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Abstract 
As rapid economic growth in China in recent decades, the quality of eco-
nomic growth through improvement of energy efficiency has attracted great 
attention. This paper evaluated energy efficiency of 29 provinces in China 
between 2000 and 2016 based on a global non-radial directional distance 
function. Moreover, the dynamics of energy efficiency were investigated us-
ing the non-radial global Malmquist-type efficiency index. The paper also 
sheds light on the evolution of inequalities in energy efficiency by decompos-
ing interprovincial inequality into its within-region and between-region 
components. The findings of the study are as follows. First, the national 
energy efficiency was 0.49 in 2016, which indicated that 51% improvement 
could be made to reach the global technology frontier. Tianjin, Shanghai, 
Jiangsu, Shandong and Guangdong had the best energy efficiency in 2016, 
while Ningxia and Xinjiang had the lowest performance. Second, the national 
annual growth rate of energy efficiency was 3.4% between 2011 and 2016, 
which was a positive sign of energy efficiency improvement. Shandong made 
the biggest improvement in energy efficiency from 2011 to 2016, with 26.2% 
annual growth rate. Lastly, within-region inequality saw a decreasing trend 
after 2010 and was overtaken by between-region inequality in 2016. 
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1. Introduction 

As China has experienced a rapid economic increase in recent decades, about 
23.4% primary energy consumption comes from China, more than the United 
States (16.5%) and the total Europe (14.6%) in 2017 [1]. Rapid economic growth 
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has led to an increasing GDP and better living conditions. In addition, it has 
caused rapid increase in energy consumption. According to Chinese Statistical 
Yearbooks, China’s energy consumption also rose dramatically, from 1385.70 
million metric tce in 2000 to 3590.00 million tce in 2017. The large amount of 
energy consumption has caused rapid rise in CO2 emissions and further contri-
buted to global warming. Therefore, China’s government has set some targets to 
promote sustainable development and has paid great attention to energy saving 
and CO2 emissions mitigation. China has set a target of reducing carbon inten-
sity by 40% - 45% by 2020, compared to 2005 levels, and increasing the propor-
tion of non-fossil fuels in primary energy consumption to around 15% [2]. 
Therefore, to realize the mitigation goal, more attention should be paid on the 
quality of economic growth through improvement of energy efficiency. 

Energy efficiency has been widely measured by energy intensity [3] [4] [5]. 
However, energy intensity is not able to fully demonstrate the total-factor pro-
duction process. Therefore, these indexes can be regarded as the partial-factor 
energy performances analysis. To measure total-factor energy efficiency, data 
envelopment analysis (DEA) has attracted great attention globally [6] since it 
can be easily adopted to a multiple input-output framework to compute the 
energy performance, which is more reasonable than using single-factor energy 
performance analysis. Many studies have measured energy efficiency or CO2 
emissions performance using DEA methods, mainly in regional or provincial 
level in China [7]. Some studies also adopted the directional distance function 
(DDF) to evaluate efficiency of China’s regions [8] [9] [10]. In this study, we use 
the global metal-frontier non-radial directional distance function, which covers 
all DMU and all periods, proposed by [11] to measure energy efficiency. This 
function has three strengths. First, it can isolate efficiency from overall technical 
efficiency. Moreover, efficiency analysis can incorporate in technological hete-
rogeneity. Third, the discriminating power and comparability of the directional 
distance function model can be increased through constructing the global envi-
ronmental technology frontier. 

To evaluate dynamics of environmental productivity change, [12] was the first 
to propose a Malmquist-Luenberger (ML) index to compute environmentally 
sensitive productivity growth. Many empirical studies applying the ML index to 
measure green total-factor productivity growth, such as [13] [14] [15] [16] pro-
posed a non-radial global Malmquist index which was developed by putting the 
non-radial distance function [17] and the global ML index [18] into a single 
framework. The integrated index can be used to measure dynamics free from the 
slack-neglecting problem as well as the infeasible solution challenge. In this 
study, we adopt the non-radial global Malmquist index [16] to evaluate the dy-
namic change of energy efficiency. 

Meanwhile, we explain the evolution of regional inequalities in the provincial 
energy efficiency using Theil index, Gini index and CV index which are popular 
in the literature on regional inequality [19] [20] [21] [22]. However, most pre-
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vious studies focus on the regional inequality of single-factor index, such as 
energy intensity [23] [24] [25], and few analyze regional inequality based on a 
total-factor production process. In this paper, we analyze regional inequality 
based on a multiple input-output framework and decompose interprovincial in-
equality into between-region inequality and within-region inequality to deter-
mine regional characteristics. 

