M, Khan AQ (2016) Urbanization and environmental degra-
dation: Evidence from four SAARC countries—Bangladesh, 
India, Pakistan, and Sri Lanka. Environ Prog Sustain Energy 
35(3):823–832

Adom PK, Amakye K, Abrokwa KK, Quaidoo C (2018) Estimate of 
transient and persistent energy efficiency in Africa: a stochastic 
frontier approach. Energy Convers Manage. https://​doi.​org/​10.​
1016/j.​encon​man.​2018.​04.​038

Arnold D, Dewald E (2012) Everyday technology in South and South-
east Asia: an introduction. Modern Asian Stud. https://​doi.​org/​10.​
1017/​S0026​749X1​10005​40

Banker RD, Charnes A, Cooper WW (1984) Some models for 
estimating technical and scale inefficiencies in data envel-
opment analysis, Manage Sci. https://​doi.​org/​10.​1287/​mnsc.​
30.9.​1078

Table 5   Average EE and MPI 
scores of 6 SA countries

Country EE MPI

India 0.4008 1.0087
Pakistan 1 1.0153
Bangladesh 0.6758 0.9708
Nepal 0.8933 0.9299
Sri Lanka 1 1.0156
Bhutan 0.3968 1.0698

19904 Environmental Science and Pollution Research  (2023) 30:19890–19906

1 3

https://doi.org/10.1016/j.enconman.2018.04.038
https://doi.org/10.1016/j.enconman.2018.04.038
https://doi.org/10.1017/S0026749X11000540
https://doi.org/10.1017/S0026749X11000540
https://doi.org/10.1287/mnsc.30.9.1078
https://doi.org/10.1287/mnsc.30.9.1078


Centre SE (2012) SAARC Action plan on energy conservation. 
Retrieved March 10, 2022, from https://​www.​saarc​energy.​org/​
wp-​conte​nt/​uploa​ds/​2022/​06/​2012-​SAARC-​Action-​Plan.​pdf

Charnes A, Cooper WW, Rhodes E (1978) Measuring the efficiency of 
decision making units. Eur J Oper Res 2(6):429–444. https://​doi.​
org/​10.​1016/​0377-​2217(78)​90138-8

Cheng C, Ren X, Dong K, Dong X, Wang Z (2021a) How does tech-
nological innovation mitigate CO2 emissions in OECD countries? 
Heterogeneous analysis using panel quantile regression. J Environ 
Manag. https://​doi.​org/​10.​1016/j.​jenvm​an.​2020.​111818

Cheng G, Zhao C, Iqbal N, Gülmez Ö, Işik H, Kirikkaleli D (2021b) 
Does energy productivity and public-private investment in energy 
achieve carbon neutrality target of China? J Environ Manag 
298:113464. https://​doi.​org/​10.​1016/j.​jenvm​an.​2021.​113464

Färe R, Grosskopf S, Lindgren B, Roos P (1992) Productivity changes 
in Swedish pharamacies 1980–1989: a non-parametric Malmquist 
approach. J Prod Anal. https://​doi.​org/​10.​1007/​BF001​58770

Fisher-Vanden K, Jefferson GH, Jingkui M, Jianyi X (2006) Technol-
ogy development and energy productivity in China. Energy Econ. 
https://​doi.​org/​10.​1016/j.​eneco.​2006.​05.​006

Guo X, Marinova D, Hong J (2013) China's shifting policies towards 
sustainability: a low-carbon economy and environmental protec-
tion. J Contemp China. https://​doi.​org/​10.​1080/​10670​564.​2012.​
748962

Hasnat GNT, Kabir MA, Hossain MA (2019) Major environmental 
issues and problems of South Asia, particularly Bangladesh. In: 
Handbook of environmental materials management. https://​doi.​
org/​10.​1007/​978-3-​319-​73645-7_7

Hassan T, Song H, Khan Y, Kirikkaleli D (2022) Energy efficiency 
a source of low carbon energy sources? Evidence from 16 high-
income OECD economies. Energy 243:123063. https://​doi.​org/​
10.​1016/J.​ENERGY.​2021.​123063

