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This study uses the super-efficiency DEA model and Malmquist index analysis to
evaluate the green energy efficiency of 58 countries along “the Belt and Road”
Initiative zone from 2012 to 2021 and uses Tobit regression to analyze the external
environmental influences on their green energy efficiency. The results of the study
show that in the static analysis, The overall green energy efficiency of 58 countries
along the “the Belt and Road” initiative area is low, and there are obvious regional
differences; In terms of dynamic analysis, the Malmquist Index shows a slight
fluctuation trend from 2012 to 2021. Tobit regression models show that external
factors such as economic strength, energy consumption structure, industrial
structure, and R&D expenditure are significantly and positively related to green
energy efficiency. Based on this, this study proposed that countries should make
good use of their resource advantages to improve the overall green energy
efficiency of “the Belt and Road” Initiative zone according to local
characteristics; strengthen inter-regional cooperation and exchange among
countries, and implement outbound strategies to create a favorable
development environment for green energy efficiency in “the Belt and Road”
Initiative zone. Create a favorable development environment for green energy
efficiency in “the Belt and Road” Initiative region.
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1 Introduction

“The Belt and Road” is the acronym for the cooperation Initiative proposed by China for
the “New Silk Road Economic Belt” and the “21st Century Maritime Silk Road”. “The Belt
and Road” Initiative follows the long history of China’s ancient Silk Road and holds high the
great banner of peace, development, and win-win cooperation, promoting the economic
development of China and other countries along the route. In an era of energy scarcity,
energy cooperation is an important foundation and support for “the Belt and Road”
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Initiative. “The Belt and Road” brings together the two major
energy-consuming markets of Europe and Asia and the major
energy-exporting countries of the Middle East, Central Asia, and
Russia. It covers two major regions rich in high-quality chemical
energy: the Russian-Central Asian region and the Gulf region, as
well as Western Europe, where energy technology is advanced and
green energy is widely used. “The Belt and Road” project is
conducive to promoting the stability of the energy market in
Eurasia and the green transformation of energy in countries
along the route.

To address global climate change and improve global green total
factor productivity, China has deepened its cooperation with
countries along “the Belt and Road” in recent years. For example,
in May 2017, China released the “Vision and Actions for Promoting
Energy Cooperation along “the Belt and Road” to pursue common
and sustainable energy security; in October 2018, China and
17 countries jointly issued the Joint Ministerial Declaration on
the Establishment of “the Belt and Road” Energy Partnership; on
25 April 2019, “the Belt and Road” Energy Partnership was
established in Beijing, etc.

In the context of global energy saving and emission
reduction, how to achieve synergistic development of the
economy and environment is a real issue that countries need
to face together. The improvement of energy efficiency can
balance the objectives of economic growth, energy
conservation, emission reduction, and environmental
protection. In this context, analyzing and comparing the
characteristics of green total factor energy efficiency in
countries along “the Belt and Road” is a necessary way to
transform from “high-carbon” to green development in
countries along “the Belt and Road” under ecological
constraints, and is also an urgent need to build a green “the
Belt and Road” together.

2 Review of the literature

The study of Green Total Factor Productivity (GTFP)
originated in the mid to late 20th century. Literature (Chung
et al., 1997) first studied the role of pollution emissions on
economic growth, and GTFP has been in existence since then.
Subsequently, many scholars gradually adopted total factor
productivity as a comprehensive measure of the quality of
economic development. Since the reform and opening up,
china has developed its economy by relying on the crude
economic growth method of high input. Low contribution of
technological progress or total factor productivity to economic
growth in China (Li and Lin, 2017). Subsequently, many scholars
have gradually adopted total factor productivity as a
comprehensive performance measure of the quality of
economic development.

Some scholars have included environmental and energy
factors as input-output variables in the measurement of total
factor productivity. Literature (Managi et al., 2005) analyzed the
mechanism of the dual role of environmental regulation on green
total factor productivity and measured green total factor
productivity in 30 Chinese provinces from 2003 to 2014 using
the EBM-DDF model, and the empirical evidence showed that

environmental regulation did not directly affect green total factor
productivity. Literature (Zongbao et al., 2019) uses the DEA
analysis method to study the energy efficiency situation in China,
and the results show that the energy efficiency of South China,
Northeast China, and Northwest China is generally good, with
low energy efficiency risks. They considered that industrial
structure upgrading, energy efficiency, and their interaction
have positive effects on green total factor productivity (Li and
Liao, 2020). Literature (Shi and Li, 2019) measured the green
total factor productivity (TFP) of China’s manufacturing sector,
and the results showed that the growth rate of green TFP in
China’s manufacturing sector was not high, with significant
regional differences.

Some scholars have conducted effective analysis on energy
efficiency, Literature (Armel et al., 2013) used the DEA-PCA
analysis method to examine the energy efficiency of the
manufacturing industry, and found that energy intensive
manufacturing industries such as steel, pulp and paper, oil
refining, and cement plants improve their total energy output
and efficiency by changing the proportion of energy input and
output. Literature (Banker et al., 1984) Mainly based on the energy
efficiency analysis method, the mathematical planning method is
used to obtain the post evaluation of the relative efficiency of
management achievements. Experts use the CCR ratio form
introduced as part of their Data envelopment analysis method to
understand the low efficiency of technology and scale through the
optimal value of the ratio form, which is directly obtained from data,
And there is no need to specify weights a priori and explicitly depict
the assumed functional form of the relationship between input and
output. Literature (Wang et al., 1984) used the DEA analysis method
to calculate China’s energy efficiency and analyzed the discrete
sources of low energy efficiency in China. The results showed
that China’s energy efficiency was not high overall, and regional
differences were significant. The eastern region had higher energy
efficiency, while the central and western regions had lower
efficiency. Though overall energy efficiency in China is not high
by relative standards and significant regional difference exists,
potential energy-saving strategies have been discovered in recent
years.