The contributions of this study are twofold. First, the analysis target inequality 
in energy efficiency uses total-factor energy performance index, while previous 
inequality research has mainly focused on energy intensity or per capita energy. 
Second, previous studies mainly focus on total-factor performance of cross-sec- 
tional data, while we emphasize the evolution of energy efficiency and its dy-
namics over a 16-year period, which may yield richer insights regarding the de-
velopment paths of energy efficiency and help policymakers to implement miti-
gation policies accordingly. 

2. Methodology 
2.1. Environmental Production Technology 

Suppose that a decision making unit uses capital stock (K), labor force (L), and 
energy (E) as inputs to produce gross domestic product (Y) as a desirable output 
and CO2 emissions (C) as an undesirable output. Therefore, we define an envi-
ronmental production technology set, as follow: 

( ) ( ) ( ){ }, , , , : , , can produce ,K L E Y C K L ET Y C=         (1) 

According to the traditional production theory, we assume the environmental 
production technology is a closed and bounded set. This assumption means that 
finite inputs can only produce finite outputs [26]. Moreover, inputs and desira-
ble outputs are assumed to be strongly disposable. Also, the environmental pro-
duction technology is assumed to have weak disposability as well as null-jointness. 
The weak disposability assumption suggests that the decrease of undesirable 
output is costly in terms of a proportional decrease in desirable output. The 
null-jointness assumption means that a decision making unit should produce 
desirable and undesirable outputs simultaneously. We can express these two as-
sumptions as follows: 

1) If ( ), , , ,K L E Y C T∈  and 0 1θ< ≤ , then ( ), , , ,K L E Y C Tθ θ ∈ . 
2) If ( ), , , ,K L E Y C T∈  and 0C = , then 0Y = . 
Suppose that there are 1,2, ,n N=   decision-making units and for deci-

sion-making unit i, the vector of three inputs, desirable outputs, and undesirable 
outputs can be expressed as ( ), , , ,n n n n nK L E Y C . The environmental production 
technology for the decision making units exhibiting variable returns to scale 
(VRS) can be expressed as follows: 
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where Zn is an intensity variable. After constructing the environmental produc-
tion technology, energy efficiency can be measured using the non-radial direc-
tional distance functions. 

2.2. Global Non-Radial Directional Distance Function 

We define the global environmental production technology as  
1 2G TT T T T=    following [18]. The global environmental production 

envelops indicates that it composes of all decision making units over the whole 
study period. In other words, all contemporaneous environmental production 
technologies are enveloped by global environmental production technology. In 
addition, we assume that all decision making units can access this global envi-
ronmental production technology. The value of global NDDFs of a decision 
making unit can be denoted as ( ), , , , ;

G S S S S SND K L E Y C g


, where the super-
script G on ( ), , , , ;S S S S SND K L E Y C g



 means the global NDDF.  

( ), , , , ;S S S S SND K L E Y C g


can be evalluated by solving the following DEA-type 
model: 
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where ( )T, , , ,K L E Y cw w w w w w=  means the normalized weight vector related to 
the number of inputs and outputs, ( ), , ,K L E Y Cg g g g g g= − − − − −  is the expli-
cit directional vector, the symbol diag means the diagonal matrices, and 

( ), , , , 0G G G G G
K L E Y Cβ β β β β β= ≥  suggests the scaling factors indicating the indi-

vidual inefficiency measure for K, L, E, Y and C. To evaluate the energy efficien-
cy of each province, it is reasonable to consider all the factors' effect. In this 
study, we set the weight vector as (1/9, 1/9, 1/9, 1/3, 1/3), and the individual in-
efficiency of each factor can be evaluated as followings. 
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Based on these values for the GMNDDF, we have 
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TEPIG measures the maximum possibility to reduce energy intensity, which 
can be used to measure energy efficiency of each province over a certain period 
of time. Obviously, TEPIG lies between zero and unity, and the higher the TEPIG, 
the better is energy efficiency. The province enjoys the best energy efficiency if 
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TEPIG equals to 1. 