Honma S, Hu JL (2008) Total-factor energy efficiency of regions in 
Japan. Energy Policy. https://​doi.​org/​10.​1016/j.​enpol.​2007.​10.​026

Honma S, Hu JL (2009) Total-factor energy productivity growth of 
regions in Japan. Energy Policy. https://​doi.​org/​10.​1016/j.​enpol.​
2009.​04.​034

Hou Y, Iqbal W, Shaikh GM, Iqbal N, Solangi YA, Fatima A (2019) 
Measuring energy efficiency and environmental performance: a 
case of South Asia. Processes. https://​doi.​org/​10.​3390/​pr706​0325

Huo T, Ren H, Cai W, Feng W, Tang M, Zhou N (2018) The total-factor 
energy productivity growth of China’s construction industry: evi-
dence from the regional level. Natural Hazards 92(3):1593–1616

Hu JL, Kao CH (2007) Efficient energy-saving targets for APEC econo-
mies. Energy Policy. https://​doi.​org/​10.​1016/j.​enpol.​2005.​11.​032

Hu JL, Wang SC (2006) Total-factor energy efficiency of regions in 
China. Energy Policy. https://​doi.​org/​10.​1016/j.​enpol.​2005.​06.​015

Iqbal W, Altalbe A, Fatima A, Ali A, Hou Y (2019) A DEA approach 
for assessing the energy, environmental and economic perfor-
mance of top 20 industrial countries. Processes. https://​doi.​org/​
10.​3390/​PR712​0902

Jin L, Duan K, Tang X (2018) What is the relationship between tech-
nological innovation and energy consumption? Empirical anal-
ysis based on provincial panel data from China. Sustainability 
10(1):145

Jin W, Zhang ZX (2014) Quo vadis? energy consumption and techno-
logical innovation Crawford School of Public Policy, The Austral-
ian National University. In: CCEP working paper no. 1412. https://​
doi.​org/​10.​2139/​ssrn.​27313​98

Jain P, Goswami B (2021) Energy efficiency in South Asia: trends 
and determinants. Energy. https://​doi.​org/​10.​1016/j.​energy.​2021.​
119762

Khezrimotlagh D (2015) How to deal with numbers of decision making 
units and variables in data envelopment analysis. arXiv preprint 
arXiv:1503.02306. (August) http://​arxiv.​org/​abs/​1503.​02306

Khraiche M, Kutlu L, Mao X (2021) Energy efficiencies of European 
countries. Appl Econ. https://​doi.​org/​10.​1080/​00036​846.​2021.​
19945​20

Li K, Lin B (2015) Metafroniter energy efficiency with CO2 emissions 
and its convergence analysis for China. Energy Econ. https://​doi.​
org/​10.​1016/j.​eneco.​2015.​01.​006

Li MJ, He YL, Tao WQ (2017) Modeling a hybrid methodology for 
evaluating and forecasting regional energy efficiency in China. 
Appl Energy. https://​doi.​org/​10.​1016/j.​apene​rgy.​2015.​11.​082

Li R, Lin L, Jiang L, Liu Y, Lee CC  2021 Does technology advance-
ment reduce aggregate carbon dioxide emissions? Evidence from 
66 countries with panel threshold regression model. Environ Sci 
Pollut Res. https://​doi.​org/​10.​1007/​s11356-​020-​11955-x

Liu W, Zhan J, Zhao F, Wang P, Li Z, Teng Y (2018) Changing trends 
and influencing factors of energy productivity growth: a case 
study in the Pearl River Delta Metropolitan Region. Technol Fore-
cast Soc Chang. https://​doi.​org/​10.​1016/j.​techf​ore.​2018.​09.​027

Lozano-Gracia N, Soppelsa ME (2019) Pollution and city competitive-
ness: a descriptive analysis. In: Pollution and city competitiveness 
a descriptive analysis issue February. World Bank, Washington 
DC. https://​doi.​org/​10.​1596/​1813-​9450-​8740