Some scholars study the impact of other external factors on
green total factor productivity. Literature (Hamamoto, 2006) argued
that government regulation of the environment should stimulate the
innovation compensation effect of firms, allowing them to improve
resource allocation, production processes and technological
innovation under changing constraints, thus achieving a Pareto
improvement or a “win-win” situation, resulting in a joint
increase in the environmental performance of firms and total
factor productivity (Telle and Larsson, 2007). Literature (Zhu and
Ye, 2018) examined the impact of OFDI on green total factor
productivity using a threshold regression method. The study
found that the impact of OFDI on green total factor productivity
showed a positive law of increasing marginal efficiency. Using a
spatial econometric model, literature (Li et al., 2020) explored the
different mechanisms of the role of environmental regulation on
technological innovation and green total factor productivity under a
fiscal decentralization perspective. Literature (Lanoie et al., 2008)
incorporated the lagged term of environmental regulation into an
empirical model and found that the lagged variable of
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environmental regulation had a positive effect on productivity.
Literature (Bian and Yang, 2010) establishes a comprehensive
efficiency measure for evaluating DMU resource and
environmental efficiency. In the proposed method, measures
were provided to evaluate the importance of the model, and
the goal setting of DMU managers changing inputs or outputs
to improve DMU's energy and environmental efficiency was
discussed. Based on this, the conclusion was drawn that there
are significant regional differences in environmental efficiency in
China (Liu and Wang, 2013). Literature (Huang et al., 2012) used
a three-stage DEA model to analyze the energy efficiency of 29
provinces in China in 2009, established an energy efficiency
evaluation index system, and compared the differences in
energy efficiency among different regions. The research results
showed that before eliminating external factors and
environmental variables, scale efficiency was overestimated,
while pure technical efficiency was underestimated. Therefore,
each province should focus on adjusting the energy use structure
to improve energy efficiency, Instead of blindly increasing
investment scale.

Most studies on green TFP in the literature have focused on
developed countries and at the provincial level in China, but there is
a lack of research on developing and emerging economies, especially
on countries along “the Belt and Road”.

Based on this, this study uses DEA analysis to measure the green
energy efficiency of the countries along “the Belt and Road” and
divides “the Belt and Road” countries into different regions to
examine the regional differences in the green energy efficiency of
the countries along “the Belt and Road”. There are three main
contributions and possible innovations in this study. Firstly, DEA is
used to measure the level of green energy efficiency growth in the
countries along “the Belt and Road” Initiative, and Tobit regression
analysis is used to measure other external factors affecting green
energy efficiency in “the Belt and Road” Initiative region; secondly,
the countries along “the Belt and Road” Initiative are divided into
regions and the impact of different variables on green total factor
productivity growth in “the Belt and Road” Initiative countries is
examined separately to make the results of the analysis more

thorough and clear; thirdly, Malmquist analysis is applied to
dynamically analyze green total factor productivity in “the Belt
and Road” Initiative to make the results cross-sectional and
comparable.

3 Description of research methods,
variables, and data

3.1 Research methods

3.1.1 Super-efficient DEA model
The traditional DEA model was first proposed by American

operations research scientists A. Charnes andW.W. Cooper. It is a
method for evaluating the relative effectiveness of decision units.
The two main types of traditional DEA analysis commonly are the
CCRmodel and the BCCmodel. Andersen and Petersen propose a
super-efficient DEA model based on the traditional CCR model,
whose main objective is to overcome the inability of the
traditional DEA model to further rank fully valid decision
units, whereas super-efficiency allows for the comparison and
ranking of all decision units. It is assumed that each decision unit
K has input units and M output units. The vectors XjYj that
represent the j decision unit and the input slack variable s+ and
the output slack variable s− are introduced to evaluate the decision
unit λj(j � 1, 2, 3,/, n). Its super-efficient DEA model is as
follows:

min θ − ε ∑m
i�1
si
− +∑s

r�1
sr

+⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦ (1)

s.t.

∑n
j�1
j ≠ j0

XjYj + s− � θXj0

∑n
j�1
j ≠ j0

Yjλj − s+ � Y

λj ≥ 0 j � 1, 2, 3,/, n( )
s+ ≥ 0, s− ≥ 0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(2)

θ is the efficiency value of the decision unit λj. If θ ≥ 1, and s− or
s+ are equal to 0, the decision unit is DEA valid; if θ ≥ 1, s− or s+ are
equal to 0, the decision unit is said to be DEA weakly valid; if θ <1,
s− or s+ are not equal to 0, the decision unit is said to be invalid. The
super-efficient DEA model and the traditional DEA model have
the same efficiency evaluation results for non-effective decision
units, but there is a difference in the evaluation of effective decision
units. The traditional DEA model has an efficiency value of θ =
1 for all effective decision units. The super-efficient DEA model
can have an efficiency value of θ >1 when evaluating effective
decision units, and the higher the value of θ, the more effective the
decision unit is.

