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Abstract 
 
To study the inter-provincial eco-efficiency in China from multiple perspectives and various aspects, this paper built the super-
efficiency data envelopment analysis (US-DEA) model of undesirable outputs, σ convergence model, spatial correlation model and 
Malmquist index. The model constructed was used to analyze the convergence of inter-provincial eco-efficiency of different years 
based on the inter-provincial panel data from 2008 to 2017 in China. The spatial correlation of inter-provincial eco-efficiency was 
measured as well. Then this paper carried out the dynamic analysis of the inter-provincial total factor productivity. The results show 
that: ① The dynamic analysis indicates that the overall eco-efficiency in China has not changed much and the eco-efficiency does 
not have convergence; the horizontal analysis shows that the eco-efficiency of each province differs greatly; ② The analysis of the 
global Moran’s I index in China shows that the absolute value of this index is relatively small, indicating that there is no spatial 
correlation between the eco-efficiency of all provinces in China; ③ According to the analysis of the Malmquist index in different 
years, it can be known that the year-on-year rise of this index is quite significant, resulting from the increasing inter-provincial 
production technological efficiency change TC . The inter-provincial technical efficiency change EC is not significant. 
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1. Introduction 
 

Since the reform and opening up, China's 
economy has been developing rapidly, but at the huge 
cost of energy and environment. Especially over the 
past ten years, the proportion of hazy days in China 
has increased, water quality has been polluted, and 
industrial waste has increased, reflecting the severity 
of environmental pollution and ecological 
vulnerability in China. To this end, the fourth plenary 
session of the 18th Central Committee of the 
Communist Party of China (CPC) clearly pointed out 
that it is necessary to protect the ecological 
environment and establish a legal system for 
ecological civilization. Therefore, how to obtain the 
maximum economic and social benefits with the least 
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resource loss is an important issue for all regions in the 
process of economic development and environmental 
protection. The efficiency of regional input and output 
can be quantitatively measured through the evaluation 
of eco-efficiency. German scholars Schaltegger and 
Sturn first proposed the concept of eco-efficiency in 
1990 as a practical approach of expressing 
sustainability, the ratio of increased value to increased 
environmental impact (Schaltegger and Sturm, 1990). 
In 1998, the Organization for Economic Co-operation 
and Development (OECD) expanded and promoted 
the concept of eco-efficiency (Kuosmanen, 2010) to 
the sectors in rural cultivated land (Bonfiglio et al., 
2017), agriculture (Maia et al., 2016) and small and 
medium-sized enterprises (Charmondusit et al., 2014). 
In general, eco-efficiency refers to the production 
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process with smaller ecological input, greater 
economic output and less environmental pollution 
(e.g. wastewater, waste gas and solid waste) generated 
during economic development (Mengyang and 
Shunbo, 2018). With the deepening of the research, a 
variety of approaches are applied in the evaluation of 
eco-efficiency. The main approaches are 
comprehensive index evaluation method (Danyang et 
al., 2016), ecological footprint method (Yi et al., 
2017), participatory method (Mickwitz et al., 2006), 
energy value-material flow method (Chuanglin and 
Yufei, 2017; Yongbin et al., 2015) and data 
envelopment method (Chengyu et al., 2018; Yeh et al., 
2020) with evaluating objects being diverse. 

From the analysis of the current research data, 
it can be known that the data envelopment analysis 
(DEA) is the main method used to evaluate the eco-
efficiency. Its advantage lies in the use of professional 
statistical methods to automatically assign reasonable 
weights to each indicator rather than traditional 
methods based on subjective experience, which can 
avoid the uncontrollable impact from the arbitrariness 
of subjective weighting on the calculation (Jun, 2014). 
The application of DEA to study eco-efficiency is not 
comprehensive.  

