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Abstract1 11 

Located in the northwest of China, Xinjiang is a typical arid desert area and mineral resources 12 

development zone. Lacking water resources and a fragile ecological environment restricts the 13 

sustainable development of the region. Based on the industrial panel data of Xinjiang from 2001 to 14 

2015, this paper uses the Undesirable Output SBM model, Malmquist index model, and Tobit 15 

regression model to comprehensively and systematically measure and evaluate the industrial eco-16 

efficiency and its change characteristics from provincial, regional and prefectural levels. The results 17 

show that:(1) The level of industrial eco-efficiency in Xinjiang is generally low, lower than the 18 

national average, but it has been rising steadily over time, from 0.36 in 2001 to 1.00 in 2008, and 19 

from 0.41 in the "Tenth Five-Year Plan" period to 0.99 in the "Twelfth Five-Year Plan" period. (2) 20 
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The industrial ecological efficiency of Xinjiang is not balanced in space. Northern Xinjiang is larger 21 

than that of eastern Xinjiang and southern Xinjiang. The 14 prefectures have uneven and 22 

asynchronous development, which can be divided into two development modes: industrial region 23 

and agriculture and animal husbandry region. (3) Through the decomposition analysis of the 24 

Malmquist index, it is found that the technology progress index is the restriction factor of the 25 

changing trend of TFP, while the technical efficiency index and the pure technical efficiency index 26 

are the promoting factors. (4) The main factors causing the loss of ecological efficiency are 27 

industrial sulfur dioxide emissions, industrial nitrogen oxide emissions, total industrial water 28 

consumption, general industrial solid waste. It can be seen that the emission of air pollutants and 29 

excessive industrial water are the main problems in the region. (5) Industrial ecological efficiency 30 

is positively correlated with industrial development level, scientific and technological innovation, 31 

industrial structure, and environmental planning, and negatively correlated with opening up and 32 

industrial agglomeration degree. (6) Xinjiang is an extremely arid and water-scarce region. These 33 

are the key and prerequisite of saving water resources and strengthening the comprehensive 34 

utilization of water resources. Water- saving should be given top priority no matter in industrial 35 

areas, or agricultural and animal husbandry areas. 36 

Keywords: Industrial ecological efficiency, SBM-Undesirable model, Malmquist index; Input-37 

output redundancy, Arid and resource-developing regions 38 

1. Background 39 

Since the implementation of the "Tenth Five-Year Plan" in 2001, Xinjiang has witnessed rapid 40 

economic development with an average growth rate of 17% in industrial GDP. However, many 41 

problems have been exposed. Xinjiang is located on the western border of China and the hinterland 42 



3 

 

of Eurasia (Fig1), with desert area accounting for nearly 60% of China's desert area. It is one of the 43 

world's drought centers with a fragile ecological environment. Xinjiang is an important corridor of 44 

the Silk Road Economic Belt. Meanwhile, coal, oil, natural gas, and other mineral resources are 45 

abundant (Ma, 2013), and about 60% of prefectures in Xinjiang are listed as resource-based 46 

prefectures and regions by the Chinese government (2013). Problems such as excessive resource 47 

consumption, environmental pollution, and ecological imbalance are becoming increasingly serious, 48 

which have become the bottleneck that further restricts the sustainable development of Xinjiang. 49 

Therefore, it is very important to scientifically measure the ecological level and efficiency of 50 

economic development in this region, which is also the focus of policymakers at all levels. 51 

Ecological efficiency is the ratio of increased value to increased environmental impact (Schaltegger 52 

et al., 1990), which has gained high attention in the study of sustainable development (Jollands et 53 

al., 2004). It has become one of the research hotspots of Chinese and foreign scholars and industrial 54 

ecology (Hahn et al.,2010; Lv et al., 2006) and has become an important analytical tool to measure 55 

sustainable development. 56 

Industrial ecological efficiency is defined as the ratio of the total amount of products produced 57 

by industrial enterprises in a certain region to resource consumption and environmental impact (Gao 58 

et al.,2011). At first, it was applied to the enterprise level. With the deepening of the research, it 59 

gradually developed to the micro and macro aspects. Foreign countries focused on the micro aspects 60 

such as the research on industrial enterprises and products. (Dahlstrom et al., 2005) focused on the 61 

trend of eco-efficiency in the steel and aluminum industry; (Huppes et al., 2007) focused on the 62 

Dutch oil and gas products; (Korhonen et al., 2004) focused on the ecological efficiency of the 63 

power plant, (Aanand Dave et al., 2016) focused on the application of eco-efficiency model in 64 
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furniture manufacturers. In contrast, China focuses on large scale studies in cities and regions. (Gao 65 

et al., 2004) (Lu et al., 2004), and (Wang et al., 2016) measured and evaluated the industrial 66 

ecological efficiency of 30 provinces in China Other scholars have studied the industrial ecological 67 

efficiency in Beijing (Wang et al., 2008), Shandong (Lu et al., 2014)], Sichuan (Liu et al., 2014) and 68 

Hunan (Zhang et al., 2015). The relatively mature research methods of industrial ecological 69 

efficiency mainly include traditional data envelopment analysis (DEA) (Gao et al., 2011&Wang et 70 

al., 2011) and super- efficiency DEA model method (Fu et al., 2013&Li et al., 2018). However, the 71 

traditional DEA model does not consider the slack of input and output in the evaluation of ecological 72 

efficiency, and it may lead to the deviation of ecological efficiency measurement due to the choice 73 

of radial and Angle (Hu.,2016 &Pan et al., 2013). Therefore, non-radial and non-angular SBM 74 

models have been gradually applied and developed in recent years. Dan Pan and Ruiyao Ying used 75 

the SBM-Undesirable model to measure the spatial and temporal distribution of agricultural eco-76 

efficiency in 30 provinces of China (Pan et al., 2013). Biao Hu and Yeteng Fu (Hu et al., 2016) 77 

conducted an empirical study on the ecological efficiency of 30 provinces in China. Xiaodong Ma 78 

et al. (Ma et al., 2018), Yong Zhou et al. (Zhou et al., 2020) and Song Hu et al. (Hu, 2016) 79 

respectively applied and discussed the SBM model. 80 

At present, there are few and incomplete research data on industrial ecological efficiency in 81 

Xinjiang. Weiping Jia (Jia,2016) took Tianye of Xinjiang as the research object and discussed the 82 

connotation and application of ecological efficiency of the Chlor-alkali chemical industry in 83 

Xinjiang. This paper mainly uses the SBM model, Malmquist Index, and Tobit model to 84 

comprehensively and systematically measure and evaluate the industrial eco-efficiency and its 85 

change characteristics from provincial, regional and prefectural levels. The goal of the present study 86 
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was to explore annual change trends in industrial ecological efficiency, spatial distribution patterns, 87 

and analyze the existing shortcomings, explore the ways of improvement and promotion, to provide 88 

a reference for the sustainable development of resource-developing prefectures located in arid areas. 89 

 90 

2. Materials and methods 91 

2.1 Research Methods 92 

2.1.1 SBM-Undesirable model 93 

 94 

SBM-Undesirable model proposed by (Jia, 2016 &Tone,2001) Tone is a method to measure 95 

ecological efficiency. Compared with the traditional data envelope analysis model, the SBM model 96 

can take wastewater, waste gas, solid waste, and other unexpected outputs generated in the process 97 

of economic development into account, making the calculation results more accurate and effective. 98 

It effectively solves the difficulties encountered by the traditional DEA model when the input and 99 

output elements increase and the corresponding slack is considered, and the deviation of ecological 100 

efficiency calculation is caused by the choice of radial and Angle. The model formula is as follows: 101 