2.3. Dynamics 

[16] combined the non-radial distance function and global Malmquist-Luenberger 
index to propose an integrated index, the non-radial global Malmquist index, 
which offers a way of evaluating the changes of efficiency free from the infeasi-
bility and slack neglecting problem. Similarly, in this paper, we evaluate the dy-
namics of energy efficiency using the non-radial global Malmquist energy per-
formance index (NGMEPI) as follows: 

( )
( )

( )
1 1 1 1 1

NGMEPI , , , ,

, , , ,
, , 1

, , , ,

S S S S S

G t t t t t

G t t t t t

K L E Y C

TEPI K L E Y C
S t t

TEPI K L E Y C

+ + + + +

= = +
            (5) 

( )NGMEPI , , , , 1S S S S SK L E Y C >  corresponds to efficiency gain;  

( )NGMEPI , , , , 1S S S S SK L E Y C <  corresponds to efficiency loss. 
The NGMEPI measures the changes in TEPI on TG for the period between t 

and t + 1. 

2.4. Inequality Measures 

In this study, we focused on measures of dispersion, concentration, and entropy. 
Therefore, we evaluate the inequality of provincial energy efficiency through the 
coefficient of variation (CV), Gini coefficient and Theil Index. 

CV is the simplest method to measure inequality, which is readily intelligible, 
but sensitive to outliers. The CV of energy efficiency indicates the standard dev-
iation divided by the average energy efficiency and is calculated as follows: 

1CV
N

ii
y y N

y
=

−
=

∑
                      (6) 

where yi is TEPI of province i, N is the number of provinces and y is the mean 
TEPI of all provinces. According to [21], we adopted the unweighted CV which 
better shows disparities between regions, instead of the weighted CV, which bet-
ter shows disparities between individuals. 

The Gini coefficient is a widely used index based on the Lorenz Curve, but is 
unduly influenced by high values. The Gini Coefficient for energy efficiency is 
evaluated as follows: 

1
1

2 11N
iN i

ii

G i y
NN y =

=

 
 = × − −
  

∑
∑

                 (7) 

where N is the number of provinces and iy  is energy efficiency of the ith 
province, ordered by energy efficiency. 

The Theil Index is a weighted entropy index, allowing an examination of the 
regional composition of inequality. The Theil Index is calculated as follows: 
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( )1 logN i
ii
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=  

 
∑                       (8) 

where yi is the portion of TEPI of the ith province to the total energy efficiency 
of all sampled provinces and xi is 1 to all sampled provinces. 

This can be decomposed into between region and within region components 
as follows: 

br wrT T T= +                           (9) 

where Tbr equals the total between region contribution to the Theil Index and Twr 
equals the total contribution to the Theil Index from within regions. Tbr is calcu-
lated as follows: 

( )1 logN r
br rr

r

yT y
x=

 
=  

 
∑

                   
 (10) 

where ry  is the portion of total TEPI of the rth region to the total energy effi-
ciency of all regions and rx  is the portion of the amount of provinces of rth re-
gion to the total amount of province of all regions, and N is the number of re-
gions. 

Twr is calculated as follows: 

( ) ( )( ) ( )

( )
1 log i rN

wr r i rr i
i r

y
T w y

x=

  
  =

    
∑ ∑

             

 (11) 

where rw  is a weighting of the portion of total energy efficiency to the total 
energy efficiency of all provinces, ( )i ry  is the portion of TEPI of the ith province 
in the rth region to the total TEPI of the rth region and ( )i rx  is 1 to the amount 
of provinces within the rth region. 

3. Empirical Application 
3.1. Data 

In terms of the output variables, GDP was used to describe the desirable output 
of each province. The energy data were collected from the China Energy Statis-
tical Yearbook from 2001-2017. Energy input was transformed into standard 
coal equivalents. The CO2 emissions calculation method used in this study fol-
lowed [27]. Employed persons at year-end in urban areas are used as the labor 
input, which is taken from the China Statistical Yearbooks and China Labor Sta-
tistical Yearbook. Because capital stock data are not available from official 
sources, we calculate the capital stock based on the perpetual inventory method: 

( ) 11t t tK I Kδ −= + −                      (12) 

In Equation (12), Kt, It, δ indicates the capital stock, investment in fixed assets, 
and depreciation rate at time t, respectively. Kt−1 refers to the capital stock in pe-
riod t − 1. The monetary variables, including GDP and capital stock, are con-
verted into 1978 constant price. Table 1 shows the descriptive statistics of 29 
provinces in China from 2000 to 2015. 
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3.2. Region Division 