The research objects should be studied from a 
spatial perspective to investigate the correlation of 
each research object in space as well as the correlation 
degree. At the same time, changes in the total factor 
productivity should be analyzed from a dynamic 
perspective to analyze the influence degree and 
direction of each factor affecting the total factor 
productivity so that the spatial condition and evolution 
law of regional eco-efficiency can be understood 
comprehensively from multiple perspectives and 
various aspects. This paper will quantitatively 
measure the eco-efficiency of each province in 
different years in China by constructing the super 
efficiency data envelopment model with undesirable 
outputs; apply the convergence model to investigate 
the convergence of eco-efficiency and use the spatial 
correlation model to measure the eco-efficiency 
spatial correlation between different provinces; use 
the Malmquist index to measure the total factor 
productivity, analyse the influence degree and 
direction of each factor affecting the total factor 
productivity. 
 
2. Research methods and index data selection 

 
2.1. Research methods 

 
2.1.1. Super efficiency DEA model 

Many different models for DEA have been 
constructed with its research and application. In 1978, 
Charnes, Cooper and Rhodes proposed the first DEA 
method to measure the relative efficiency of decision-
making units (Charnes et al., 1978). This model is 
called the CCR model. It assumes that the scale returns 
of the production function are constant, or that all the 
measured units are in the optimal production scale 
stage despite of the variable scale returns of the 

production technology. However, in actual 
production, many production units are not in the 
optimal production state. Therefore, in 1984, Banker, 
Charnes and Cooper W. proposed the BCC model 
based on variable scale returns (Banker et al., 1984). 
The above two models are most applied to the 
evaluation of eco-efficiency in areas such as regions, 
industries and enterprises. However, the two models 
calculate the relative efficiency between 0 and 1, that 
is, the maximum efficiency value is 1. If values are the 
same, the efficiency of the effective decision-making 
units (DMUs) cannot be further compared and 
analyzed. Therefore, Andersen and Petersen (1993) 
proposed an approach for further distinguishing the 
effective DMUs. The approach is called the “Super 
Efficiency Model” (Andersen and Petersen, 1993), 
and the calculated efficiency value of the model can 
be greater than 1, which allows for a comparative 
analysis of effective decision-making units. In 
practical applications, output variables are sometimes 
undesired variables such as exhaust gas, solid waste 
and wastewater that occur during production. Scholars 
constructed models with undesired outputs based on 
the characteristics of non-undesired output. 

In this paper, the super efficiency model with 
undesired output is applied to comprehensively 
evaluate the inter-provincial eco-efficiency based on 
the characteristics of the research objects. Suppose 
there are n DMUs and m inputs, and the i input of the 
k DMU is recorded as xik (i = 1, 2, …, m); there are q 
outputs, of which there are q1 desired outputs and q2 
undesired outputs. The r desired output of the k DMU 
is recorded as yrk (r = 1, 2 …, qi); the t undesired output 
of the k decision-making unit is recorded as

; defining the US-DEA model with 

undesired output (Gang, 2014) (Eq. 1): 
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desired output slack variable, st
b- is the non-desired 

output slack variable, and   is the combined ratio in 
the effective decision making unit. 
 
2.1.2.   convergence model 

In order to evaluate the temporal-spatial eco-
efficiency fluctuations, a convergence model can be 
applied for measurement. Sun Hui and Deng Xiaole 
measured the convergence of regional carbon 
productivity in China by the σ convergence method 
and the β convergence method (Hui and Xiaole, 2018). 
Hou Mengyang and Yao Shunbo applied the α 
convergence method and the β convergence method to 
evaluate the convergence of China's agroecological 
efficiency (Mengyang and Shunbo, 2019). Liang 
Shuang and Zhang Yanhua constructed a bivariate 
Moran's Index to study the spatial distribution 
characteristics and the convergence of the urban 
human capital in China (Shuang and Yanhua, 2019). 
Nowadays, the σ convergence method is more often 
applied to evaluate convergence. It can be applied 
when the data has different means. Therefore, in this 
paper the σ convergence method is selected to evaluate 
the convergence of eco-efficiency. The calculation 
equation of the σ convergence method is (Eq. 2): 
 

2
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where σ is the standard deviation of eco-efficiency, vσ 
is the convergence coefficient of eco-efficiency, 

iy  is 

the eco-efficiency of the i period, y  is the average of 

eco-efficiency, and n is the number of periods of eco-
efficiency. 