𝑀𝑖𝑛𝜌 = 1 − 1𝑁 ∑ 𝑆𝑛𝑥𝑁𝑛=1 /𝑋𝑛01 + 1𝑀 + 1 (∑ 𝑆𝑚𝑦 𝑦𝑚0⁄𝑀𝑚=1 + ∑ 𝑆𝑖𝑈 𝑈𝑖0⁄𝐼𝑖=1 ) 102 

𝑠. 𝑡. ∑ 𝑍𝑘𝑁
𝑛=1 𝑋𝑛𝑘 + 𝑆𝑛𝑥 = 𝑋𝑛0, 𝑛 = 1,2, … , 𝑁; ∑ 𝑍𝑘𝐾

𝑘=1 𝑦𝑚𝑘 − 𝑆𝑚𝑦 = 𝑦𝑚0, 𝑛 = 1,2, … , 𝑀 103 

∑ 𝑍𝑘𝐾
𝑘=1 𝑈𝑚𝑘 + 𝑆𝑖𝑢 = 𝑈𝑖0, 𝑖 = 1,2, … , 𝐼; ∑ 𝑍𝑘𝐾

𝑘=1 = 1; 𝑍𝑘 ≥ 0; 𝑆𝑛𝑥 ≥ 0; 𝑆𝑚𝑦 ≥ 0; 𝑆𝑖𝑢 ≥ 0 104 

 105 

Here, Xn0 represents the input variable of DMU, Ym0 represents the expected output variable 106 

of DMU, and UI0 represents the unexpected output variable of DMU. ρ denotes the ecological 107 
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efficiency value, ρ ranges between 0 and 1, ρ =1 means DMU reaches the effective front.   108 

 109 

2.1.2. The Malmquist index 110 

The Swedish economist the Malmquist (Malmquist, 1953) first proposed the Malmquist index 111 

in 1953. In 1982, Caves proposed that the Malmquist index represented the total factor production 112 

efficiency under multi-input and multi-output conditions, and integrated the index into the DEA 113 

model to calculate the total factor productivity of the production sector (Caves, 1982). The basic 114 

principles of this implementation are as follows: 115 

The Malmquist index from time interval t to t+1 can be expressed as (Färe, 1997): 116 

( )
( )

( )
( )

( )
( )

( )
( )

( )
( )

SEPETC

ECTC

yxD

yxD

yxD

yXD

yxD

yxD

yxD

yXD

yxD

yxD
TFP

tt

t

1t1t

1t2

1

tt

1t

tt

t

1t1t

1t

1t1t

t

2

1

tt

1t

1t1t

1t

tt

t

1t1t

t

=
=

•
•










•
•


•
•

=










•
•


•
•

=

++
+

+
++

+
++

+
++

+
++

 117 

Here the variation in the Malmquist index is the total factor productivity (TFP) variation and 118 

represents the change in the degree of productivity for a decision unit from t to t+1. TFP > 1 indicates 119 

an increase in productivity, whereas TFP < 1 indicates a decrease in productivity. The TFP can be 120 

subdivided into technical change (TC) and efficiency change (EC). TC refers to the contribution of 121 

moving the production frontier to productivity, while EC is the contribution from changing technical 122 

efficiency to productivity between the period encompassed by t and t+1. EC can be further divided 123 

into PE (pure technical efficiency) and SE (scale efficiency). 124 

2.1.3. Tobit Model 125 

The ecological efficiency estimated by the DEA model is not only affected by the input and 126 

output indicators that are selected, but also by other factors. Collet (Collet, 1998) developed a two-127 
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step method based on the DEA to identify the factors that influence ecological efficiency and their 128 

relative contributions. The first step is to evaluate the efficiency of decision-making units by the 129 

DEA. Then, a regression model is established that uses the estimated efficiency value as the 130 

dependent variable, and influential factors as the independent variables. The orientation and 131 

intensity of the influential factors on environmental efficiencies are then determined by the 132 

coefficients of the independent variables. 133 

The Tobit model can be written as: 134 
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 135 

Here xi is the independent variable, yi is the observed dependent variable, yi* is the latent 136 

variable, β is the correlation coefficient,i is the independent variable. The disturbance term is i -N 137 

(0, σ2). 138 

 139 

2.2 Selection of Evaluation Indicators and Data Source 140 

Environmental，economic and resource factors were considered here concerning previous 141 

studies (Lu et al., 2017; Wang et al., 2011 & Wang et al., 2008). Three types of resource consumption 142 

indexes, namely, energy consumption, electricity consumption, and water resource consumption, 143 

were selected as input indexes; three types of environmental pollution indexes, namely, exhaust gas 144 

discharge, wastewater discharge, and solid waste discharge, were selected as Undesirable Output 145 

indexes; and economic value was selected as expected output indexes. The evaluation index system 146 

of industrial ecological efficiency is constructed (See Table 1）. The input and output data used in 147 

this study were acquired from the Statistical Yearbooks of Xinjiang Uygur Autonomous Region, the 148 
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Yearbooks of Xinjiang Environmental Statistics, Statistical Communique of Xinjiang Uygur 149 

Autonomous Region on National Economic and Social Development，and statistical yearbooks of 150 

the Prefectures. 151 

The research object is Xinjiang and its jurisdiction 14 prefectures. According to the distribution 152 

of Xinjiang can be divided into three areas (see Fig1): northern Xinjiang region: including the 153 

Urumqi, Changji hui autonomous prefecture (Hereinafter referred to as Changji Prefecture), 154 

Karamay city, Yili Kazak autonomous prefecture (Hereinafter referred to as Yili Prefecture), Altay 155 

prefecture, Tacheng prefecture, Bortala Mongolia Autonomous Prefecture (Hereafter referred to as 156 

BoZhou); Southern Xinjiang region: Bayingol Mongolian Autonomous Prefecture (Hereafter 157 

referred to as Bazhou), Aksu Prefecture, Kashi Prefecture, Hotan Prefecture, Kizilsu Kirgiz 158 

Autonomous Prefecture (Hereafter referred to as Kizl); Eastern Xinjiang region: Includes Hami city 159 

and Turpan city. 160 

 161 

 162 

Table 1. Evaluation indices are used to assess ecological efficiency 163 

Index Category Specific index Content 

Input indicators Resource factors 

Energy consumption Industrial energyconsumed(104 t) 

Power consumption Industrial electricity 

consumption(108kwh) 

Water consumption Industrial water(108m3) 

Undesired output 

indicators 

 Exhaust emission SO2（t），NOx（t） 

Environmental factors Wastewater discharge NH3-N（t），COD（t） 

javascript:;
javascript:;
javascript:;
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Solid waste discharge General industrial solid 

waste(104t) 

Desired output indicators Economic factors Total economic 

development 

Gross industrial product (108yuan 

RMB) 

 164 

 165 

Fig. 1 Study area diagram 166 

 167 

3. Results and analysis 168 

The SBM-Undesirable model is adopted, and DEAP2.1 software and DEA-Solver Pro software 169 

are used to measure and analyze the industrial eco-efficiency of Xinjiang from 2001 to 2015, from 170 

the static and dynamic aspects, as well as from the provincial, regional and prefectural levels, to 171 

find out the temporal and spatial variation rule. The results are as follows. 172 

3.1 Static ecological efficiency measurement and analysis 173 
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3.1.1 provincial-level measurement and analysis 174 