The Super Efficiency DEA model is shown in Figure 1.
According to the traditional DEA model, A, B and C are all
located on the production efficiency frontier and are DEA-
effective units. However, super-efficiency calculates the
efficiency value of a decision unit by excluding that decision
unit from the original set of production possibilities and then
constructing a new set of production possibilities to solve for the

FIGURE 1
Super-efficient DEA model based on constant returns to scale.
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super-efficiency value. Take point B as an example, point B has an
efficiency value of 1 in the traditional DEA model, but in the
process of solving for super-efficiency, point B will be excluded
from the production possibility set. The new production
possibility set constructs the production efficiency frontier
surface with AC as the envelope, and the extension line of AC
and OB intersects at point B′, so the super-efficiency value of
point B is OB′/OB > 1. It follows that the efficiency value of the
effective decision unit in the super-efficient DEA model can be
greater than 1, but the efficiency value of the non-effective
decision unit remains unchanged.

3.1.2 Malmquist index method
In the early 1850s, Swedish economist Sten. Malmquist

proposed the Total Factor Productivity Index evaluation model,
which was first used by Caves in 1982 to measure production
efficiency. Subsequently Fare et al. constructed a dynamic
Malmquist index model, Total Factor Productivity Change, based
on the static DEA model. Malmquist index analysis allows the
analysis of the efficiency values of different decision units by
measuring the Malmquist index M(xt+1, yt+1, xt, yt) for the
decision unit in period t and period t + 1. The formula for the
Malmquist index is expressed as:

Mt
0 xt+1, yt+1, xt, yt( ) � dt

0 xt+1, yt+1( )
dt
0 xt, yt( ) (3)

Where dt0(xt+1, yt+1)dt0(xt, yt) and are the input-output vectors of
the decision unit in periods t + 1 and t respectively. The Malmquist
index measures the change in the efficiency value of the decision
unit in periods t to (t + 1). To eliminate the effect of subjectivity in
the choice of different periods, the Malmquist index can be
expressed as:

M xt+1, yt+1, xt, yt( ) � �����������
dt
0 xt+1, yt+1( )

dt
0 xt+1, yt+1( )

√
×

������������
dt+1
0 xt+1, yt+1( )
dt+1
0 xt, yt( )

√
� Effch × Techch (4)

Where Effch denotes the index of change in technical efficiency and
Techch is the index of change in technical progress, Effch can be
further decomposed into the product of pure technical efficiency and
payoffs to scale. If the Malmquist index Tfpch > 1, it means that the
total factor productivity of the decision unit is increasing in the
period t to (t + 1) and vice versa. In addition, the rate of change of
pure technical efficiency, the rate of change of scale, the rate of

change of technical efficiency, and the rate of change of technical
progress show the same characteristics of change as the rate of
change of the Malmquist index.

3.1.3 Tobit regression analysis
Green energy efficiency values are not only influenced by

endogenous variables, but also by the external environment. To
investigate the impact of exogenous variables on green energy
efficiency, this study uses the super-efficiency value of the
decision unit as the dependent variable in the estimation of
the equation, and the external environmental factors that may
affect green energy efficiency in “the Belt and Road” Initiative
area as the independent variables in the construction of the
regression model. Considering that the DEA efficiency value
is > 0, the ordinary least squares method may produce biased
estimates. The Tobit regression model was used to test the
exogenous variables, and the basic Tobit model is as follows.

y � y*
i � α + βixi + ui, y

*
i > 0

0, y*
i ≤ 0

{ (5)

where yi* is the potential dependent variable, yi is the observed
dependent variable, xi is the independent variable, β is the
correlation coefficient, ui is the random error term, and ui ~ N(0, σ2).

3.2 The evaluation indicators selection and
data sources

The key to the measurement of input-output efficiency in the
DEA model lies in the selection of indicators for the decision unit.
Input indicators mainly consider the two major factors of
production, namely labor and capital. According to the
availability and representativeness of data, 58 countries along
“the Belt and Road” are taken as decision units in this study,
and different countries are divided into six regions, namely
Southeast Asia, West Asia, South Asia, Central Asia, CIS, and
Central and Eastern Europe, according to their geographical
characteristics.

In this study, labor, capital, and energy consumption are selected
as input factors, drawing on existing research. Labor input is
expressed in terms of the total number of labor forces in each
country. Capital input is measured by the capital stock of each
country, using the perpetual inventory method, and is calculated as
Kit � Iit + (1 − δit)Ki,t−1, Kit and Iit denote the capital stock, and

TABLE 1 Green energy efficiency indicator system for “the Belt and Road” Initiative region.

Indicators Variable descriptions Units Obs Mean Std. Dev. Max Min

Input indicators total labour force Millions of people 580 20.93 63.04 482.70 0.19

Capital Inputs % 580 26.27 8.68 69.48 1.59

Energy consumption Joule 580 2.67 5.45 35.43 0.04

Output indicators GDP billion dollars 580 219.97 389.81 3173.40 1.23

CO2 emissions Million tons 580 161.21 341.79 2552.83 0.41
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TABLE 2 Green energy efficiency super-efficiency values for 58 countries along “the Belt and Road” Initiative area from 2012 to 2021.