If the convergence coefficient vσ of dynamic 
eco-efficiency is getting smaller and smaller, it 
indicates that the fluctuation of eco-efficiency 
becomes smaller and is converging; otherwise, the 
eco-efficiency is not converging. 

 
2.1.3. Moran’s I index model of eco-efficiency 

To analyze the spatial correlation between the 
inter-provincial eco-efficiency, this paper used the 
global Moran’s I index to measure the spatial 
correlation of inter-provincial eco-efficiency. The 
global Moran’s I index can quantitatively measure the 
spatial correlation degree of regional eco-efficiency. 
The calculation equation is (Eq. 4): 
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where 

ijW is the correlation coefficient between the i -

th province and the j-th province. When the i-th 
province is correlated to the j-th province, 1ijW  ; 

otherwise, 0ijw  . 

 
2.1.4. Total factor productivity index model of eco-
efficiency 

The Malmquist total factor productivity (TFP) 
index model can be used to study the dynamic 
evolution characteristics of eco-efficiency in different 
periods. The model can be decomposed into the 
technological changes (TC) and the technical 
efficiency changes (EC) within two periods. The 
calculation equation of the fixed reference Malmquist 
index is given by Eq. (6): 
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where 1 1( , ), ( , )f t t f t tE x y E x y   indicates the total 

factor productivity index of the , 1t t   period with a 

fixed period as own reference frontier. 
1 1 1( , ), ( , )t t t t t tE x y E x y    indicate the total factor 

productivity index of the , 1t t   period with the 

current period as own reference frontier. 
 

2.2. Index data selection 
 

2.2.1. Index selection 
▪ Input indexes  

The number of employed people, total water 
consumption and total energy consumption are 
selected as input indexes to study the inter-provincial 
eco-efficiency. The important determinant of the 
output of a region is the number of people employed. 
The consumption of water and energy resources in the 
output process is also considered. The total energy 
consumption is the conversion of the energy 
consumption of coal, oil and natural gas in each 
province into the total energy consumption as an input 
index. 
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▪ Output indexes  
 GDP, financial revenue, industrial 
wastewater discharge, the industrial waste gas 
emissions and the total amount of industrial solid 
waste production are selected as output indexes. The 
first two are desired outputs; the latter three are 
undesired outputs. In terms of output, most scholars 
choose GDP as the output index because the eco-
efficiency analysis is dynamic, where the GDP 
calculated at the current price is converted into the 
GDP calculated at the constant price of 2008. In this 
paper financial revenue is also used as an output index 
to reflect the output results more completely, allowing 
the output indexes to be more comprehensive. A 
region has the desired output and also produces the 
undesired output. The industrial wastewater discharge, 
the industrial waste gas emissions and the total amount 
of industrial solid waste production are selected in this 
paper as the undesired output indexes. 

 
2.2.2. Data selection 

In this paper, the data of 30 provinces, 
autonomous regions and municipalities directly under 
the Central Government (Hong Kong, Macao, Taiwan 
and Tibet are not included in the analysis due to lack 
of data) from 2008 to 2017 are selected as a research 
sample with a total of 300 observed values. All data 
are derived from the "China Statistical Yearbook", 

"China Environment Yearbook" and "China Energy 
Statistics Yearbook" over the years. 
 