Malanima P (2021) Energy productivity and structural growth the last 
two centuries. Struct Change Econ Dyn. https://​doi.​org/​10.​1016/j.​
strue​co.​2021.​04.​003

Mann HB, Whitney DR (1947) On a test of whether one of two random 
variables is stochastically larger than the other. Ann Math Stat. 
https://​doi.​org/​10.​1214/​aoms/​11777​30491

Masuda K (2018) Energy efficiency of intensive rice production in 
Japan: an application of data envelopment analysis. Sustainability 
(Switzerland). https://​doi.​org/​10.​3390/​su100​10120

Miao C, Fang D, Sun L, Luo Q (2017) Natural resources utilization 
efficiency under the influence of green technological innovation. 
Resour Conserv Recycl 126(March):153–161. https://​doi.​org/​10.​
1016/j.​resco​nrec.​2017.​07.​019

Munir K, Riaz N (2019) Energy consumption and environmental qual-
ity in South Asia: evidence from panel non-linear ARDL. Environ 
Sci Pollut Res. https://​doi.​org/​10.​1007/​s11356-​019-​06116-8

Panwar NL, Kaushik SC, Kothari S (2011) Role of renewable energy 
sources in environmental protection: a review. Renew Sust Energ 
Rev. https://​doi.​org/​10.​1016/j.​rser.​2010.​11.​037

Patterson MG (1996) What is energy efficiency?, Concepts, indicators 
and methodological issues. Energy Policy. https://​doi.​org/​10.​1016/​
0301-​4215(96)​00017-1

Rahman MM, Saidi K, Mbarek MB (2020) Economic growth in 
South Asia: the role of CO2 emissions, population density and 
trade openness. Heliyon. https://​doi.​org/​10.​1016/j.​heliy​on.​2020.​
e03903

Rath BN, Akram V, Bal DP, Mahalik MK (2019) Do fossil fuel and 
renewable energy consumption affect total factor productivity 
growth? Evidence from cross-country data with policy insights. 
Energy Policy. https://​doi.​org/​10.​1016/j.​enpol.​2018.​12.​014

Ritchie H & Roser M (2020). Renewable energy. Our world in data. 
Published online at OurWo​rldIn​Data.​org. https://​ourwo​rldin​data.​
org/​renew​able-​energy

Sarker PK, Rahman MS, Giessen L (2019) Regional economic regimes 
and the environment: stronger institutional design is weakening 
environmental policy capacity of the South Asian Association 
for Regional Cooperation. International Environmental Agree-
ments: Politics, Law and Economics. https://​doi.​org/​10.​1007/​
s10784-​018-​9422-0

Shah WU, Hao G, Yasmeen R, Kamal MA, Khan A, Padda IU (2022a) 
Unraveling the role of China' s OFDI, institutional difference and 
B & R policy on energy efficiency : a meta - frontier super - SBM 
approach. Environ Sci Pollut Res:0123456789. https://​doi.​org/​10.​
1007/​s11356-​022-​19729-3