Regions Countries 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 mean Rankings

South-East Asia MNG 0.55 0.59 0.55 1.06 0.4 0.46 0.52 0.71 0.56 1.02 0.64 19

SGP 1.23 1.23 1.06 1.07 1.12 1.31 1.21 1.25 1.14 1.07 1.17 6

MYS 0.74 0.73 0.69 0.76 0.71 0.76 0.71 0.74 0.67 0.72 0.72 16

IDN 0.62 0.76 1 0.86 0.72 0.78 0.69 1.03 1.02 1.04 0.85 14

MMR 0.27 0.27 0.31 0.3 0.29 0.29 0.27 0.27 0.31 0.3 0.29 50

THA 0.59 0.53 0.55 0.72 0.65 0.55 0.55 0.54 0.56 0.62 0.59 24

LAO 0.24 0.14 0.12 0.11 0.32 0.29 0.26 0.14 0.13 0.09 0.18 56

KHM 0.29 0.32 0.31 0.32 0.32 0.28 0.28 0.31 0.3 0.3 0.3 49

VNM 0.62 0.49 0.49 0.42 0.45 0.39 0.58 0.55 0.51 0.44 0.49 33

BRN 0.33 0.33 0.37 0.35 1.05 0.37 0.29 0.32 0.35 0.36 0.41 45

mean 0.55 0.54 0.55 0.60 0.60 0.55 0.54 0.59 0.56 0.60 0.57

West Asia IRN 0.93 2.06 0.87 0.83 1 1 1.01 0.92 2.84 0.8 1.23 3

IRQ 0.81 0.68 0.86 0.72 0.71 0.63 0.71 0.68 0.7 0.66 0.72 18

TUR 1.18 1.04 1.1 1.03 1.02 1.02 1.03 1.08 1.04 1.09 1.06 9

JOR 0.39 0.51 0.53 0.42 0.29 0.29 0.34 0.46 0.51 0.49 0.42 43

LBN 0.56 0.55 0.57 0.53 0.51 0.58 0.59 0.55 0.57 0.52 0.55 28

ISR 1.86 1.71 1.48 1.63 1.23 1.11 1.62 1.85 1.63 1.53 1.57 2

SAU 1.07 1.1 1.32 1.27 1.25 1.23 1.17 1.3 1.26 1.23 1.22 4

OMN 0.53 0.54 0.6 0.57 0.54 0.54 0.55 0.57 0.78 0.59 0.58 26

ARE 1.05 0.95 0.91 0.99 1.01 0.91 0.99 0.95 0.89 0.91 0.96 11

QAT 0.76 1.08 1.07 0.63 0.71 0.71 0.75 1.04 1.09 0.7 0.85 13

KWT 0.67 0.73 1.01 1.02 0.84 0.64 0.71 0.66 0.91 1.09 0.83 15

BHR 0.53 0.58 0.67 0.64 0.61 0.56 0.54 0.54 0.62 0.64 0.59 23

GRC 0.67 0.83 0.83 0.91 1.13 1.17 1.02 0.68 0.86 0.85 0.9 12

CYP 0.6 0.56 0.6 0.58 0.54 0.59 0.59 0.62 0.55 0.59 0.58 25

EGY 0.63 0.52 0.77 0.62 0.62 0.67 0.64 0.64 0.55 0.73 0.64 20

mean 0.82 0.90 0.88 0.83 0.80 0.78 0.82 0.84 0.99 0.83 0.85

South Asia IND 1.13 1.13 1.11 1.4 1.42 1.17 1.14 1.12 1.12 1.11 1.19 5

PAK 0.54 0.48 0.5 0.45 0.62 0.53 0.55 0.5 0.48 0.49 0.51 31

BGD 0.49 0.46 0.4 0.37 0.34 1.02 0.49 0.46 0.4 0.38 0.48 35

LKA 0.42 0.41 0.43 0.41 0.41 0.39 0.38 0.42 0.43 0.41 0.41 46

NPL 0.22 0.1 0.14 0.21 0.33 0.36 0.21 0.09 0.11 0.16 0.19 55

BTN 0.06 0.06 0.08 0.08 0.08 0.08 0.07 0.06 0.07 0.08 0.07 58

mean 0.48 0.44 0.44 0.49 0.53 0.59 0.47 0.44 0.44 0.44 0.48

Central Asia KAZ 1.04 1.07 1.04 1.04 1.05 1.03 1.03 1.06 1.05 1.04 1.05 10

UZB 0.49 0.5 0.47 0.46 0.44 0.46 0.47 0.49 0.49 0.46 0.47 37

TKM 0.56 0.58 0.59 0.56 0.52 0.58 0.59 0.55 0.58 0.6 0.57 27

TJK 0.18 0.16 0.14 0.12 0.09 0.08 0.19 0.17 0.15 0.15 0.14 57

(Continued on following page)
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fixed capital investment in year t for country i respectively. The
initial capital stock is expressed as total fixed capital formation in
1996 divided by 6%; δit is the depreciation rate of fixed capital and is
taken as δ � 6%. The energy consumption is obtained by
multiplying the per capita energy consumption of each country
by the total population. For output indicators, GDP in current US
dollars and CO2 emissions for each country are used to form a green
energy efficiency indicator system for “the Belt and Road” Initiative
region.

To ensure consistency, the data for the above input-output
indicators were obtained from the World Bank database, and
some missing values were calculated using the averaging and
forecasting methods. The descriptive statistics of each measured
indicator were shown in Table 1.

4 Green energy efficiency evaluation
based on the super-efficient DEA
model

4.1 General characteristics of green energy
use efficiency in countries along “the belt
and road”

This paper will substitute the input-output index data of 58
countries along the “the Belt and Road” from 2012 to 2021 into the
DEA-Solver5.0 software. Considering that there are unexpected outputs
in the output variables, this paper uses the Super-SBM model to
calculate and analyze the green energy efficiency of 58 countries
along the “the Belt and Road”. The results are shown in Table 2.

TABLE 2 (Continued) Green energy efficiency super-efficiency values for 58 countries along “the Belt and Road” Initiative area from 2012 to 2021.