3. Calculation results and analysis 

 
3.1. Static analysis of inter-provincial eco-efficiency 

 
The MaxDEA7 was used to perform the eco-

efficiency calculation based on China’s input-output 
indicator data from 2008 to 2017. The eco-efficiency 
of 30 provinces in China with different years as the 
reference sets was obtained. The specific data is 
shown in Table 1. From the analysis of dynamic 
average data, it can be seen that the eco-efficiency of 
each province is quite different. The four provinces 
with the highest eco-efficiency are Beijing, Shandong, 
Guangdong and Shanghai whose eco-efficiency is 
2.536, 1.446, 1.417, and 1.263, respectively. These 
provinces are all economically developed regions; the 
four provinces with the lowest eco-efficiency are 
Guangxi, Yunnan, Jiangxi, and Xinjiang whose eco-
efficiency is 0.695, 0.734, 0.751 and 0.756, 
respectively. These provinces are economically 
underdeveloped regions. From the analysis of China’s 
average annual eco-efficiency in different years, it can 
be known that the average value in 2008 was 0.967, 
which was 0.993 in 2017. It can be found that the inter-
provincial eco-efficiency in China has no uptrend.

 
Table 1. Static eco-efficiency values of 30 provinces in China from 2008 to 2017 

 
Province 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Average

Anhui 0.774 0.769 0.791 0.728 0.745 0.741 0.743 0.750 0.786 0.790 0.762 
Beijing 2.067 1.974 2.106 2.230 3.034 3.099 2.612 2.500 2.616 3.120 2.536 
Fujian 0.794 0.792 0.810 0.779 0.814 0.825 0.848 0.866 0.893 0.868 0.829 
Gansu 0.852 0.832 0.855 0.796 0.826 0.817 0.832 0.833 0.844 0.855 0.834 

Guangdong 1.423 1.396 1.361 1.384 1.403 1.385 1.452 1.423 1.461 1.482 1.417 
Guangxi 0.640 0.645 0.651 0.682 0.685 0.701 0.720 0.729 0.754 0.743 0.695 
Guizhou 0.821 0.799 0.827 0.755 0.777 0.778 0.742 0.746 0.782 0.737 0.776 
Hainan 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
Hebei 0.867 0.862 0.885 0.868 0.861 0.862 0.868 0.885 0.877 0.921 0.876 
Henan 0.865 0.854 0.878 0.833 0.835 0.832 0.840 0.868 0.873 0.883 0.856 

Heilongjiang 0.894 0.875 0.890 0.840 0.827 0.837 0.836 0.838 0.849 0.841 0.853 
Hubei 0.778 0.786 0.809 0.788 0.804 0.810 0.819 0.825 0.864 0.840 0.812 
Hunan 0.808 0.809 0.815 0.825 0.812 0.819 0.845 0.863 0.875 0.857 0.833 
Jilin 0.825 0.805 0.819 0.802 0.821 0.814 0.825 0.797 0.871 0.812 0.819 

Jiangsu 1.016 1.034 1.038 1.053 1.085 1.107 1.132 1.134 1.149 1.154 1.090 
Jiangxi 0.792 0.783 0.765 0.729 0.733 0.731 0.736 0.727 0.751 0.766 0.751 

Liaoning 0.870 0.880 0.926 0.925 0.930 0.942 0.891 0.884 0.854 0.833 0.894 
Inner 

Mongolia 1.075 1.072 1.013 0.975 1.025 0.999 0.991 1.004 1.004 1.002 1.016 
Ningxia 1.195 0.909 0.872 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.998 
Qinghai 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Shandong 1.391 1.408 1.419 1.425 1.441 1.464 1.494 1.542 1.436 1.443 1.446 
Shanxi 0.837 0.808 0.806 0.798 0.796 0.783 0.767 0.754 0.744 0.762 0.786 
Shaanxi 0.844 0.822 0.842 0.837 0.852 0.848 0.835 0.807 0.795 0.791 0.827 

Shanghai 1.457 1.385 1.431 1.224 1.238 1.248 1.105 1.130 1.224 1.191 1.263 
Sichuan 0.804 0.825 0.843 0.840 0.856 0.857 0.860 0.890 0.879 0.848 0.850 
Tianjin 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Xinjiang 0.794 0.756 0.745 0.737 0.747 0.741 0.749 0.756 0.770 0.768 0.756 
Yunnan 0.818 0.787 0.802 0.691 0.713 0.714 0.713 0.703 0.691 0.704 0.734 
Zhejiang 0.976 0.973 0.970 0.978 0.974 0.982 0.993 0.989 1.008 1.010 0.985 