(1) Comparison and analysis with other provinces. The industrial ecological efficiency of 31 175 

provinces and cities in China is measured and analyzed by using the SBM model, and the gap 176 

between Xinjiang and other provinces in China is compared. As can be seen from Fig 2, the national 177 

average of industrial ecological efficiency is 0.67, among which only 6 provinces reach the frontier 178 

of effective production. The industrial ecological efficiency of Xinjiang is 0.59, ranking the 17th in 179 

the country, which is lower than the national average. The industrial ecological efficiency is still 180 

low and in a state of inefficiency. It shows that the industrial development of Xinjiang has some 181 

problems such as unreasonable resource allocation and unbalanced input-output. 182 

 183 

Fig 2 Comparison of industrial eco-efficiency in different provinces in China 184 

(2) Time series change analysis of industrial eco-efficiency in Xinjiang is shown in Figs 3-4. 185 

From 2001 to 2015, the overall industrial eco-efficiency of Xinjiang showed a continuous upward 186 

trend, increasing from 0.36 in 2001 to 1.00 in 2008, the first peak, reaching the effective production 187 

frontier, but there was a sudden and brief decline in 2009, and then it has been kept at the effective 188 

production frontier since 2010. According to the analysis of the changes of the industrial ecological 189 
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efficiency in the three five-year plans, the ecological efficiency has been rising steadily from 0.41 190 

in the "Tenth Five-Year Plan" period to 0.82 in the "Eleventh Five-Year Plan" period and then to 191 

0.99 in the "Twelfth Five-Year Plan" period. It shows that since 2001, Xinjiang has gradually 192 

realized the coordinated development of industrial economic growth, resource conservation, and 193 

environmental protection through a series of energy conservation and emission reduction measures 194 

and the three five-year plans, especially since 2008, in the middle of the Eleventh Five-Year Plan, 195 

industrial production has entered a new development mode. The industrial ecological efficiency has 196 

reached the effective production frontier for six consecutive years, realizing the stable, coordinated, 197 

and sustainable development of industrial production. This is mainly due to the strong support given 198 

by the central government to the economic development of Xinjiang since 2010. The central 199 

government has held two symposiums on work in Xinjiang and implemented the policy of aiding 200 

Xinjiang in 19 provinces and cities. 201 

 202 

Fig.3 The change trend of industrial eco-efficiency in Xinjiang from 2001 to 2015 203 
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 204 

Fig 4 Variation trend of industrial eco-efficiency during the "Tenth five- year plan" to the "Twelfth five- 205 

year plan" 206 

3.1.2 Area level measurement and analysis 207 

Xinjiang is divided into three regions: northern Xinjiang, eastern Xinjiang, and southern 208 

Xinjiang, and the temporal and spatial changes of ecological efficiency in different regions are 209 

measured and analyzed. The results are shown in Figs 5-6. 210 

(1) Spatial difference analysis. The average industrial ecological efficiency of the three regions 211 

in northern Xinjiang, eastern Xinjiang, and southern Xinjiang is 0.66, 0.64, and 0.62 respectively, 212 

indicating that northern Xinjiang is greater than that of eastern Xinjiang and southern Xinjiang. 213 

(2) Time change trend analysis. From 2001 to 2015, the industrial eco-efficiency in eastern 214 

Xinjiang first declined slightly and then increased, from 0.65 in 2001 to 0.59 in 2007 and then to 215 

1.00 in 2015, with an overall increase of 52.93%. Since 2001, northern Xinjiang has been rising in 216 

a "W" shape with a rising rate of 12.00%. The industrial ecological efficiency in southern Xinjiang 217 

fluctuated frequently, with a slight increase of 20.73% in the end. From the "10th five-year plan " 218 

to "11th five-year plan" to "12th five-year" period, the ecological efficiency value changes from 219 
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0.57 to 0.60 and 0.68 in northern Xinjiang, from 0.63 to 0.62 to 0.74 in eastern Xinjiang, from 0.56 220 

to 0.59 and 0.76 in southern Xinjiang, except the east during the period of "11th five-year plan" 221 

ecological efficiency declined slightly. In general, in three regions from the "10th five-year plan " 222 

to the 12th five-year" period, the industrial ecological efficiency showed a trend of stage rise. 223 

 224 

     Fig 5 variation trend of industrial eco-efficiency in different regions of Xinjiang from 2001 to 2015 225 

 226 

 227 

Fig 6 variation trend of industrial eco-efficiency in different regions during the "Tenth five- year plan" 228 

to the "Twelfth five- year plan" 229 
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 230 

3.1.3 Prefectures level measurement and analysis 231 

Xinjiang is divided into 14 districts, and measurement analysis of the ecological efficiency 232 

between prefectures is carried out, and the results are shown in Fig 7. 233 

The average industrial ecological efficiency of the 14 prefectures was 0.66, among which the 234 

industrial ecological efficiency of Karamay, Turpan, Aletai, Bazhou, Hetian , and Kezhou was 1.00, 235 

reaching the frontier of effective production, indicating that the industrial input and output of these 236 

six prefectures had reached the optimal level. The industrial ecological efficiency of Urumqi is 237 

basically at the average level, while the industrial ecological efficiency of the other 7 prefectures is 238 

lower than the average, which belongs to the non-efficient region. The number of such prefectures 239 

is large, accounting for 50%. Generally speaking, the development of industrial ecological 240 

efficiency in different regions of Xinjiang is unbalanced. It can be divided into two categories. The 241 

first category is industrial developed areas, such as Karamay City, Urumqi City , and Changji 242 

Prefecture, which need to further improve cleaner production，energy conservation and emission 243 

reduction. The second category is agriculture and animal husbandry areas, such as Kezhou, Altay 244 

region, Yili Prefecture, Hotan, and other places, which need to further strengthen scientific and 245 

technological research and development and promotion efforts, further strengthen and improve 246 

energy-saving and cost-reducing. 247 
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 248 

Fig.7 Industrial eco-efficiency of 14 prefectures in Xinjiang 249 

 250 

3.2 Dynamic ecological efficiency measurement and analysis 251 

To better clarify the ecological efficiency change trend in Xinjiang, the DEA-Malmquist index 252 

model was used to calculate the ecological efficiency variations of 14 prefectures from 2001 to 2015. 253 

The Malmquist index included comprehensive technical efficiency (EC), technical progress (TC), 254 

pure technical efficiency (PE), scale efficiency (SE), and total factor productivity (TFP). 255 

(1) Total factor productivity (TFP) was at a low level from 2001 to 2015. The mean value was 0.982 256 

and the average annual decline was 1.8%. Among them, six years of TFP was above 1.0, accounting 257 

for 42.8%. The rest of the years are below 1.0, showing that industrial ecology efficiency 258 

development in Xinjiang is unstable and the fluctuation is large. It is mainly affected by technical 259 

progress and technical efficiency, and it still needs to be improved and perfected.        260 

(2) By analyzing the decomposition changes of each index, the average value of the technical 261 

progress is 0.967, among which 6 years are greater than 1, showing an increasing trend, but the 262 

overall trend is down. The average annual decline rate is 3.3%, basically synchronous with the 263 
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change of the TFP index, which is the main influence and restriction factor of the industrial 264 

ecological efficiency. Both the comprehensive efficiency and the pure technical efficiency are 265 

greater than 1. The overall trend is increasing, and the average growth range is 1.6%. It contributes 266 

the most to the improvement of industrial ecological efficiency and is the main factor in promoting 267 

the improvement of industrial ecological efficiency. 268 

The comprehensive analysis shows that the technical progress index is the main restriction 269 

factor of the trend of TFP change, while the technical efficiency index is the promoting factor. It 270 

shows that the industrial technology level of Xinjiang is relatively backward, and we should attach 271 

great importance to the research and development and introduction of new industrial technology in 272 

the future. 273 

Table 2 Malmquist index of industrial eco-efficiency in Xinjiang from 2001 to 2015 274 