Regions Countries 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 mean Rankings

KGZ 0.2 0.21 0.25 0.26 0.22 0.21 0.25 0.21 0.23 0.25 0.23 53

mean 0.49 0.50 0.50 0.49 0.46 0.47 0.51 0.50 0.50 0.50 0.49

CIS RUS 2.12 1.42 1.54 1.59 1.66 1.77 2.02 1.64 1.24 1.74 1.67 1

UKR 0.72 0.72 0.53 0.58 0.53 0.55 0.72 0.72 0.72 0.57 0.64 21

BLR 0.42 0.41 0.46 0.44 0.45 0.43 0.44 0.42 0.43 0.46 0.44 42

GEO 0.25 0.25 0.24 0.19 0.3 0.28 0.26 0.24 0.26 0.23 0.25 52

ARM 0.26 0.24 0.27 0.25 0.22 0.28 0.27 0.25 0.24 0.25 0.25 51

MDA 0.36 0.37 0.38 0.37 0.37 0.33 0.37 0.36 0.38 0.37 0.37 47

mean 0.69 0.57 0.57 0.57 0.59 0.61 0.68 0.61 0.55 0.60 0.60

Middle East Europe POL 1.07 1.09 1.08 1.07 1.07 1.07 1.07 1.07 1.1 1.08 1.08 7

LTU 0.41 0.35 0.49 0.45 0.44 0.53 0.4 0.42 0.49 0.47 0.45 39

EST 1.09 1.09 1.08 1.01 1.07 1.08 1.09 1.07 1.11 1.03 1.07 8

LVA 0.39 0.4 0.41 0.38 0.51 0.51 0.39 0.41 0.38 0.39 0.42 44

CZE 0.69 0.66 0.73 0.78 0.75 0.75 0.72 0.66 0.71 0.73 0.72 17

SVK 0.45 0.46 0.48 0.51 0.53 0.48 0.45 0.46 0.47 0.5 0.48 36

HUN 0.48 0.5 0.53 0.49 0.55 0.54 0.48 0.47 0.51 0.5 0.51 32

SVN 0.46 0.5 0.51 0.49 0.48 0.53 0.47 0.46 0.47 0.52 0.49 34

HRV 0.44 0.43 0.46 0.44 0.45 0.43 0.4 0.46 0.45 0.42 0.44 41

BIH 0.51 0.51 0.49 0.56 0.52 0.54 0.52 0.48 0.58 0.44 0.52 30

MNE 0.35 0.37 0.33 0.29 0.3 0.29 0.32 0.37 0.33 0.35 0.33 48

SRB 0.57 0.6 0.58 0.63 0.58 0.58 0.57 0.58 0.64 0.64 0.6 22

ALB 0.2 0.21 0.22 0.24 0.21 0.2 0.2 0.2 0.21 0.22 0.21 54

ROU 0.5 0.57 0.61 0.54 0.54 0.49 0.48 0.59 0.59 0.57 0.55 29

BGR 0.5 0.45 0.45 0.46 0.48 0.44 0.48 0.46 0.49 0.47 0.47 38

MKD 0.44 0.48 0.51 0.42 0.41 0.39 0.45 0.48 0.45 0.42 0.45 39

mean 0.53 0.54 0.56 0.55 0.56 0.55 0.53 0.54 0.56 0.55 0.55

Overall mean value 0.62 0.62 0.62 0.62 0.62 0.61 0.61 0.62 0.65 0.62 0.62
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It can be seen from the evaluation results in Table 2 that, on
the whole, the average value of the overall green energy efficiency
of the countries along the “the Belt and Road” initiative area in
recent years has little difference, the overall average value is about
0.62, which does not reach the DEA completely effective, and the
difference between different countries is large, showing a trend of
volatility. Specifically, from 2012 to 2021, the green energy
efficiency values of the countries along the “the Belt and
Road” initiative area ranged from 0.07 to 1.67. The green
energy efficiency values of different countries differed greatly.
Bhutan had the lowest green energy efficiency, with an average
efficiency of 0.07. Russia had the highest green energy efficiency,
with an average efficiency of 1.67. From 2012 to 2021, the average
green energy efficiency of countries in the "the Belt and Road"
initiative area reached DEA fully effective (the efficiency value
was greater than 1) in 10 countries, and the green energy
efficiency of the remaining 48 countries along the line was not
fully effective. The average energy input-output efficiency of
countries from 2012 to 2021 is less than 1, which means that
the green energy efficiency of countries along the “the Belt and
Road” initiative area from 2012 to 2021 has not been fully
effective as a whole, and the green energy efficiency of the
initiative area needs to be further improved.

TABLE 3 Green energy efficiency index and decomposition for 58 countries in
“the Belt and Road” Initiative region from 2012 to 2021.