Chongqing 0.743 0.748 0.772 0.787 0.806 0.793 0.800 0.803 0.765 0.755 0.777 
Average 0.967 0.946 0.958 0.944 0.981 0.984 0.968 0.968 0.981 0.993 0.976 
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3.2. Convergence analysis of inter-provincial eco-
efficiency 

 
The standard deviation   and the 

convergence coefficient v of different inter-

provincial eco-efficiency can be calculated based on 
equations (2) and (3), as well as the data of Table 1. 
The specific data is shown in Table 2. From Table 2, 
it can be seen that the convergence coefficient in 2008 
was 0.294, which was 0.440 in 2017. There was no 
downtrend during the period, indicating that the inter-
provincial eco-efficiency in China was not 
convergent. The eco-efficiency fluctuation did not 
decrease during the period, reflecting that the inter-
provincial eco-efficiency fluctuation during the period 
is unstable. 

 
3.3. Spatial correlation analysis of inter-provincial 
eco-efficiency 
 

To analyze the spatial correlation between the 
inter-provincial eco-efficiency, the global Moran’s I 

index measurement model was applied to calculate the 
inter-provincial Moran’s I index in different periods in 
China. The specific data is shown in Table 3. 
According to the corresponding relationship in Table 
4, the P values corresponding to different Z can be 
determined. It can be seen from the data in Table 3 that 
the index is relatively small. The data in Table 4 shows 
that the corresponding P values are all zero, indicating 
that there is no spatial correlation between the inter-
provincial eco-efficiency in China. 
 
3.4. Dynamic analysis of inter-provincial total factor 
productivity 

 
To study the dynamic evolution characteristics 

of the total factor productivity in different periods, 
2008 was used as the fixed reference set to calculate 
the Malmquist index in different years. The specific 
data is shown in Table 5. According to the data in 
Table 5, it can be found that the Malmquist index is 
increasing year by year. In 2008, the arithmetic 
average of the index was 0.967, which rose to 1.752 in 
2017. The year-on-year increase is very significant. 

 
Table 2. Convergence coefficient of inter-provincial eco-efficiency in China from 2008 to 2017 

 
Indicator 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

  0.284 0.267 0.282 0.300 0.422 0.434 0.357 0.342 0.355 0.437 
e  0.967 0.946 0.958 0.944 0.981 0.984 0.968 0.968 0.981 0.993 

v  0.294 0.283 0.294 0.317 0.431 0.441 0.369 0.353 0.362 0.440 
 

Table 3. Spatial Moran’s I index of each inter-provincial eco-efficiency in China from 008 to 2017 
 

Indicator 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
I  -0.001 -0.002 0.002 0.004 -0.011 -0.009 -0.014 -0.011 -0.016 0.002 
Z  0.303 0.293 0.332 0.350 0.215 0.232 0.189 0.215 0.208 0.327 

 
Table 4. Correspondence between Z value and P value 

 
No. 1 2 3 4 5 6 7
Z  <-2.58 -2.58~-1.96 -1.96~-1.65 0 1.65~1.96 1.96~2.58 >2.58 
P  0.01 0.05 0.10 — 0.10 0.05 0.01 

 
Table 5. Malmquist indexes of 30 provinces in China from 2008 to 2017 

 
Province 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Anhui 0.774 0.800 0.841 0.811 0.873 0.927 0.967 1.024 1.143 1.209 
Beijing 2.067 2.244 2.622 3.300 4.310 4.105 4.527 6.320 7.595 7.977 
Fujian 0.794 0.821 0.854 0.843 0.931 0.996 1.067 1.130 1.225 1.266 
Gansu 0.852 0.863 0.880 0.866 0.884 0.918 0.947 0.977 1.009 1.042 