Year EC TC PE SE TFP 

2001-2002 1.027 0.923 1.027 1.000 0.948 

2002-2003 0.451 2.680 0.451 1.000 1.208 

2003-2004 1.279 0.695 1.279 1.000 0.889 

2004-2005 1.041 1.012 1.041 1.000 1.066 

2005-2006 0.850 1.253 0.850 1.000 1.114 

2006-2007 1.367 0.765 1.367 1.000 1.04 

2007-2008 0.881 1.100 0.881 1.000 0.957 

2008-2009 0.828 1.156 0.828 1.000 0.957 

2009-2010 1.650 0.607 1.650 1.000 1.001 

2010-2011 0.698 1.069 0.698 1.000 0.746 
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2011-2012 0.817 0.910 0.817 1.000 0.743 

2012-2013 1.001 0.842 1.001 1.000 0.843 

2013-2014 0.984 0.995 0.984 1.000 0.98 

2014-2015 2.576 0.594 2.576 1.000 1.529 

Mean 1.016 0.967 1.016 1.000 0.982 

 275 

3.2.2 Spatial distribution analysis 276 

To further analyze the composition and causes of the Malmquist index changes in Xinjiang, 277 

Malmquist indexes of 14 Prefectures in Xinjiang were decomposed and analyzed, as shown in Table 278 

3. 279 

(1) From 2001 to 2015, the average total factor productivity (TFP) of various prefectures was 280 

0.982. TFP of 6 prefectures was greater than 1.0, and TFP of the other 8 prefectures was less than 1. 281 

Although the increase rate of Karamay was 12.6%, it could not hide the overall downward trend of 282 

1.8%. The average drop in prefectures was 1.8%. It is mainly caused by the unbalanced development 283 

between prefectures. It is suggested that prefectures based on the industry should learn from the 284 

experience of Karamay and Urumqi and make more efforts in cleaner production, energy 285 

conservation, emission reduction; and prefectures based on agriculture should learn from the 286 

experience of Hotan, Kizl, and Altay. It is necessary to further increase scientific and technological 287 

research and promotion, and further strengthen and improve energy-saving and cost-reducing. 288 

(2) By analyzing the decomposition changes of each index, the scale efficiency remains 289 

unchanged at 1.00. Both the comprehensive technical efficiency (EC) and pure technical efficiency 290 
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index (PE) are all 1.016, and the increase rate is 1.6%. The technology progress index was 0.967, 291 

with a decline rate of 3.3%. In particular, the technology progress index in Kashi prefecture declined 292 

by 10.3%. It can be seen that the technical progress index is the leading factor for the decline of 293 

total factor productivity，It has a restrictive effect on total factor productivity. But the technical 294 

efficiency and pure technical efficiency index play a promoting role. 295 

(3) On the whole, TFP shows a downward trend, in which technical efficiency plays a promoting 296 

role and technological progress plays a restricting role, while scale efficiency has little influence. In 297 

Urumqi, Karamay, Turfan, Changji, and most of the other prefectures, Technological efficiency is 298 

the main factor that promotes TFP, while technological progress is the constraint. In Altay and Hotan, 299 

both technological progress and technical efficiency play a promoting role, while in Bazhou, 300 

technological progress plays a promoting role and technical efficiency plays a restricting role. 301 

Table 3 Malmquist index of ecological efficiency in 14 prefectures of Xinjiang from 2001 to 2015 302 

district EC TC PE SE TFP 

Urumqi 1.063 0.971 1.063 1.000 1.033 

Karamay city 1.135 0.992 1.135 1.000 1.126 

Turpan city 1.042 0.970 1.042 1.000 1.011 

Hami city 0.985 0.989 0.985 1.000 0.974 

Changji Prefecture 1.053 0.911 1.053 1.000 0.959 

Yili Prefecture 0.976 0.909 0.976 1.000 0.887 

Tacheng Prefecture 0.979 0.938 0.979 1.000 0.918 

Altay Prefecture 1.002 1.004 1.002 1.000 1.005 
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Bozhou 1.000 0.956 1.000 1.000 0.956 

Bazhou 0.983 1.014 0.983 1.000 0.996 

Aksu Prefecture 0.984 0.962 0.984 1.000 0.947 

Kizl 1.000 1.005 1.000 1.000 1.005 

Kashi Prefecture 1.019 0.897 1.019 1.000 0.914 

Hotan Prefecture 1.013 1.030 1.013 1.000 1.043 

Mean 1.016 0.967 1.016 1.000 0.982 

 303 

3.3 Input-output redundancy analysis 304 

3.3.1 Input-output redundancy results 305 

In this paper, the input redundancy rate is obtained by dividing the slack of each input variable by 306 

the corresponding input index value, and the output redundancy rate is obtained by dividing the 307 

slack of each output variable by the corresponding output index value. The calculation results are 308 

shown in Table 4. 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 
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 318 

 319 

 320 

 321 

 322 

 323 

Table 4 Redundancy rate of input-output index of industrial eco-efficiency in different prefectures of 324 

Xinjiang 325 

Area 

Industria

l energy 

consume

d 

Industria

l 

electricit

y 

consum

ption 

industria

l water 

consum

ption 

Industria

l waste 

gas 

emission

s 

SO2 NOx 

Industria

l 

wastewa

ter 

emission

s 

NH3-N 

industria

l solid 

waste  

Gross 

industria

l product 

Urumqi -0.00% -57.75% -11.47% -44.7% -54.43% -68.81% -41.64% -0.00% -28.59% 0.00% 

Hami city -28.38% -66.38% -76.27% -77.56% -91.49% -82.67% -71.72% -80.21% -98.96% 0.00% 

Changji 

Prefecture 

-18.68% -85.66% -73.77% -75.13% -81.54% -87.41% -63.17% -95.09% -95.31% 

 

0.00% 

Yili 

Prefecture 

-0.00% -67.23% -85.69% -70.03% -71.82% -65.97% -43.88% -67.84% -89.16% 

 

0.00% 

Tacheng 

Prefecture 

-0.00% -67.14% -71.29% -68.33% -62.55% -70.56% -39.65% -43.46% -67.75% 

 

0.00% 
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Bozhou -14.28% -47.27% -72.96% -64.67% -64.62% -37.24% -37.31% -58.08% -30.97% 0.00% 

Aksu 

Prefecture 

-34.90% -51.90% -79.21% -64.46% -64.50% -72.99% -62.05% -95.99% -90.47% 

 

0.00% 

Kashi 

Prefecture 

-0.00% -30.94% -74.90% -72.72% -74.78% -67.99% -48.83% -0.00% -11.20% 

 

0.00% 

Mean -12.03% -59.28% -68.20% -63.65% -70.72% -69.21% -51.03% -55.08% -64.05% 0.00% 

Note: prefectures with invalid ecological efficiency are listed in the table. Karamay, Turfan, Altay, Bazhou, Kizl, 326 

and Hotan are not listed in the table due to the balance of resource allocation. 327 

 328 

 329 

Fig 8 Comparison of redundancy rates of input and output index 330 

 331 

The following conclusions can be drawn from Table 4 and Fig 8: 332 

(1) The redundancy rate of the expected output index-industrial gross product in each region is zero, 333 

while there is some redundancy in both input and Undesirable Output factors. This shows that the 334 

lack of industrial output is not the reason for the loss of industrial ecological efficiency, but the 335 
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excessive consumption of resources and excessive discharge of environmental pollutants are the 336 

main reasons for the low industrial ecological efficiency in Xinjiang at this stage. 337 

(2) From the average redundancy rate, the main factors causing the loss of ecological efficiency are 338 

industrial sulfur dioxide emissions, industrial nitrogen oxide emissions, industrial waste gas 339 

emissions, total industrial water consumption, and general industrial solid waste. It can be seen that 340 

there is a problem of excessive air pollutant emission in the whole region, which is a typical problem 341 

in resource-based cities in the north of China, especially those with mineral resources development. 342 