Firm Effch Techch Pech Sech Tfpch Rankings

MNG 0.983 0.996 0.985 0.998 0.979 52

SGP 1 1.003 1 1 1.003 25

MYS 0.992 1.003 0.99 1.002 0.994 40

IDN 0.993 0.998 0.994 0.999 0.991 44

MMR 0.996 1.025 0.996 1 1.02 8

THA 0.981 1.002 0.977 1.004 0.982 50

LAO 0.968 0.985 0.963 1.005 0.953 58

KHM 1.004 1.001 0.957 1.05 1.005 21

VNM 1.011 1.003 1.012 1 1.014 11

BRN 0.955 1.036 1 0.955 0.989 46

IRN 1 1.003 1 1 1.003 25

IRQ 0.997 1.006 0.995 1.002 1.002 31

TUR 1.007 1.023 1 1.007 1.031 3

JOR 0.97 0.999 0.969 1 0.969 56

LBN 1.012 1 1.013 0.999 1.012 13

ISR 1 1.022 1 1 1.022 6

SAU 1 1.002 1 1 1.002 31

OMN 0.999 1.003 1 0.999 1.003 25

ARE 1 0.999 1 1 0.999 36

QAT 1.008 0.977 1.007 1.001 0.985 48

KWT 0.997 0.981 0.991 1.006 0.978 53

BHR 0.991 1.001 0.978 1.013 0.992 42

GRC 1 1.015 1 1 1.015 10

CYP 1.006 1 1 1.006 1.006 19

EGY 1.002 0.992 1.02 0.983 0.994 40

IND 1 0.975 1 1 0.975 55

PAK 1.004 1.003 1.024 0.98 1.007 17

BGD 1.011 1.02 1.012 0.998 1.031 3

LKA 0.993 0.99 0.988 1.005 0.983 49

NPL 0.955 1.024 0.963 0.992 0.978 53

BTN 0.995 0.986 0.941 1.057 0.981 51

KAZ 1 1.001 1 1 1.001 34

UZB 0.997 1.003 0.996 1.001 1 35

TKM 1.002 1.003 1.005 0.998 1.006 19

TJK 1.069 0.995 1.064 1.005 1.064 1

KGZ 1.018 0.996 1.019 0.999 1.014 11

RUS 1 1.024 1 1 1.024 5

UKR 1.015 1.006 1.025 0.99 1.021 7

(Continued in next column)

TABLE 3 (Continued) Green energy efficiency index and decomposition for 58
countries in “the Belt and Road” Initiative region from 2012 to 2021.

Firm Effch Techch Pech Sech Tfpch Rankings

BLR 1.001 1.002 1.001 1 1.004 22

GEO 1.009 1.007 0.92 1.097 1.016 9

ARM 1.016 0.995 1.087 0.934 1.011 15

MDA 1.012 0.996 1.011 1.001 1.008 16

POL 1 0.999 1 1 0.999 36

LTU 0.999 1 0.993 1.006 0.999 36

EST 1 1.007 1 1 1.007 17

LVA 0.976 0.987 0.962 1.014 0.963 57

CZE 1 1.002 1.001 0.999 1.002 31

SVK 0.985 1.005 0.985 1 0.991 44

HUN 0.998 1.013 0.999 1 1.012 13

SVN 1.002 0.997 0.99 1.012 0.999 36

HRV 0.999 1.005 0.999 1 1.004 22

BIH 0.998 1.005 0.998 0.999 1.003 25

MNE 1.061 0.978 1 1.061 1.037 2

SRB 0.989 1.004 0.984 1.005 0.992 42

ALB 0.984 1.005 0.974 1.01 0.989 46

ROU 1 1.004 1.001 1 1.004 22

BGR 0.998 1.005 0.996 1.002 1.003 25

MKD 1.008 0.995 1.006 1.001 1.003 25

mean 0.999 1.002 0.996 1.003 1.001 34

Frontiers in Energy Research frontiersin.org07

Li et al. 10.3389/fenrg.2023.1109045

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1109045


4.2 Energy efficiency characteristics of
different regions along “the belt and road”

The “the Belt and Road” starts from China and extends westward
to Western Europe, including Southeast Asia, West Asia, South Asia,
Central Asia, CIS and Central and Eastern Europe. From the
perspective of the six regions along the “the Belt and Road”,
countries with high green energy efficiency are mostly concentrated
in countries and regions with sufficient energy resources.

The main performance is as follows: overall, the average green
energy efficiency of Southeast Asia,West Asia, SouthAsia, Central Asia,
the Commonwealth of Independent States and Central and Eastern
Europe in the “the Belt and Road“ initiative area from 2012 to 2021 is
0.57, 0.85, 0.48, 0.6 and 0.55 respectively; Among them, West Asia has
the highest green energy efficiency at 0.85, while Southeast Asia and
Central and Eastern Europe have lower efficiency values at 0.57 and
0.55, respectively. The majority of countries with relatively effective
DEA are concentrated in theWest Asian region, with four fully effective
DEA countries accounting for 26.67% of the region. There are not
many countries in other regions where DEA is fully effective.

5 Green total factor energy efficiency
malmquist dynamic index analysis

This study applied DEAP2. 1 software to measure the green energy
efficiency of the countries in “the Belt and Road” Initiative Zone from
2012 to 2021 based on static analysis of the super efficiency of “the Belt
and Road”, and the evaluation results were shown in Table 3.

Table 3 shows the green energy efficiency index and
decomposition of 58 countries in the “the Belt and Road” initiative
area from 2012 to 2021. Among them, effch represents technological
efficiency, techch represents technological progress, pech represents
pure technological efficiency, sech represents scale efficiency, and
tfpch represents total factor productivity. Countries with higher
technological efficiency include TJK, MNE KGZ, countries with
higher technological progress efficiency include BRN, MMR, and
NPL, countries with higher scale efficiency include GEO, MNE, and

BTN, and countries with higher total factor productivity include TJK,
MNE, and TUR. Through comparison, it is not difficult to find that
there is a similar trend in the change rate of green energy efficiency
and technological progress, indicating that technological progress has
a significant impact on green total factor productivity.