Guangdong 1.423 1.490 1.701 2.080 2.359 2.689 3.063 3.557 3.956 4.312 
Guangxi 0.640 0.664 0.676 0.754 0.764 0.819 0.857 0.886 0.974 0.996 
Guizhou 0.821 0.843 0.901 0.906 0.931 0.994 0.958 0.991 1.074 1.000 
Hainan 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
Hebei 0.867 0.892 0.918 0.956 0.993 1.058 1.124 1.223 1.323 1.466 
Henan 0.865 0.882 0.916 0.886 0.942 1.063 1.251 1.335 1.404 1.499 

Heilongjiang 0.894 0.929 0.963 0.935 0.953 1.014 1.044 1.090 1.176 1.214 
Hubei 0.778 0.813 0.854 0.843 0.905 0.979 1.066 1.156 1.257 1.317 
Hunan 0.808 0.838 0.859 0.886 0.926 0.960 1.023 1.085 1.157 1.217 
Jilin 0.825 0.848 0.882 0.918 0.969 1.020 1.044 1.066 1.245 1.174 

Jiangsu 1.016 1.093 1.293 1.628 1.853 2.077 2.287 2.539 2.569 2.584 
Jiangxi 0.792 0.810 0.825 0.806 0.835 0.873 0.937 1.018 1.021 1.105 
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Liaoning 0.870 0.924 1.006 1.141 1.317 1.423 1.406 1.330 1.333 1.405 
Inner Mongolia 1.075 1.169 1.144 1.207 1.286 1.329 1.365 1.453 1.573 1.634 

Ningxia 1.195 0.919 0.977 1.000 1.105 1.166 1.182 1.276 1.237 1.346 
Qinghai 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Shandong 1.391 1.560 1.740 1.922 2.123 2.351 2.579 2.799 3.002 3.264 
Shanxi 0.837 0.864 0.887 0.957 0.959 0.998 1.006 1.006 1.043 1.112 
Shaanxi 0.844 0.874 0.924 0.993 1.032 1.083 1.091 1.080 1.101 1.142 
Shanghai 1.457 1.490 1.698 1.827 1.990 2.176 2.335 2.813 3.263 3.379 
Sichuan 0.804 0.854 0.875 0.950 1.046 1.112 1.157 1.226 1.233  1.311 
Tianjin 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Xinjiang 0.794 0.788 0.772 0.860 0.883 0.927 0.969 1.001 1.029 1.043 
Yunnan 0.818 0.845 0.889 0.799 0.838 0.889 0.920 0.938 0.947 0.979 
Zhejiang 0.976 1.052 1.134 1.307 1.422 1.558 1.703 1.958 2.161 2.360 

Chongqing 0.743 0.771 0.839 0.913 0.965 0.973 1.030 1.105 1.123 1.205 
Average 0.967 0.998 1.062 1.143 1.246 1.316 1.397 1.546 1.672 1.752 

 
Table 6. Changes in Malmquist indexes of 30 provinces in China between 2017 and 2018 

 
Province 2008 2017 M I EC  TC

Anhui 0.774 1.209 1.562 1.022 1.528 
Beijing 2.067 7.977 3.859 1.509 2.558 
Fujian 0.794 1.266 1.594 1.093 1.458 
Gansu 0.852 1.042 1.223 1.002 1.220 

Guangdong 1.423 4.312 3.030 1.042 2.908 
Guangxi 0.640 0.996 1.556 1.160 1.341 
Guizhou 0.821 1.000 1.218 0.897 1.358 
Hainan 1.000 1.000 1.000 1.000 1.000 
Hebei 0.867 1.466 1.691 1.063 1.591 
Henan 0.865 1.499 1.733 1.020 1.699 

Heilongjiang 0.894 1.214 1.358 0.940 1.444 
Hubei 0.778 1.317 1.693 1.080 1.567 
Hunan 0.808 1.217 1.506 1.061 1.420 
Jilin 0.825 1.174 1.423 0.983 1.448 