19905Environmental Science and Pollution Research  (2023) 30:19890–19906

1 3

https://www.saarcenergy.org/wp-content/uploads/2022/06/2012-SAARC-Action-Plan.pdf
https://www.saarcenergy.org/wp-content/uploads/2022/06/2012-SAARC-Action-Plan.pdf
https://doi.org/10.1016/0377-2217(78)90138-8
https://doi.org/10.1016/0377-2217(78)90138-8
https://doi.org/10.1016/j.jenvman.2020.111818
https://doi.org/10.1016/j.jenvman.2021.113464
https://doi.org/10.1007/BF00158770
https://doi.org/10.1016/j.eneco.2006.05.006
https://doi.org/10.1080/10670564.2012.748962
https://doi.org/10.1080/10670564.2012.748962
https://doi.org/10.1007/978-3-319-73645-7_7
https://doi.org/10.1007/978-3-319-73645-7_7
https://doi.org/10.1016/J.ENERGY.2021.123063
https://doi.org/10.1016/J.ENERGY.2021.123063
https://doi.org/10.1016/j.enpol.2007.10.026
https://doi.org/10.1016/j.enpol.2009.04.034
https://doi.org/10.1016/j.enpol.2009.04.034
https://doi.org/10.3390/pr7060325
https://doi.org/10.1016/j.enpol.2005.11.032
https://doi.org/10.1016/j.enpol.2005.06.015
https://doi.org/10.3390/PR7120902
https://doi.org/10.3390/PR7120902
https://doi.org/10.2139/ssrn.2731398
https://doi.org/10.2139/ssrn.2731398
https://doi.org/10.1016/j.energy.2021.119762
https://doi.org/10.1016/j.energy.2021.119762
http://arxiv.org/abs/1503.02306
https://doi.org/10.1080/00036846.2021.1994520
https://doi.org/10.1080/00036846.2021.1994520
https://doi.org/10.1016/j.eneco.2015.01.006
https://doi.org/10.1016/j.eneco.2015.01.006
https://doi.org/10.1016/j.apenergy.2015.11.082
https://doi.org/10.1007/s11356-020-11955-x
https://doi.org/10.1016/j.techfore.2018.09.027
https://doi.org/10.1596/1813-9450-8740
https://doi.org/10.1016/j.strueco.2021.04.003
https://doi.org/10.1016/j.strueco.2021.04.003
https://doi.org/10.1214/aoms/1177730491
https://doi.org/10.3390/su10010120
https://doi.org/10.1016/j.resconrec.2017.07.019
https://doi.org/10.1016/j.resconrec.2017.07.019
https://doi.org/10.1007/s11356-019-06116-8
https://doi.org/10.1016/j.rser.2010.11.037
https://doi.org/10.1016/0301-4215(96)00017-1
https://doi.org/10.1016/0301-4215(96)00017-1
https://doi.org/10.1016/j.heliyon.2020.e03903
https://doi.org/10.1016/j.heliyon.2020.e03903
https://doi.org/10.1016/j.enpol.2018.12.014
http://ourworldindata.org
https://ourworldindata.org/renewable-energy
https://ourworldindata.org/renewable-energy
https://doi.org/10.1007/s10784-018-9422-0
https://doi.org/10.1007/s10784-018-9422-0
https://doi.org/10.1007/s11356-022-19729-3
https://doi.org/10.1007/s11356-022-19729-3


Shah WUH, Yasmeen R, Padda IUH (2019) An analysis between 
financial development, institutions, and the environment: a 
global view. Environ Sci Pollut Res. https://​doi.​org/​10.​1007/​
s11356-​019-​05450-1

Shah WUH, Hao G, Yan H, Yasmeen R, Padda IUH, Ullah A (2022b) 
The impact of trade, financial development and government integ-
rity on energy efficiency: An analysis from G7-Countries. Energy 
255:124507. https://​doi.​org/​10.​1016/j.​energy.​2022.​124507

Shang Y, Liu H, Lv Y (2020) Total factor energy efficiency in regions 
of China: An empirical analysis on SBM-DEA model with unde-
sired generation. J King Saud Univ Sci. https://​doi.​org/​10.​1016/j.​
jksus.​2020.​01.​033

Song M, Zhang J, Wang S (2015) Review of the network environmen-
tal efficiencies of listed petroleum enterprises in China. Renew 
Sustain Energy Rev. https://​doi.​org/​10.​1016/j.​rser.​2014.​11.​050

Tang S, Wang W, Yan H, Hao G (2015) Low carbon logistics: reduc-
ing shipment frequency to cut carbon emissions. Int J Prod Econ. 
https://​doi.​org/​10.​1016/j.​ijpe.​2014.​12.​008

Theodorsson-Norheim E (1986) Kruskal-Wallis test: BASIC computer 
program to perform nonparametric one-way analysis of variance 
and multiple comparisons on ranks of several independent sam-
ples. Comput Methods Programs Biomed. https://​doi.​org/​10.​1016/​
0169-​2607(86)​90081-7