There has a history about the regional division ways in geographic studies of 
China, whereas it is generally agreed that there are vast differences in determin-
ing how many regions China has, and what their borders are. The “three belts” 
scheme originating in the Seventh Five-Year Plan is not suitable to China’s ac-
tual conditions especially when the Western Development Program, the North-
east Area Revitalization Plan, the Rise of Central China Plan were proposed one 
after another after 2000. In this study, we adopt the four regional division, 
namely, eastern region, central region, western region and northeast region, put 
forward in the Eleventh Five-Year Plan (2006-2010). 

In addition, we merge Chongqing with Sichuan because data for Chongqing 
independent of Sichuan for the period before 1997 are largely unavailable. 
Therefore, this study includes 29 provinces in total. 

Figure 1 shows the regional division in China. In this study, we divide Chinese  
 

Table 1. Descriptive statistics of 29 provinces in China, 2000-2015. 

Variable Observation Unit Mean Std. Deviation Minimum Maximum 

K 493 100 million yuan 7246.09 8450.51 207.49 63,747.62 

L 493 10 thousand person 807.74 669.45 66.30 4918.00 

E 493 10 thousand tons 11,125.68 8019.63 480.00 38,899.00 

Y 493 100 million yuan 3052.78 3145.79 72.18 19,197.91 

C 493 10 million tons 23,850.68 17,827.23 81.44 84,219.85 

 

 
Figure 1. Spatial distribution of eastern, central, west and northeast region. 
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29 provinces into 4 regions, namely, eastern region, central region, west region 
and northeast region. There are four colors in Figure 1 and these colors represent 
these four regions, respectively. 

4. Empirical Results 
4.1. Energy Efficiency and Dynamics 

Table 2 documents each province’s TEPI and its rank in 2000, 2005, 2010 and 
2016 as well as the NGMEPI during the three periods 2001-2005, 2006-2010 and 
2011-2016. Regarding the national level, the average of total-factor energy per-
formance is 0.49 in 2016, which indicates that 51% improvement could be made 
to reach the global technology frontier. At the region level, eastern region en-
joyed the fastest total-factor energy performance growth from 2000 to 2016, 
namely −1% during 2000-2005, 7% during 2006-2010 and 6% during 2011-2016. 
It is worth noting that western region experienced a rapid growth rapid during 
2011-2016 (2.8%) though it was a laggard previously. Considering specific prov-
ince, TEPI of Tianjin, Shanghai, Jiangsu, Shandong and Guangdong was 1 in 
2016, indicating that they had the best energy performance among all provinces. 
TEPI of Tianjin (1.00), Shanghai (1.00), Shandong (1.00), Guangdong (1.00), 
Jiangsu (1), Sichuan (0.90), Beijing (0.86), Hainan (0.71), Zhejiang (0.58), Fujian 
(0.58) and Hubei (0.52) in 2016 were above the national average (0.49). However, 
there were great potential for Xinjiang (0.11), Ningxia (0.15), Shanxi (0.16), 
Guizhou (0.20) and Inner Mongolia (0.24) to improve energy efficiency. 

Table 3 shows the dynamics of 29 provinces over the study period. The na-
tional annual growth rates of the total-factor energy performance of Chinese 
provinces changed by approximately −3.0%, 2.1% and 3.4% under NGMEPI es-
timation during 2000-2005, 2006-2010, 2011-2016, respectively (NGMEPI minus 
one is equal to the growth rate of total-factor energy performance).These indi-
cate that, on average, the ratio of target energy intensity to actual energy inten-
sity decreased by 3.0% during 2000-2005, increased by 2.1% during 2006-2010 
and 3.4% per year during 2011-2016. Shandong had the highest growth rate 
during 2011-2016 with 26.2% average growth rate followed by Guangdong 
(12.4%), Yunnan (11.5%), Jiangsu (10.9%), Jilin (9.1%). However, there are 8 
provinces which fail to improve energy efficiency during 2011-2016 and their 
NGMEPI is smaller than 1, namely Qinghai (0.98), Heilongjiang (0.98), Ningxia 
(0.97), Xinjiang (0.97), Hainan (0.95), Fujian (0.92), Hunan (0.91) and Anhui 
(0.90). 