In the future, the industrial development of Xinjiang should continue to make efforts in 343 

desulfurization and denitrification. Besides, excessive industrial water use and general industrial 344 

solid waste discharge are also important factors causing loss of ecological efficiency. Saving water 345 

resources is a fundamental problem in arid areas, so it is urgent to improve the allocation and 346 

utilization of water resources in the next step. 347 

(3) Based on the analysis of the redundancy rate in different prefectures, the main factors affecting 348 

the loss of ecological efficiency are different. 349 

Industrial production of Hami, Changji, and Aksu prefecture is extensive and belongs to the 350 

production mode of high input and high emission. Almost every input and output factor have the 351 

problem of excessive redundancy rate. 6 of the 9 input-output factors in Yili Prefecture are excessive; 352 

In Tacheng, Bozhou , and Kashi prefecture, there are problems of excessive water and electricity 353 

for industrial input elements. The redundancy rate of Urumqi is less than the mean value, and the 354 

problem of the excessive input-output index is not too prominent. Excess industrial water is a 355 

common problem in all prefectures except Urumqi. We need to take measures to address problems 356 

existing in different regions according to local conditions. 357 



23 

 

 358 

3.3.2 Analysis of improvement approaches 359 

3.3.2.1 Analysis of input index of resource consumption 360 

(1) Total industrial energy consumption. Fig 9 shows, industrial energy consumption redundancy 361 

rate is higher, areas above average include Hami City, Changji Prefecture, Aksu Prefecture. These 362 

regions are relatively developed in the industry in Xinjiang, but compared to Urumqi, Karamay, 363 

producing GDP by high energy consumption, which is a relatively extensive and wasteful way of 364 

development. In the future, it is necessary to improve the industrial structure adjustment, eliminate 365 

backward production capacity, update technology, introduce high and new technology industries, 366 

and raise the level of cleaner production. 367 

(2) Industrial electricity consumption. It can be seen from Fig10 that the regions with a high 368 

redundancy ratio of industrial electricity consumption are Hami City, Changji Prefecture, Yili 369 

Prefecture, and Tacheng Prefecture, which are both industrial-oriented areas such as Hami and 370 

Changji Prefecture, and agriculture-oriented areas such as Yili Prefecture and Tacheng Prefecture. 371 

Xinjiang is rich in coal and electricity resources：Coal reserves account for 40% of the country's 372 

total and the installed power grid had exceeded 50 million kilowatts by the end of the 12th Five-373 

Year Plan. However, controlling industrial electricity consumption, reducing energy consumption, 374 

and avoiding waste is still the direction of future efforts. 375 

(3) Industrial water consumption. As can be seen from Fig11, the high redundancy rate of 376 

industrial water input is a common problem. Except for Urumqi, the other 7 regions are all 377 

overloaded. This is a deadly problem in Xinjiang-an arid and water-scarce region. The direction for 378 

improvement in the future is to vigorously develop water-saving industries, water-saving 379 
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technologies, and water-saving processes, improve the recycling level of water resources, and 380 

eliminate water-consuming enterprises and technologies. 381 

3.3.2.2 Analysis of environmental pollution index of undesired output 382 

(1) Industrial waste gas emission. As can be seen from Figs 12- 14, except Urumqi, the other 7 383 

prefectures all have the problem of excessive redundancy rate of industrial waste gas, sulfur dioxide, 384 

and nitrogen oxides emissions. The problem of air pollution has become a common problem 385 

throughout the country, having been included in the national environmental pollution battle- "battle 386 

to protect the blue sky". At present, the air quality of the whole of China is not optimistic, especially 387 

in the northern cities. About 70% of the prefectures in Xinjiang fail to meet the air quality standards. 388 

Therefore, the task of controlling the emission of air pollutants is arduous and urgent. Xinjiang is a 389 

resource-developing province. Its industries are mainly coal mining, metal mining, limestone 390 

mining, and mineral processing, and the amount of industrial waste gas is relatively large. It is a 391 

problem to be solved in the future how to improve the quality and efficiency of the existing resource-392 

based enterprises and reduce the emission of waste gas pollutants. 393 

(2) Industrial wastewater emission. As can be seen from Fig15 and 16, Hami, Changji, Aksu, 394 

Yili, and Bozhou all have the problem of excessive redundancy rate of COD discharge in industrial 395 

wastewater. It is related to local imperfect sewage treatment facilities and the low comprehensive 396 

utilization rate of sewage, which is the direction of further adjustment and improvement in these 397 

areas in the future. 398 

(3) Industrial solid waste production. As can be seen from Fig 17, Hami City, Changji Prefecture, 399 

Aksu, Yili, and Tacheng have the problem of excessive redundancy rate of industrial solid waste 400 

production. A large amount of industrial solid waste is mainly produced in mineral mining and 401 
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processing enterprises, and the production of tailings, waste rock, and the waste residue is relatively 402 

large. In the future, it is necessary to improve the mining rate, recovery rate, and comprehensive 403 

utilization rate of solid waste. 404 

 405 

Fig 9 Comparison of redundancy rates of industrial energy consumption in different prefectures 406 

 407 

Fig 10 Comparison of redundancy rates of industrial electricity consumption in different prefectures 408 

 409 

 410 

 411 
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 412 

Fig 11 Comparison of redundancy rates of industrial water consumption in different prefectures 413 

 414 

 415 

Fig 12 Comparison of redundancy rates of industrial waste gas emissions in different prefectures 416 

 417 
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 418 

Fig 13 Comparison of redundancy rates of industrial sulphur dioxide emissions in different prefectures 419 

 420 

 421 

Fig 14 Comparison of redundancy rates of industrial nitrogen oxide emissions in different prefectures 422 
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 423 

Fig 15 Comparison of redundancy rates of  industrial wastewater emissions in different prefectures 424 

 425 

 426 

Fig 16 Comparison of redundancy rates of COD emissions in different prefectures 427 
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 429 

Fig 17 Comparison of redundancy rates of industrial solid waste production in different prefectures 430 

 431 

3.4 Analysis of external influencing factors of industrial ecological efficiency 432 

By referring to relevant studies (Lu et al., 2017; Wang et al., 2011 & Wang et al., 2008) and 433 

combining with the actual situation of Xinjiang, this paper selects 6 indicators for empirical analysis: 434 

(1) Industrial development level (PGDP): Measured by industrial GDP per capita;(2) Opening to 435 

the outside world (FIR): measured by the proportion of foreign investment;(3) Environmental 436 

planning (EIR): measured by the proportion of investment in environmental protection in the gross 437 

industrial product;(4) Scientific and technological innovation (RDR): measured by the proportion 438 

of R&D investment in the gross industrial product of large and medium-sized enterprises;(5) 439 

Industrial structure (HIR): measured by the proportion of heavy industry;(6) Industrial 440 

Agglomeration (IGR): measured by the proportion of industrial GDP in the national. Taking the 441 

above 6 indicators as independent variables and the static industrial ecological efficiency value as 442 

the dependent variable, the Tobit regression analysis was carried out by using the Stata software and 443 

the regression equation was established as follows: 444 
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1 2 3 4 5 6+ PGDP +ln FIr + EIr +ln RDr +ln HIr + IGr +ER =αβ（ ） β（ ）β（ ） β（ ） β（ ）β（ ）μ 445 

In the formula, ER represents industrial ecological efficiency, α is a constant term, 𝛽𝑖 is a 446 

parameter to be estimated, μ is a random error, and the regression results are shown in Table 5. 447 