Tone K (2001) Slacks-based measure of efficiency in data envelopment 
analysis. Eur J Oper Res. https://​doi.​org/​10.​1016/​S0377-​2217(99)​
00407-5

Tone K (2004) Dealing with undesirable outputs in DEA: a Slacks-
Based Measure (SBM) approach. North American productivity 
workshop 2004, Toronto, 23–25 June 2004, pp 44–45

Ul W, Shah H, Hao G, Yan H, Yasmeen R, Jie Y (2022) The role of 
energy policy transition, regional energy efficiency, and techno-
logical advancement in the improvement of China’s environmental 
quality. Energy Rep 8:9846–9857. https://​doi.​org/​10.​1016/j.​egyr.​
2022.​07.​161

U.S. Energy Information Administration - EIA (2020) Independent 
statistics and analysis. Retrieved March 12, 2022, from https://​
www.​eia.​gov/​opend​ata/​v1/​qb.​php?​categ​ory=​21348​04

Vance L, Eason T, Cabezas H (2015) Energy sustainability: consump-
tion, efficiency, and environmental impact. Clean Technol Environ 
Policy 17(7):1781–1792

Vanzo T (2022) 25 most polluted cities in the world (2022 rankings) – 
Smart air. Retrieved April 22, 2022, from https://​smart​airfi​lters.​
com/​en/​blog/​25-​most-​pollu​ted-​cities-​world-​2022-​ranki​ngs/

Wang KJ, Dao LD (2019) Resolving conflict objectives between envi-
ronment impact and energy efficiency – an optimization modeling 
on multiple-energy deployment. Comput Ind Eng. https://​doi.​org/​
10.​1016/j.​cie.​2019.​106111

Wang ZH, Zeng HL, Wei YM, Zhang YX (2012) Regional total fac-
tor energy efficiency: an empirical analysis of industrial sector 
in China. Appl Energy. https://​doi.​org/​10.​1016/j.​apene​rgy.​2011.​
12.​071

Wijayatunga P, Siyambalapitiya T (2017) Improving energy efficiency 
in South Asia. SSRN Electron J. https://​doi.​org/​10.​2139/​ssrn.​
29413​15

Wilcoxon F (1945) Individual comparisons by ranking methods. Int 
Biometric Soc Biometrics Bullet 1(6):80–83

Witajewski-Baltvilks J, Verdolini E, Tavoni M (2017) Induced techno-
logical change and energy efficiency improvements. Energy Econ. 
https://​doi.​org/​10.​1016/j.​eneco.​2017.​10.​032

World Bank (2021). Retrieved March 11, 2022, from https://​data.​world​
bank.​org/​indic​ator

Worldometers (2022) World meters. Retrieved March 15, 2022 from 
https://​www.​world​omete​rs.​info/​world-​popul​ation/​south​ern-​asia-​
popul​ation/

Wu H, Xu L, Ren S, Hao Y, Yan G (2020) How do energy consumption 
and environmental regulation affect carbon emissions in China? 
New evidence from a dynamic threshold panel model. Resour 
Policy. https://​doi.​org/​10.​1016/j.​resou​rpol.​2020.​101678

Xu T, You J, Li H, Shao L (2020) Energy efficiency evaluation based 
on data envelopment analysis: a literature review. Energies. 
https://​doi.​org/​10.​3390/​en131​43548

Yao X, Shah WUH, Yasmeen R, Zhang Y, Kamal MA, Khan A (2021a) 
The impact of trade on energy efficiency in the global value chain 
a simultaneous equation approach. Sci Total Environ 765:142759. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​142759

Yao X, Yasmeen R, Hussain J, Hassan Shah WU (2021b) The reper-
cussions of financial development and corruption on energy effi-
ciency and ecological footprint: evidence from BRICS and next 11 
countries. Energy 223:120063. https://​doi.​org/​10.​1016/j.​energy.​
2021.​120063

Zafarullah H, Huque AS (2018) Climate change, regulatory policies 
and regional cooperation in South Asia. Public Adm Policy. 
https://​doi.​org/​10.​1108/​pap-​06-​2018-​001