Among the 58 countries in the “the Belt and Road” initiative area, 35
countries have achieved fully effective total factor productivity of energy,
accounting for 60.34% of the sample countries in the “the Belt andRoad”
initiative area. And total factor productivity is composed of efficiency
changes and technological progress, that is, tfpch = effch × techch.
Taking Singapore (SGP) as an example, the technical efficiency (effch) of
Singapore (SGP) did not change during the measurement period (with
an average of 1), but its total factor productivity (tfpch) increased by
0.3%, indicating that effective technological progress (techch) has driven
the growth of Singapore’s total factor productivity. During the
calculation period, the technological efficiency (effch) of The
Sultanate of Oman country (OMN) decreased by 0.1%, but its total
factor productivity increased by 0.3%. This indicates that the
improvement of technological progress has led to an increase in the
country’s total factor productivity, which is composed of pure
technological efficiency and scale efficiency, That is to say, existence:
effch = pech × sech, therefore, the level of scale efficiency and pure
technical efficiency will also have an impact on total factor productivity.

It can be seen from Table 4 that from 2012 to 2021, the average
green energy efficiency of the countries in the “the Belt and Road”
initiative area was 1.00, which increased by 0.2 percentage points
compared with 2012. It can be seen from Malmquist index
decomposition that the improvement of total factor productivity
of green energy mainly comes from the improvement of technology
progress (Techch). The average technological progress from 2012 to
2013 was 0.995, and the average technological progress from 2020 to
2021 was 1.035. This indicates that the green energy efficiency of
countries in the "the Belt and Road" initiative area is mainly affected
by technological progress. The technological progress of countries in
the “the Belt and Road” initiative area has an upward trend in green
energy efficiency from 2012 to 2021, The technical efficiency has not
changed much, and the pure technical efficiency (pech) and scale
efficiency (sech) have not reached full efficiency in some years.
Therefore, the energy input scale and structure of countries along
the “the Belt and Road” initiative area still need to be improved. It is
hoped that the scale and structure of energy input will be improved
in the future to maximize the total factor productivity of energy
input and output in the "the Belt and Road" initiative area.

6 Analysis of the factors influencing
green energy efficiency in “the Belt and
Road” initiative countries

The super-efficient DEA model and Malmquist index analysis
can only reflect the influence of endogenous variables on green
energy efficiency, but cannot explore other exogenous variables.
Based on this, this study considers the impact of the following five
factors on green energy efficiency in “the Belt and Road” Initiative
countries based on relevant studies.

(1) Economic strength, expressed by the GDP per capita of each
country, the level of economic development has a very important

TABLE 4 Malmquist index of green energy efficiency and its decomposition in
“the Belt and Road” Initiative zone countries from 2012 to 2021.

Years Effch Techch Pech Sech Tfpch

2012~2013 1.004 0.995 0.962 1.044 0.999

2013~2014 1.029 0.978 1.021 1.007 1.006

2014~2015 0.962 1.044 1.011 0.951 1.004

2015~2016 0.971 1.006 0.938 1.035 0.977

2016~2017 1.028 0.963 1.037 0.991 0.99

2017~2018 1.002 0.989 1.039 0.965 0.991

2018~2019 1.005 1.003 0.957 1.05 1.008

2019~2020 1.01 1.006 1.004 1.005 1.016

2020~2021 0.984 1.035 1.001 0.983 1.019

Average values 0.999 1.002 0.996 1.003 1.001
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impact on energy use efficiency, generally speaking, the more
developed a country’s economy is, the higher its energy use
efficiency is.

(2) Energy consumption structure, expressed by raw coal consumption,
the transformation, and upgrading of energy consumption
structure can improve energy use efficiency. Generally speaking,
the greater the coal consumption, themore the energy consumption
structure is skewed towards a traditional energy structure with high
emissions, and the lower its energy use efficiency.

(3) The degree of regional openness expressed in terms of total
import and export volume, indicates that import and export
trade can promote the flow of energy factors, thereby improving
energy utilization efficiency.

(4) The industrial structure, expressed as the share of industrial
value added in GDP, and the share of the secondary sector in
GDP affects energy consumption and thus green energy
efficiency, so this study uses the share of industrial value
added in GDP to represent the industrial structure.

(5) R&D expenditure, expressed as a proportion of each country’s
GDP, is generally higher, indicating that a country places more
emphasis on science and technology, and correspondingly more
efficient use of energy.

Considering that the data of these variables in 2021 are not
complete enough, this paper uses Eviews9.0 software and maximum
likelihood estimation method to conduct Tobit regression on the
external factors that affect the energy utilization efficiency of 58
countries along the “the Belt and Road“ initiative area from 2012 to
2021. The results are shown in Table 5.

In terms of significance level, economic strength, energy
consumption structure, regional openness, industrial structure, and
R&D expenditure passed the significance test, as analyzed below.

First, from the economic strength factor, the economic strength of
each country is significantly and positively correlated with energy use
efficiency, indicating that the more economically developed countries
and regions within the Initiative area are, the more efficient their
energy use is, which is in line with the actual situation. Because
regional economic development can promote the upgrading of
industrial structures and technological innovation, the stronger the
regional economic strength, the more it can provide a strong platform
to support the development of science and technology innovation.

Second, from the perspective of energy consumption structure, the
quantity of coal consumption is positively correlated with energy
utilization efficiency, indicating that the higher the proportion of coal
consumption in energy consumption, the higher the energy utilization

efficiency. This may be due to the fact that coal consumption in
traditional industries belongs to high-energy consuming industries.
The extraction and use of coal can cause air pollution, stimulate
energy governance efficiency, and accelerate the development and use
of clean energy, thereby further improving green energy efficiency.

Third, from the perspective of regional openness, there is a negative
correlation between regional openness and energy utilization efficiency.
This indicates that regions with higher levels of openness tend to have
lower energy utilization efficiency. Generally speaking, higher levels of
regional openness are more conducive to technological exchange and
learning among different countries, resulting in higher energy efficiency.
However, it is also possible that higher levels of regional openness lead
to higher energy consumption, Various low-energy sources will also be
used, thereby reducing the overall energy efficiency.