Table 5 Tobit regression analysis of influencing factors of industrial eco-efficiency 448 

Explanatory variable Coefficient 

Standard 

deviation 

Z statistic Significance 

Constant term -3.4086 0.1826 -18.670 *** 

industrial GDP per capita (PGDP)  

the proportion of foreign investment;（FIr） 

0.0056 

-0.2293 

0.0026 

0.0453 

2.110 

-5.058 

* 

*** 

the proportion of investment in 

environmental protection（EIr） 

0.9324 1.6356 0.570  

the proportion of R&D investment（RDr） 0.2257 0.0895 2.522 * 

the proportion of industrial GDP（HIr） 2.1378 0.3331 6.419 *** 

the proportion of industrial GDP（IGr） -0.6313 0.4408 -1.432  

***, **, * represent statistical significance at the 0.001, 0.01, and 0.05 levels, respectively. 449 

As can be seen from Table 5, per capita GDP, the proportion of R&D expenditure, the 450 

proportion of the heavy industry, the proportion of investment in environmental protection, and 451 

industrial ecological efficiency are positively correlated, among them, the first three are significantly 452 

positive correlation. It indicates that industrial development level, scientific and technological 453 

innovation, and the proportion of heavy industry have an obvious promoting effect on industrial 454 

ecological efficiency. The proportion of investment in environmental governance also plays a 455 

promoting role, but not obvious. It is necessary to point out that the proportion of heavy industry 456 
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has a promoting effect on industrial ecological efficiency, which is the result that the economic effect 457 

is greater than the pollutant discharge effect. It is consistent with the development model of Karamay 458 

Industrial City. It shows that as long as we properly handle the relationship between economic 459 

development and environmental protection, we can achieve coordinated development. And 460 

proportion of foreign investment, the proportion of industrial GDP in the nation are negatively 461 

related to industrial ecological efficiency. The former has a significant negative correlation with 462 

industrial ecological efficiency. It shows that if the introduction of backward foreign-funded 463 

enterprises or foreign investment with a negative impact on the environment, the impact of opening 464 

to the outside world on the environment is negative and is not conducive to the improvement of 465 

industrial ecological efficiency., which is consistent with the Jia Jun findings (Jia, 2015). 466 

 467 

4. Discussions 468 

4.1 Analysis of the reasons for the gap of industrial eco-efficiency between prefectures. According 469 

to the analysis of the industrial ecological efficiency of 14 prefectures, 6 of them reach the effective 470 

production frontier. One is at the average level, and 7 of them are all lower than the average value, 471 

belonging to the inefficient areas, accounting for 50%. 472 

The first is the analysis of the reasons for the effective areas on the ecological frontier: there are 473 

both industrially developed areas, such as Karamay, and agriculture-based areas, such as Turpan and 474 

Altay Prefecture. Karamay is a famous oil city in China. Founded in 1958 for petroleum, it has 475 

formed a comprehensive oil production base integrating oil extraction and refining. The GDP of the 476 

region is second only to that of the capital of Xinjiang, Urumqi. With mature industrial technology, 477 

low energy consumption, and low pollutant emission, it has truly achieved energy conservation and 478 
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emission reduction and is the representative of the advanced industrial city of Xinjiang. Turpan city 479 

has also reached the frontier of efficient production. It is an agriculture-oriented area. The 480 

agricultural population accounts for more than 70%, and the gross industrial product is at the level 481 

of the middle reaches of Xinjiang. The main reason for its high industrial ecological efficiency is 482 

that the implementation of water-saving measures has achieved remarkable results. The sewage 483 

discharge is only 0.38 tons/ten thousand industrial GDP, which is the lowest in Xinjiang. From the 484 

government to the public, there is a strong sense of water-saving. The most famous water-saving 485 

project is “karez”. Besides, Kezl, Hotan, and Altay are all typical agricultural and animal husbandry 486 

areas, with only a few agricultural and by-product processing industries, and industrial GDP is not 487 

high. Among them, Hotan and Kezl respectively rank first and second from last in Gross industrial 488 

product in Xinjiang. The main reasons for their high industrial ecological efficiency are low energy 489 

consumption and low pollutant emission. Changji Prefecture is the lowest, followed by Hami City, 490 

Aksu Prefecture, and Yili Prefecture. There are both industrially developed areas such as Hami City 491 

and Changji Prefecture, as well as agriculture-oriented areas such as Yili Prefecture, Tacheng 492 

Prefecture, Bozhou, and Kashi Prefecture. There is a big gap between these areas and the areas with 493 

high industrial ecological efficiency above, and there is much room for improvement. A lot of work 494 

needs to be done in energy-saving, water-saving, and emission reduction. 495 

Generally speaking, the development of industrial eco-efficiency in different regions of 496 

Xinjiang is unbalanced, but it has little to do with the level of regional industrial development. The 497 

key to improving industrial eco-efficiency is to do a good job in energy conservation and emission 498 

reduction of industrial enterprises, no matter the area dominated by industry or by agriculture and 499 

animal husbandry. 500 
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4.2 The common problem in arid areas is water shortage and the ecological problems caused 501 

by water shortage. Through the analysis of input-output redundancy, it can be seen that the 502 

redundancy rate of industrial water input in 7 of the 8 inefficient regions is all excessive, which 503 

indicates that industrial water excess is a common problem in the industrial development of Xinjiang. 504 

Turpan is a city with extreme drought and water shortage. Due to the remarkable effect of water- 505 

saving and water recycling measures, the industrial ecological efficiency level is high, reaching the 506 

effective ecological frontier. The water resource is a limiting factor for the development of arid areas. 507 

Saving water resources and improving the comprehensive utilization efficiency of water resources 508 

is the key to improving ecological efficiency. How to improve the distribution and utilization of 509 

water resources and improve the recycling level of water resources is urgent. 510 

4.3 Through the analysis of input-output redundancy rate, it can be seen that the excessive 511 

emission of air pollutants is the main problem faced by all the prefectures in Xinjiang, which is a 512 

typical problem existing in the industrial production of northern resource-based cities, especially 513 

those with mineral resources development. Xinjiang is a big province of resource development, and 514 

its mineral resources rank second in China (Ma, 2011). 8 of 14 prefectures are listed as resource-515 

based cities and regions by the state (2013), accounting for about 60% of the prefectures in Xinjiang 516 

(Fig 18）. Their industrial types are mainly coal mining, metal and limestone mining, and mineral 517 

processing industry, which emit a large amount of industrial waste gas. According to research reports, 518 

resource-based cities have a great impact on ecological efficiency, resulting in a low level of 519 

ecological efficiency (Huang et al., 2015 & Ai et al., 2019). According to the air environment 520 

monitoring data of Xinjiang in 2015, among the 19 monitored cities in Xinjiang, only Altay, Tacheng, 521 

Bole, and Karamay met the national second-level air quality standard, accounting for 21.1% of the 522 
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total, and about 80% of the cities failed to meet the standard. Therefore, how to improve the quality 523 

and efficiency of the existing resource-oriented enterprises in Xinjiang and reduce the emission of 524 

waste gas pollutants is a problem that needs to be solved in the future. 525 

 526 

Fig18. Resource prefecture distribution map of Xinjiang 527 

 528 

4.4 In this study, the influencing factors of ecological efficiency are summarized into three 529 

aspects. Scholars have done a lot of work in these three aspects, and I would like to classify and 530 

summarize them here. The first is the internal influencing factors, including resource input index, 531 

environmental index, and economic index. The results of this study show that the excessive 532 

discharge of industrial sulfur dioxide, industrial nitrogen oxides, industrial waste gas, total industrial 533 

water, and general industrial solid waste are the important factors restricting the ecological 534 

efficiency of Xinjiang. The second is external factors. The conclusion of this study shows that per 535 

capita GDP, the proportion of R&D expenditure, the proportion of the heavy industry, the proportion 536 

of investment in environmental protection, and industrial ecological efficiency are positively 537 
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correlated, while the proportion of foreign investment and proportion of industrial GDP in China is 538 

negatively correlated with industrial ecological efficiency. The third is the influence of the 539 