4.2. Interprovincial Inequality 

According to Figure 2, the CV, Theil Index, and Gini coefficient all revealed a 
similar trajectory of interprovincial inequality for the period from 2000 to 2016. 
The CV depicts a sharper decline of inequality over the study period than the 
other two indices. The net result is, interprovincial inequality in 2016 was about 
13.8% lower, 16.3% higher, and 35.1% higher, than the 2000 level, according to  
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Table 2. Level and growth of TEPIG by province in China, 2000-2016. 

Provinces 
TEPI Level TEPI Rank NGMEPI 

2000 2005 2010 2016 2000 2005 2010 2016 2000-2005 2006-2010 2011-2016 

Eastern Region 0.50 0.47 0.65 0.80     0.99 1.07 1.06 

Beijing 0.29 0.38 0.52 0.86 24 14 10 7 1.06 1.07 1.09 

Tianjin 0.34 0.49 1.00 1.00 16 6 1 1 1.07 1.18 1.02 

Shanghai 0.47 0.54 1.00 1.00 9 5 1 1 1.03 1.14 1.01 

Jiangsu 0.43 0.37 0.55 1.00 11 11 8 1 0.97 1.08 1.11 

Zhejiang 0.47 0.33 0.41 0.58 8 10 12 9 0.93 1.04 1.06 

Fujian 1.00 0.84 1.00 0.58 1 2 1 10 0.97 1.04 0.92 

Shandong 0.35 0.22 0.27 1.00 15 23 17 1 0.92 1.04 1.26 

Hainan 1.00 0.97 1.00 0.71 1 1 1 8 0.99 1.01 0.95 

Guangdong 0.44 0.40 0.55 1.00 10 12 9 1 0.98 1.07 1.12 

Hebei 0.18 0.16 0.20 0.27 29 25 23 24 0.98 1.05 1.05 

Central Region 0.46 0.39 0.47 0.39     0.98 1.02 1.01 

Henan 0.32 0.23 0.24 0.39 17 21 22 16 0.93 1.02 1.08 

Anhui 0.50 0.70 1.00 0.42 7 3 1 14 1.08 1.08 0.90 

Jiangxi 0.36 0.31 0.37 0.44 13 8 13 12 0.97 1.04 1.03 

Hubei 0.35 0.34 0.32 0.52 14 15 14 11 0.99 0.99 1.09 

Hunan 1.00 0.59 0.78 0.40 1 7 7 15 0.90 1.06 0.91 

Shanxi 0.22 0.19 0.14 0.16 27 29 29 27 0.98 0.94 1.02 

Western Region 0.50 0.29 0.28 0.32     0.93 0.99 1.03 

Sichuan 1.00 0.80 0.91 0.90 1 4 6 6 0.96 1.03 1.00 

Guizhou 0.22 0.22 0.14 0.20 28 26 27 26 1.01 0.92 1.05 

Yunnan 0.27 0.18 0.19 0.36 25 24 24 18 0.94 1.02 1.11 

Shaanxi 0.32 0.24 0.25 0.34 18 19 19 21 0.94 1.01 1.05 

Gansu 0.24 0.23 0.24 0.34 26 20 21 20 0.99 1.02 1.06 

Qinghai 1.00 0.38 0.31 0.27 1 16 15 23 0.83 0.97 0.98 

Ningxia 1.00 0.23 0.18 0.15 1 22 26 28 0.82 0.97 0.97 

Xinjiang 0.29 0.23 0.14 0.11 23 27 28 29 0.96 0.92 0.97 

Guangxi 0.40 0.31 0.25 0.33 12 18 20 22 0.95 0.96 1.05 

Inner Mongolia 0.30 0.14 0.19 0.24 20 28 25 25 0.87 1.06 1.05 

Northeast Region 0.30 0.36 0.33 0.39     1.03 0.99 1.03 

Liaoning 0.30 0.43 0.29 0.35 21 9 16 19 1.08 0.92 1.03 

Heilongjiang 0.31 0.42 0.44 0.38 19 13 11 17 1.06 1.01 0.98 

Jilin 0.29 0.23 0.26 0.43 22 17 18 13 0.96 1.02 1.09 

National 0.47 0.38 0.44 0.49     0.97 1.02 1.03 
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Table 3. NGMPCI of TEPI by province in China, 2000-2016. 