Fourth, in terms of industrial structure, industrial structure and
energy use efficiency are positively correlated. The proportion of
industrial value added to GDP reflects the contribution of
production units to GDP, indicating that the higher the proportion
of industrial value added to GDP, the higher the energy use efficiency

Fifth, from the perspective of R&D expenditure, there is a positive
correlation between R&D expenditure and energy utilization efficiency,
indicating that improving the regional research environment is
conducive to improving energy efficiency. Technological research and
development is a carrier of technological innovation, which can promote
the transformation of scientific and technological achievements. The
higher the proportion of research and development expenditure, the
more conducive it is to the improvement of energy efficiency in various
countries.

7 Research conclusions and
recommendations

This study evaluated the green energy efficiency of
58 countries and regions along “the Belt and Road” Initiative
Zone from 2012 to 2021 using the super-efficiency DEA model
and Malmquist index analysis and explored the external
environmental factors and the degree of influence of green
energy efficiency in “the Belt and Road” Initiative Zone
countries using the Tobit regression analysis.

First, the static super efficiency DEA results show that in recent
years, the overall efficiency of green energy in the countries along the
“the Belt and Road” initiative area has little difference, the overall
average is about 0.62, which does not reach the full efficiency of DEA,
and the difference between different countries is large, showing a trend

TABLE 5 External factors affecting energy use efficiency in 58 countries along “the Belt and Road” Initiative zone from 2010 to 2019.

Variable Coef. Std. Err. t P > t

Economic strength 6.62E-06 1.13E-06 5.85 0.000

Energy consumption structure 0.048 0.005 9.00 0.000

Regional openness -0.002 0.000 -6.58 0.000

Industrial structure 0.660 0.112 5.90 0.000

R&D expenditure 0.240 0.021 11.56 0.000

_cons 0.302 0.042 7.26 0.000

Note: ***, **, * indicate passing the 1%, 5%, 10% significance tests respectively.
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of volatility. Further analysis shows that the green energy efficiency of
countries in the “the Belt and Road” initiative area varies greatly in
different regions, which is mainly reflected in the high green energy
efficiency in Southeast Asia, West Asia and Central and Eastern
Europe, the low green energy efficiency in South Asia, Central Asia
and the Commonwealth of Independent States, and the countries with
high green energy efficiency are mostly concentrated in countries and
regions with sufficient energy resources. The green energy efficiency
values vary greatly among different countries, with Bhutan having the
lowest green energy efficiency and Russia having the highest green
energy efficiency. Based on this, all countries in the “the Belt and Road”
initiative area should choose production development strategies
according to local conditions, combine their own energy factor
advantages, deepen energy cooperation, achieve complementary
advantages, form win-win development, and comprehensively
improve the green all factor production efficiency of the initiative area.

Second, the results of the dynamicMalmquist Index analysis showed
that the green total factor productivity of “the Belt and Road” Initiative
countries has been hovering around 1.00 in recent years, there is no
significant improvement trend. As total factor productivity is made up of
technical efficiency and technological progress, to improve overall total
factor productivity, we should start from both technical efficiency and
technological progress. Technical efficiency includes both pure technical
efficiency and scale efficiency. On the one hand, countries should
continuously adjust their energy structure to meet the requirements
of green, environmental protection, and sustainability according to the
current energy situation and energy policies at home and abroad. On the
other hand, countries should expand the scale of investment in energy
efficiency, attach importance to the green energy industry, take the
market as the guide, give full play to their advantages, guide the industry
to gradually adapt to the market’s green, energy-saving and
environmental protection needs, grasp the major development
opportunities brought by “the Belt and Road” Initiative, enhance
energy cooperation between different countries. It will also enhance
energy cooperation between different countries and complement each
other’s strengths to achieve intensive, efficient and green use of resources.

The third, Tobit regression analysis of the external factors of green
energy efficiency in “the Belt and Road” Initiative 58 countries showed
that economic strength, energy consumption, industrial structure, are
significantly and positively related to green energy efficiency in the
Initiative, while regional openness are negatively related to green energy
efficiency in the Initiative. Based on this, if we want to improve green
energy efficiency in “the Belt and Road” Initiative 58 countries, we
should start from the following aspects: firstly, countries should
strengthen their economic strength to provide a good economic
environment for green total productivity; secondly, countries should
actively promote the upgrading of industrial structure, increase the
proportion of industrial value added to GDP and Secondly, countries
should actively promote the upgrading of industrial structure, increase
the proportion of industrial value added inGDP and enhance the added
value of products. Thirdly, countries should seize the major
development opportunity of “the Belt and Road” Initiative and
proactively integrate into the global opening-up pattern; finally,
governments should create a favorable research environment,
actively promote R&D and innovation in the energy sector and
advocate environmental protection.

In general, the overall green energy efficiency of the 58 countries in
the “the Belt and Road” initiative area is not high and regional

differences are obvious, but there are obvious regional differences,
and there is no obvious upward trend in green energy efficiency in
recent years. Countries should make good use of their resource
advantages to improve the overall green energy efficiency of “the
Belt and Road” Initiative region by local conditions. Countries
should seize the major development opportunity of “the Belt and
Road” Initiative, strengthen inter-regional cooperation and exchange,
and implement outbound strategies. Not only should the internal input
and output structure of energy be adjusted, but external environmental
factors such as economic strength, industrial structure, regional
openness, and R&D expenditure should also be taken into account
to create a favorable development environment for green energy
efficiency in “the Belt and Road” Initiative region.
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