Jiangsu 1.016 2.584 2.543 1.135 2.241 
Jiangxi 0.792 1.105 1.395 0.965 1.445 

Liaoning 0.870 1.405 1.615 0.957 1.687 
Inner Mongolia 1.075 1.634 1.520 0.933 1.630 

Ningxia 1.195 1.346 1.126 0.836 1.347 
Qinghai 1.000 1.000 1.000 1.000 1.000 

Shandong 1.391 3.264 2.347 1.039 2.258 
Shanxi 0.837 1.112 1.329 0.912 1.458 
Shaanxi 0.844 1.142 1.353 0.938 1.443 

Shanghai 1.457 3.379 2.319 0.818 2.835 
Sichuan 0.804 1.311 1.631 1.056 1.545 
Tianjin 1.000 1.000 1.000 1.000 1.000 

Xinjiang 0.794 1.043 1.314 0.970 1.355 
Yunnan 0.818 0.979 1.197 0.860 1.392 
Zhejiang 0.976 2.360 2.418 1.036 2.335 

Chongqing 0.743 1.205 1.622 1.017 1.595 
Average 0.967 1.752 1.673 1.011 1.637 

 
To further analyze the changes and influencing 

factors of the Malmquist index for the dynamic total 
factor productivity, the 2008 and 2017 Malmquist 
indexes were listed in Table 6. The Malmquist index 
of 2017 was divided by that of 2008 to obtain MI, 
which can reflect the changes in the dynamic total 
factor productivity. Provinces with MI greater than 
2.000 are Beijing, Guangdong, Jiangsu, Shandong, 
Zhejiang and Shanghai, which are all economically 
developed regions. Provinces with MI remaining 
1.000 are Hainan, Qinghai, and Tianjin. Both 

provinces are economically underdeveloped regions 
except Tianjin. The change in the total factor 
productivity index M I  can be decomposed into the 
efficiency change ( EC ) and technological change 
(TC), the relationship is: MI = EC x TC. It can be 
known from Table 6 that except for Beijing, the EC 
values of other provinces are all around 1, indicating 
that the efficiency of these provinces has not changed 
much during the period; the TC values of all provinces 
are greater than or equal to 1, indicating that the 
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increasing MI values of provinces during the period 
result from by the increasing TC values. The 
influences of EC changes on MI are not significant. 
 
4. Research conclusions and inspirations 

 
This paper used the super efficiency DEA 

model with undesirable outputs, the σ convergence 
model, the spatial correlation model and the 
Malmquist index model to study the eco-efficiency of 
inter-provincial regions in China from 2008 to 2017. 
The eco-efficiency spatial correlation of different 
provinces and the dynamic evolution were analyzed 
comprehensively. The following conclusions can be 
drawn: 

From the analysis of the average eco-efficiency 
of each province, it can be found that the eco-
efficiency of each province is quite different. 
Provinces with high eco-efficiency are economically 
developed regions; while provinces with the lowest 
eco-efficiency are almost economically 
underdeveloped areas, indicating that the eco-
efficiency is related to the economic development 
level. 

From the convergence coefficient analysis of 
inter-provincial eco-efficiency in China from 2008 to 
2017, it can be seen that there is no trend for the value 
to become smaller during this period, indicating that 
the inter-provincial eco-efficiency in China does not 
have convergence, reflecting that inter-provincial eco-
efficiency fluctuations are unstable. 

Based on the global Moran’s I index 
measurement analysis in China, it can be known that 
the index is relatively small and most of values are 
negative, indicating that there is no spatial correlation 
between China’s inter-provincial eco-efficiency, and 
each inter-provincial eco-efficiency is specifically 
independent. 

The analysis of the Malmquist index in 
different years shows that there is a significant year-
on-year rise trend of the index, resulting from the 
increasing inter-provincial production technological 
efficiency change TC. The inter-provincial technical 
efficiency change EC is not significant. 

 

References 
 

Andersen P., Petersen N.C., (1993), A procedure for ranking 
efficient units in data envelopment analysis, 
Management Science, 39, 1179-1297. 