Provinces 2002 2004 2006 2008 2010 2012 2014 2016 

Beijing 1.09 1.03 1.05 1.10 1.05 1.04 1.06 1.09 

Tianjin 1.08 1.06 1.44 0.85 1.14 1.01 1.09 1.04 

Shanghai 1.04 1.02 1.05 1.10 1.36 1.05 1.08 1.05 

Jiangsu 1.02 0.92 1.03 1.06 1.13 1.27 1.13 1.00 

Zhejiang 0.96 0.87 1.02 1.05 1.03 1.07 1.07 1.10 

Fujian 1.00 1.00 1.15 0.99 1.12 1.02 0.92 0.71 

Shandong 0.97 0.83 1.00 1.07 1.04 1.14 1.46 1.00 

Hainan 1.00 1.00 1.04 1.00 1.04 0.88 0.89 1.21 

Guangdong 1.00 1.05 1.05 0.95 1.22 1.50 1.02 1.00 

Hebei 0.97 0.91 1.04 1.05 1.08 1.11 1.03 1.05 

Henan 1.01 0.85 0.93 1.06 1.01 1.11 1.02 1.09 

Anhui 1.16 1.27 1.11 1.11 1.00 1.00 0.98 0.42 

Jiangxi 0.97 0.90 1.00 1.06 1.09 1.10 1.04 1.06 

Hubei 0.94 0.96 0.96 1.04 0.95 1.06 1.07 1.06 

Hunan 0.88 0.97 1.08 1.09 1.00 1.00 0.97 0.57 

Shanxi 0.95 1.02 0.71 1.00 1.01 1.03 1.05 1.05 

Sichuan 0.97 1.01 0.99 0.92 1.12 1.00 1.00 0.90 

Guizhou 1.11 0.97 0.95 0.92 0.78 1.01 1.06 1.03 

Yunnan 0.93 1.30 0.98 1.05 1.03 1.04 1.07 1.24 

Shaanxi 0.96 0.90 1.03 1.03 1.00 1.03 1.03 1.07 

Gansu 1.01 0.95 1.01 1.02 0.86 1.07 1.07 1.10 

Qinghai 0.80 0.73 0.94 1.18 0.98 0.95 1.03 1.03 

Ningxia 1.00 0.78 0.84 1.23 1.03 0.92 0.95 1.02 

Xinjiang 1.00 0.89 0.94 1.01 1.00 1.05 0.95 0.95 

Guangxi 1.03 0.85 0.90 1.03 0.98 1.03 1.06 1.17 

Inner Mongolia 0.93 0.77 0.88 1.07 1.10 1.03 1.00 1.06 

Liaoning 1.14 1.04 0.97 0.91 0.93 1.07 1.05 1.01 

Heilongjiang 1.12 1.03 1.05 1.05 1.01 0.89 0.90 1.06 

Jilin 0.98 1.03 0.97 1.04 1.03 1.13 1.09 1.09 

Eastern Region 1.01 0.97 1.09 1.02 1.12 1.11 1.08 1.02 

Central Region 0.99 1.00 0.96 1.06 1.01 1.05 1.02 0.87 

Western Region 0.97 0.91 0.95 1.05 0.99 1.01 1.02 1.06 

Northeast Region 1.08 1.03 1.00 1.00 0.99 1.03 1.01 1.05 

National Level 1.00 0.96 1.00 1.04 1.04 1.06 1.04 1.01 
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the CV, Gini coefficient, and the Theil index. Interprovincial inequality de-
creased slightly during 2000-2003, rose continuously during 2006-2016. 

4.3. Interregional and Intraregional Inequalities 

Figure 3 shows the details of the inequalities by decomposing the Theil index 
into between-region and within-region inequality. Figure 3 shows that the con-
tributions of these components’ inequality varied over time. The intraregional 
components of the Theil Index can be further decomposed into contributions by 
region, namely eastern region, Central region, west region and northeast region. 

In general, within-region inequality was higher than between-region inequa-
lity from 2000 to 2015. Within-region inequality determined the overall trend of 
interprovincial inequality, so both of them have similar varying tendency. Intra-
regional inequality decreased from 0.1063 in 2000 to 0.0672 in 2003, rose steadily  

 

 
Figure 2. Measures of TEPIG inequality in China, 2000-2016. 