Malmquist index. This influence should be adjusted according to local conditions. Different regions 540 

have different influence conclusions. This study shows that the technical progress index has an 541 

influence and restriction effect on the ecological efficiency of Xinjiang, while the comprehensive 542 

technical efficiency index, pure technical efficiency index, and scale efficiency index have a 543 

promoting effect on the ecological efficiency of Xinjiang. 544 

4.5 Through the analysis of the influencing factors, this study puts forward the following 545 

countermeasures and suggestions to improve the industrial ecological efficiency: first, further 546 

improve the level of industrial development. We will mainly implement measures to raise workers' 547 

income and increase industrial output; Second, introduce new technology and further improve the 548 

level of industrial technology research and development and promotion efforts; Third, strengthen 549 

environmental planning and environmental protection management, actively guide enterprises to 550 

strengthen the prevention and control of industrial pollution, improve the level of clean production, 551 

and implement energy-saving, consumption reduction, and emission reduction; Fourth, we should 552 

be cautious in introducing foreign investment, do a good job in the preliminary environmental 553 

planning demonstration, and resolutely resist unreasonable demands and additional conditions that 554 

are not conducive to environmental protection. 555 

4.6 This study has rich levels, continuous data, comprehensive data, and longtime span, which 556 

has important guidance and reference for the study of arid resource areas. In this study, ecological 557 

efficiency was measured and analyzed from the provincial level, regional level, and prefectural level. 558 

The changing trend of industrial eco-efficiency in Xinjiang is demonstrated from the "Tenth Five 559 
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Year Plan", "Eleventh Five Year Plan" and "Twelfth Five Year Plan". It has important guidance and 560 

reference for the industrial sustainable development of Xinjiang- an important channel of the Silk 561 

Road Economic Belt, and also provides a reference for the research work of other arid resource-562 

based regions. 563 

4.7 Since the environmental pollutant emission data of Xinjiang during the 13th Five-Year Plan 564 

period is still in the stage of submission and approval, it cannot be obtained for the time being. To 565 

maintain the unity of non-expected emission indicators, the changing trend of industrial ecological 566 

efficiency from 2016 to 2020 has not been analyzed this time. 567 

 568 

5. Conclusions and suggestions 569 

5.1 The industry ecological efficiency level is low in Xinjiang, lower than the national average, but 570 

it shows a steady upward trend over time, from 0.36 in 2001 rose to 1.00 in 2008. Since then, it has 571 

remained at the efficient production frontiers. It shows that since 2001, Xinjiang has gradually 572 

realized the industrial economic growth, resource-saving, and environmental protection 573 

coordination development through a series of measures for energy conservation and emissions 574 

reduction through three five-year plans, especially since 2008. In the middle of the Eleventh Five-575 

Year Plan period, industry production entered a new development model. The industrial ecological 576 

efficiency has reached the effective production frontier for six consecutive years. The industrial 577 

ecological efficiency has reached the effective production frontier for six consecutive years. The 578 

stable, coordinated, and sustainable development of industrial production has been realized, which 579 

is mainly attributed to the strong support given by the central government to the economic 580 

development of Xinjiang since 2010. The central government has held two symposiums on work in 581 
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Xinjiang and implemented the policy of aiding Xinjiang in 19 provinces and cities. 582 

5.2 Industrial ecology efficiency exists space imbalance in Xinjiang. The industrial ecology 583 

efficiency of Northern Xinjiang is larger than that of Eastern Xinjiang, and the industrial ecology 584 

efficiency of Eastern Xinjiang is larger than that of Southern Xinjiang. The 14 prefectures develop 585 

unevenly and asynchronously, which can be divided into two development modes: The first type is 586 

an area dominated by industrial. Clean production, energy conservation, and emissions reduction 587 

are needed to perfect and improve in the future. The second type is the area dominated by 588 

agricultural and animal husbandry. It is necessary to further strengthen the research and development 589 

and popularization of science and technology, and further strengthen and improve energy-saving 590 

and cost-reducing. 591 

5.3 Through the decomposition analysis of the Malmquist index, it is found that the technology 592 

progress index is the restriction factor of the changing trend of TFP, while the technical efficiency 593 

index and the pure technical efficiency index are the promoting factors. It shows that the application 594 

level of industrial technology in Xinjiang has been growing, but the introduction and research and 595 

development of industrial technology are not enough and need to be strengthened. 596 

5.4 From the analysis of input-output redundancy, the main factors causing the loss of ecological 597 

efficiency are industrial sulfur dioxide emissions, industrial nitrogen oxide emissions, industrial 598 

waste gas emissions, total industrial water consumption, and general industrial solid waste. It can 599 

be seen that the emission of air pollutants and excessive industrial water are the main problems in 600 

the region. In the future, improvements should be made in saving industrial water and reducing the 601 

emission of air pollutants. 602 

5.5 From the analysis of influencing factors, industrial development level, scientific and 603 
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technological innovation, industrial structure, environmental planning, and industrial ecological 604 

efficiency are positively correlated, which plays a promoting role in the industrial ecological 605 

efficiency, while the opening to the outside world, industrial agglomeration degree, and industrial 606 

ecological efficiency are negatively correlated, which plays an inhibiting role in the industrial 607 

ecological efficiency. Therefore, to improve the industrial ecological efficiency, it is necessary to 608 

further improve the level of industrial development, improve the level of technological research and 609 

development in industrial enterprises, promote their popularization, and strengthen environmental 610 

planning and environmental protection management. We should be cautious in introducing foreign 611 

investment. 612 

5.6 Xinjiang is an extremely arid and water-scarce region. Saving water resources and strengthening 613 

the comprehensive utilization of water resources are the key and prerequisite. Water- saving and 614 

efficiency should be given top priority in industrial areas, agricultural and animal husbandry areas. 615 

 616 

Acknowledgments 617 

I would like to thank the Department of Ecology and Environment of Xinjiang for providing me 618 

with the annual report on environmental statistics of Xinjiang. I would also like to thank Professor 619 

Guanghui Lv of Xinjiang University for his guidance on my paper. 620 

Declaration of Competing Interest  621 

We declare that we have no financial and personal relationships with other people or organizations 622 

that can inappropriately influence our work.  623 

 624 

Author Contributions 625 



39 

 

Xudong Zhou: data curation, formal analysis, funding acquisition, investigation, methodology: 626 

project administration, supervision, validation, writing - original draft, writing - review& editing. 627 

Jumeniyaz Seydehmet：Drawing, paper ideas 628 

Zhengkai Xue：financial support for the paper 629 

 630 

 631 

 632 

References 633 

Aanand Davé, Konstantinos Salonitis, Peter Ball, et al., (2016). Factory Eco-Efficiency Modelling: 634 

Framework Application and Analysis Procedia Cirp (40), 214-219.  635 

Biao Hu, Yeteng Fu. (2016). Ecological efficiency measurement and spatial disparity in China: An 636 

empirical study based on SBM model and spatial autocorrelation. Journal of Arid Land 637 

Resources and Environment, 30(6), 6-12.  638 

Bin Lv, Jianxin Yang. (2006). Research progress and application of ecological efficiency method. Acta 639 

Ecologica Sinica(11), 3898-3906.  640 

China has identified 262 resource-based cities for the first time Leadership Decision Information. (2013). 641 