Banker R.D., Charnes A., Cooper W.W., (1984), Some 
models for estimating technical and scale inefficiencies 
in data envelopment analysis, Management Science, 30, 
1078-1092. 

Bonfiglio A., Arzeni A., Bodini A., (2017), Assessing eco-
efficiency of arable farms in rural areas, Agricultural 
Systems, 151, 114-125. 

Charmondusit K., Phatarachaisakul S., Prasertpong P., 
(2014), The quantitative eco-efficiency measurement 
for small and medium enterprise: A case study of 

wooden toy industry, Clean Technologies and 
Environmental Policy, 16, 935-945. 

Charnes A., Cooper W.W., Rhodes E., (1978), Measuring 
the efficiency of decision making units, European 
Journal of Operational Research, 2, 429-444. 

Chengyu L., Shiqiang Z., Wei Z., (2018), Spatial 
distribution characteristics and influencing factors of 
China's inter provincial industrial eco-efficiency, 
Scientia Geographical Sinisa, 38, 1970-1978. 

Chuanglin F., Yufei R., (2017), Analysis of energy-based 
metabolic efficiency and environmental pressure on the 
local coupling and tele coupling between urbanization 
and the eco-environment in the Beijing-Tianjin-Hebei 
urban agglomeration, Science China Earth Sciences, 
47, 833-846. 

Danyang Z., Lianjun T., Fuyou G., Fangdao Q., (2016), 
Industrial ecological development of Jilin Province 
Northeast China based on structure optimization vision, 
Chinese Journal of Applied Ecology, 27, 2933-2940. 

Gang C., (2014), MaxDEA for Data Envelopment Analysis, 
Intellectual Property Publishing House, Beijing, 180-
181. 

Hui S., Xiaole D., (2018), Study on convergence of China's 
regional carbon productivity in the perspective of 
strategic industry, Inquiry into Economic Issues, 1, 167-
175. 

Jun T., (2014), The Study on the Evaluation of Anhui 
Provincial Eco-efficiency, MSc Thesis, Anhui 
University of Finance and Economics, Anhui. 

Kuosmanen T.K., (2010), Measurement and analysis of eco-
efficiency. an economist's perspective, Journal of 
Industrial Ecology, 9, 15-18. 

Maia R., Silva C., Costa E., (2016), eco-efficiency 
assessment in the agricultural sector: The Monte Novo 
irrigation perimeter, Portugal, Journal of Cleaner 
Production, 138, 217-228. 

Mengyang H., Shunbo Y., (2018), Measurement and 
temporal-spatial dynamic evolution of urban eco-
efficiency in China, China Population Resources and 
Environment, 28, 13-21. 

Mengyang H., Shunbo Y., (2019), Convergence and 
differentiation characteristics on agro-ecological 
efficiency in China from a spatial perspective, China 
Population Resources and Environment, 29, 116-126． 

Mickwitz P., Melanen M., Rosenstrm U., Seppl J., (2006), 
Regional eco-efficiency indicators: A participatory 
approach, Journal of Cleaner Production, 14, 1603-
1611. 

Schaltegger S., Sturm A., (1990), Ecological rationality, Die 
Unternehmung, 4, 273-290. 

Shuang L., Yanhua Z., (2019), The spatial distribution and 
the convergence of human capital in cities of China, 
Science, Technology and Economy, 32, 71-75. 

Yeh W., Huang H., Hu C., (2020), Network data 
envelopment analysis with common weights: An 
application to the sustainability measurement of OECD 
countries, Environmental Engineering and 
Management Journal, 19, 809-817. 

Yi Y., Delong X., Jingqian Z., (2017), Regional 
development and change of eco-efficiency in the 
southern Qinling Mountains in Shaanxi, Acta Scientiae 
Circumstantiate, 37, 2021-2030. 

Yongbin H., Soucheng D., Zehong L., (2015), Urban 
metabolism evaluation of resource-based cities using 
emergy synthesis: A case study in Shizuishan City, 
Resources Science, 37, 1621-1628.

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