Zeshan M, Ahmed V (2013) Energy, environment and growth nexus 
in South Asia. Environ Dev Sustain. https://​doi.​org/​10.​1007/​
s10668-​013-​9459-8

Zhang N, Choi Y (2013) Environmental energy efficiency of China’s 
regional economies: A non-oriented slacks-based measure analy-
sis. Soc Sci J. https://​doi.​org/​10.​1016/j.​soscij.​2013.​01.​003

Zhang XP, Cheng XM, Yuan JH, Gao XJ (2011) Total-factor energy 
efficiency in developing countries. Energy Policy. https://​doi.​org/​
10.​1016/j.​enpol.​2010.​10.​037

Zhu W, Zhang Z, Li X, Feng W, Li J (2019) Assessing the effects of 
technological progress on energy efficiency in the construction 
industry: a case of China. J Clean Prod 238:117908

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement and 
applicable law.

19906 Environmental Science and Pollution Research  (2023) 30:19890–19906

1 3

https://doi.org/10.1007/s11356-019-05450-1
https://doi.org/10.1007/s11356-019-05450-1
https://doi.org/10.1016/j.energy.2022.124507
https://doi.org/10.1016/j.jksus.2020.01.033
https://doi.org/10.1016/j.jksus.2020.01.033
https://doi.org/10.1016/j.rser.2014.11.050
https://doi.org/10.1016/j.ijpe.2014.12.008
https://doi.org/10.1016/0169-2607(86)90081-7
https://doi.org/10.1016/0169-2607(86)90081-7
https://doi.org/10.1016/S0377-2217(99)00407-5
https://doi.org/10.1016/S0377-2217(99)00407-5
https://doi.org/10.1016/j.egyr.2022.07.161
https://doi.org/10.1016/j.egyr.2022.07.161
https://www.eia.gov/opendata/v1/qb.php?category=2134804
https://www.eia.gov/opendata/v1/qb.php?category=2134804
https://smartairfilters.com/en/blog/25-most-polluted-cities-world-2022-rankings/
https://smartairfilters.com/en/blog/25-most-polluted-cities-world-2022-rankings/
https://doi.org/10.1016/j.cie.2019.106111
https://doi.org/10.1016/j.cie.2019.106111
https://doi.org/10.1016/j.apenergy.2011.12.071
https://doi.org/10.1016/j.apenergy.2011.12.071
https://doi.org/10.2139/ssrn.2941315
https://doi.org/10.2139/ssrn.2941315
https://doi.org/10.1016/j.eneco.2017.10.032
https://data.worldbank.org/indicator
https://data.worldbank.org/indicator
https://www.worldometers.info/world-population/southern-asia-population/
https://www.worldometers.info/world-population/southern-asia-population/
https://doi.org/10.1016/j.resourpol.2020.101678
https://doi.org/10.3390/en13143548
https://doi.org/10.1016/j.scitotenv.2020.142759
https://doi.org/10.1016/j.energy.2021.120063
https://doi.org/10.1016/j.energy.2021.120063
https://doi.org/10.1108/pap-06-2018-001
https://doi.org/10.1007/s10668-013-9459-8
https://doi.org/10.1007/s10668-013-9459-8
https://doi.org/10.1016/j.soscij.2013.01.003
https://doi.org/10.1016/j.enpol.2010.10.037
https://doi.org/10.1016/j.enpol.2010.10.037

	Energy efficiency evaluation, changing trends and determinants of energy productivity growth across South Asian countries: SBM-DEA and Malmquist approach
	Abstract
	Introduction
	Literature review
	Energy efficiency and environmental protection
	Technological advancement and energy productivity

	Methodology
	SBM-DEA with undesirable output
	DEA-Malmquist Productivity Index
	Mann Whitney U and Kruskal–Wallis test

	Data sources
	Results and discussion
	Energy efficiency results
	Energy productivity results
	Mann Whitney U and Kruskal–Wallis test results

	Conclusion and policy recommendations
	References