 

 
Figure 3. Components of Theil index of TEPIG, 2000-2016. 
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to 0.1048 in 2010, with the exception of the year 2008 when it declined suddenly 
to 0.09. Moreover, intraregional inequality declined continuously between 2010 
and 2016 and dropped to 0.0743 in 2016. Interregional inequality remained rela-
tively low from 2000 to 2002, increase steadily following years, rising to 0.0838 in 
2016. Noticeably, in 2016, within-region inequality was overtaken by between- 
region inequality for the first time. 

Between 2000 and 2003, interprovincial inequality decreased rapidly and the 
decrease of intraregional inequality can account for this trend. However, the de-
cline of interprovincial and intraregional inequality between 2000 and 2003 did 
not constitute long-term regional convergence but rather was a short-lived phe-
nomenon. 

From 2003 to 2012, interprovincal and intraregional inequality increased stea-
dily which can be interpreted as evidence for the Rise of Central China Plan 
proposed in 2004. The plan might led to the significant increase of energy effi-
ciency in Anhui, from 0.679 in 2004 to 1 in 2012, and decrease of energy effi-
ciency in Shanxi (from 0.209 in 2004 to 0.129 in 2012). Intraregional inequality 
from Western region decreased significantly and it might be interpreted as evi-
dence for the Western Development Program carried out in 2009. Energy effi-
ciency of Ningxia (from 1 in 2000 to 0.243 in 2008), Sichuan (from 1 to 0.773 in 
2008), Shaanxi (from 0.322 in 2000 to 0.252 in 2008) and Inner Mongolia (from 
0.302 in 2000 to 0.151 in 2008) decreased during 2000-2008. After 2008, intrare-
gional inequality form Western region experienced an increasing trend. In 2008, 
Theil index of interprovincial inequality reduced to 0.1151 suddenly, which 
might be interpreted as the negative effect of the economic crisis that started in 
2008. The decline of interregional inequality in 2008 was the result of the de-
crease of intraregional inequality in eastern as well as western region. 

From 2012-2016, the trend of the inequality of inequality components 
changed significantly. Interprovincial inequality experienced a sudden decrease 
in 2012, which might be interpreted by the launch of a 4 trillion-yuan stimulus 
plan. This plan was proposed to stimulate the economy and construct infra-
structure, which boosted high energy consuming industries in short time and 
also promote energy saving and emission reduction in the long run. From 2013 
to 2016, interprovincial inequality saw a gradual increase, rising from 0.1318 to 
0.1581. In terms of within-region inequality, it decreased from 0.1017 in 2012 to 
0.0743 in 2016. However, between-region inequality experienced an increasing 
trend, rising from 0.0436 in 2012 to 0.0838 in 2016. 

Figure 4 illustrates that throughout the period studied, the between-region 
component of the TEPI Theil Index contributes 0.0107 in 2000 and 0.0838 in 
2016, while the within-region components of the TEPI Theil Index is 0.1063 in 
2000 and 0.0743 in 2016. Within-region inequality of eastern region fluctuated 
over the study period, at 0.0279 in 2000 and 0.0266 in 2016. As for within-region 
of central region, it increases from 0.0191 in 2000 to 0.0298 in 2010, and de-
creases to 0.0082 in 2016. In terms of within-region inequality of western region, 
it decreases from 0.0593 in 2000 to 0.0210 in 2008, and then increases to 0.0423  
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in 2016. As for northeast region, the amount of it is negligible over the study period. 
Table 4 shows the share of inequality of various components between 2000 

and 2016. Within-region inequality is the main contributor of the total inequali-
ty during 2000-2015. In other words, in 2000, with-in region inequality accounts 
for 90.85% of the total inequality, while it decreases to 46.99% in 2016. As for within  

 

 
Figure 4. Components of Theil Index of TEPIG Inequality in China 2000-2016. 

 
Table 4. Share of inequality, 2000-2016. 