48, 26-26.  642 

Cooper W W, Seiford L M, Tone K. (2007). Data Envelopment Analysis: A Comprehensive Text with 643 

Models, Applications, References and DEA-Solver Software. Kluwer Academic Publishers.  644 

Dahlström K, Ekins P. (2005). Eco-efficiency Trends in the UK Steel and Aluminum Industries. Journal of 645 

Industrial Ecology, 9(4), 171-188.  646 

Dan Pan, Ruiyao Ying. (2013). Evaluation methods and demonstration of agricultural eco-efficiency in 647 



40 

 

China. Acta Ecologica Sinica.  648 

Dong Wang, Tan Zhu. (2011). Study on regional industrial ecological efficiency in China based on data 649 

envelopment analysis theory. Ecological economy (4), 24-28.  650 

E, Caves R. (1982). Multinational Enterprise and Economic Analysis. Cambridge University Press.  651 

Färe R, Grosskopf S. (1997). Intertemporal Production Frontiers: With Dynamic DEA. Journal of the 652 

Operational Research Society, 48(6), 656-656.  653 

feng Gao, Jinde Wang, Zheng Guo. (2011). Evaluation of regional industrial ecological efficiency and DEA 654 

analysis in China. China population, resources and environment, 21(127), 318-321.  655 

G, Huppes G，Davidson M D，Kuyper J，van Oers L，Udo de Haes H A，Warringa. (2007). Eco-efficient 656 

Environmental policy in oil and gas production in The Netherlands. Ecological Economics, 61(1), 657 

43-51.  658 

Hu, Song. (2016). The Minds model of industrial eco-efficiency in China and its influencing factors. 659 

Nanjing University.  660 

Jia, Jun. (2015). Research on green spillover effect of FDI based on environmental technology innovation 661 

of host country: Moderating effect of institutional environment. Soft Science, 29(3), 28-32.  662 

Jia, Weiping. (2016). Ecological efficiency evaluation of chlor-alkali chemical industry in Xinjiang under 663 

the mode of circular economy. Shihezi University.  664 

Korhonen P J, Luptacik M. (2004). Eco-efficiency analysis of power plants: An extension of data 665 

envelopment analysis. European Journal of Operational Research, 154(2), 437-446.  666 

Li, Shanshan. (2018). Evaluation and Optimization of Ecological efficiency in China based on super-667 

efficiency DEA Agricultural Science Research, 39(1), 32-39.  668 

Lina Fu, Xiaohong Chen, Zhihua Leng. (2013). Study on ecological efficiency of urban agglomeration 669 



41 

 

based on super-efficiency DEA model -- taking "3+5" urban agglomeration of changzhutan. 670 

China population, resources and environment, 23(4), 169-175.  671 

M, Jollands N，Lermit J，Patterson. (2004). Aggregate eco-efficiency indices for New Zealand-a 672 

principal components analysis. Journal of Environmental Management, 73(4), 293-305.  673 

Ma, X. (2011). Resource and Environment assessment in Xinjiang. China Investment, 6, 40-42.  674 

Ma, X., Wang, C., Yu, Y. et al. (2018). Ecological efficiency in China and its influencing factors—a super-675 

efficient SBM metafrontier-Malmquist-Tobit model study. Environ Sci Pollut Res (25), 20880–676 

20898.  677 

Mingye Ai, Zongqiu Yu, Qinglian Xue. (2019). Spatial-temporal evolution of eco-efficiency in resource-678 

dependent regional cities: A case study of Heilongjiang Province. Systems Engineering, 37(6), 679 

28-37.  680 

Mingyuan Lu, Yuanyuan An. (2014). Empirical analysis of industrial eco-efficiency based on 681 

environmental constraints -- a case study of shandong province. Journal of shandong university 682 

of finance and economics (4), 43-49.  683 

R, Hahn T，Figge F，Liesen A，Barkemeyer. (2010). Opportunity cost- based analysis of corporate eco-684 

efficiency: a methodology and its application to the CO2-efficiency of German companies. 685 

Journal of Environmental Management, 91(10), 1997-2007.  686 

S, Malmquist. (1953). Index numbers and indifference surfaces. Trabajos De Estadistica, 4(2), 209-242.  687 

Schaltegger S, Sturm A. ÖkologischeRationalität. (1990). Ansatzpunkte zur Ausgestaltung von 688 

ökologieorientierten Management instrumenten. Die Unternehmung, 44(4), 273-290.  689 

T, Coelli. (1998). A multi-stage methodology for the solution of orientated DEA models. Operations 690 

Research Letters, 23(3-5), 143-149.  691 



42 

 

Tone, Kaoru. (2001). A slacks-based measure of efficiency in data envelopment analysis. European 692 

Journal of Operational Research, 130(3).  693 

Weimei Zhang, Qinmin Fang, Ting Liu. (2015). Evaluation of urban industrial ecological efficiency -- a 694 

case study of hunan province Urban issues (3), 62-66.  695 

Xueqin Huang, Tingting Wang. (2015). Evaluation of ecological efficiency of resource-based cities. 696 

Science Research Management, 36(7), 70-78.  697 

Yanqun Lu, Peng Yuan. (2017). Spatial econometric analysis of industrial ecological efficiency and 698 

influencing factors in provinces of China. Resource science, 39(7), 1326-1337.  699 

Yuanyue Liu, Qin Xin, Yujie Ma, et al. (2014). Analysis of industrial eco-efficiency in sichuan province in 700 

2012. Journal of chengdu university (4), 27-31.  701 

Zhen Wang, Lei Shi, Jinru Liu, etal. (2008). Methods and application of regional industrial ecological 702 

efficiency. China population, resources and environment, 18(6), 121-126.  703 

Zhou, Y., Kong, Y. & Zhang, T. (2020). The spatial and temporal evolution of provincial eco-efficiency in 704 

China based on SBM modified three-stage data envelopment analysis. Environ Sci Pollut Res 705 

(27), 8557–8569.  706 



Figures

Figure 1

Study area diagram Note: The designations employed and the presentation of the material on this map
do not imply the expression of any opinion whatsoever on the part of Research Square concerning the
legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 2

Comparison of industrial eco-e�ciency in different provinces in China



Figure 3

The change trend of industrial eco-e�ciency in Xinjiang from 2001 to 2015

Figure 4

Variation trend of industrial eco-e�ciency during the "Tenth �ve- year plan" to the "Twelfth �ve- year plan"



Figure 5

variation trend of industrial eco-e�ciency in different regions of Xinjiang from 2001 to 2015



Figure 6

variation trend of industrial eco-e�ciency in different regions during the "Tenth �ve- year plan" to the
"Twelfth �ve- year plan"

Figure 7

Industrial eco e�ciency of 14 prefectures in X injiang



Figure 8

Comparison of redundancy rates of input and output index

Figure 9



9 Comparison of redundancy rates of industrial energy consumption in different prefectures

Figure 10

Comparison of redundancy rates of industrial electricity consumption in different prefectures



Figure 11

Comparison of redundancy rates of industrial water consumption in different prefectures



Figure 12

Comparison of redundancy rates of industrial waste gas emissions in different prefectures

Figure 13

Comparison of redundancy rates of industrial sulphur dioxide emissions in different prefectures



Figure 14

Comparison of redundancy rates of industrial nitrogen oxide emissions in different prefectures



Figure 15

Comparison of redundancy rates of industrial wastewater emissions in different prefectures

Figure 16

Comparison of redundancy rates of COD emissions in different prefectures



Figure 17

Comparison of redundancy rates of industrial solid waste production in different prefectures



Figure 18

Resource prefecture distribution map of Xinjiang Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.