Share of Inequality (%) 

Year Between-region Within-region East region Central region West region Northeast region 

2000 9.15 90.85 23.87 16.33 50.66 0.01 

2001 10.24 89.76 23.19 13.10 53.41 0.04 

2002 11.69 88.31 26.60 12.28 49.04 0.39 

2003 22.58 77.42 31.86 15.88 28.76 0.96 

2004 20.08 79.92 36.33 16.72 25.85 1.02 

2005 20.17 79.83 38.15 20.64 20.56 0.54 

2006 21.69 78.31 37.01 21.99 18.80 0.47 

2007 21.29 78.71 34.10 23.37 20.86 0.37 

2008 21.81 78.19 33.62 25.75 18.20 0.61 

2009 21.97 78.03 29.32 24.90 23.08 0.67 

2010 23.45 76.55 29.12 21.75 24.47 1.22 

2011 24.08 75.92 22.25 20.86 31.17 1.60 

2012 30.01 69.99 22.02 18.47 28.81 0.68 

2013 33.31 66.69 18.52 18.62 29.33 0.19 

2014 38.82 61.18 15.32 17.13 28.56 0.18 

2015 44.53 55.47 14.41 15.05 25.71 0.26 

2016 53.00 47.00 16.84 5.18 26.76 0.23 

Average 25.17 74.83 26.62 18.12 29.65 0.56 
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region inequality of these four regions, within-region inequality of eastern re-
gion contributes 23.87% of the total inequalities in 2000 and decreases to 16.84% 
in 2016. However, the proportion of within-region inequality from Western re-
gion decreases from 50.66% in 2000 to 26.76% in 2016 but have a sudden de-
crease in 2016 (11.03%). Central and northeast components account for a rela-
tively small proportion of total inequality, representing 5.18% and 0.23% in 2016, 
respectively. In general, within-region inequalities of eastern and central regions 
are the main contributor to total inequality compared with that of western and 
northeast regions. 

5. Conclusions 

In this study, we measure energy efficiency of 29 provinces in China from 2000 
to 2016 using total-factor energy performance index (TEPI) based on the global 
metal-frontier non-radial directional distance function. We further investigate 
the dynamics of energy efficiency to evaluate the provincial efforts made to im-
prove energy efficiency by non-radial global Malmquist energy performance in-
dex (NGMEPI). Lastly, the between-region and within-region inequalities of 
energy efficiency are investigated using Theil index. 

The empirical results are summarized below. First, the national TEPI is 0.49 in 
2016, which indicates that 51% improvement could be made to reach the global 
technology frontier. At the region level, eastern region enjoyed the fastest energy 
efficiency improvement from 2000 to 2016, with −1% annual growth rate from 
2001 to 2005, 7% from 2006 to 2010 and 6% from 2011 to 2016. It is worth not-
ing that northeast region enjoyed a high growth rate during 2011-2016 though it 
was a lagger previously. Considering specific provinces, TEPI of Tianjin, Shang-
hai, Jiangsu, Guangdong and Shandong was 1 in 2016, indicating that they had 
the best energy efficiency. However, Xinjiang and Ningxia had the lowest energy 
efficiency. This may be interpreted that Ningxia has the sixth largest proven coal 
reserves in China, and the pillar industry is secondary industry, such as metal-
lurgical industry and building materials industry, which consumes a large amount 
of energy. Therefore, energy efficiency of Ningxia was relatively low. Similarly, 
Xinjiang is the fourth largest coal production in China and depend heavily on 
energy; therefore its energy efficiency was the lowest in 2016. 

Second, the national annual growth rates of TEPI of China’s provinces changed 
by approximately −2.3%, 2.1% and 3.4% during 2001-2005, 2006-2010 and 
2011-2016, respectively. Among 29 provinces, Shandong had the highest growth 
rate during 2011-2016 with 26.2% average growth rate followed by Guangdong 
(12.4%) and Yunnan (11.5%). In comparison, the annual growth rates of TEPI of 
Qinghai, Heilongjiang, Ningxia, Xinjiang, Hainan, Fujian, Hunan and Anhui 
were negative, indicating the energy efficiency of these provinces decreased dur-
ing 2011-2016. 

Lastly, compared with between-region inequality, within-region inequality was 
the main contributor to interprovincial inequality. Within-region inequality from 
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eastern and western region is larger than that from central and northeast region 
over the study period. 

Based on these empirical results, we now suggest some policy implications. 
First, policymaker should lay more emphasis on Xinjinag, Ningxia, Shanxi and 
Guizhou to improve energy efficiency. These provinces can learn some expe-
rience from Tianjin, Shanghai, Shandong, Guangdong and Jiangsu which had 
the best energy efficiency in 2016. Second, Qinghai, Heilongjiang, Ningxia, Xin-
jiang, Hainan, Fujian, Hunan and Anhui require more effective measures to im-
prove energy efficiency, such as green technology investment and improving the 
quality of energy mix, because their energy efficiency decreased between 2011 
and 2016. 
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