. mathematics ﬁw\o\w

Article

An Integrated Measurement of the Efficiency of
China’s Industrial Circular Economy and Associated
Influencing Factors

Chenyu Lu %%, Yang Zhang 1, Hengji Li 3, Zilong Zhang *(*, Wei Cheng !, Shulei Jin ! and
Wei Liu !

1 College of Geography and Environmental Science, Northwest Normal University, Lanzhou 730070, China;

15095399442@163.com (Y.Z.); 17635432581@163.com (W.C.); jsl04050@163.com (S.J.);
Iw1727175427lw@163.com (W.L.)

School of Architecture & Urban Planning, Lanzhou Jiaotong University, Lanzhou 730070, China
Information Center for Global Change Studies, Lanzhou Information Center of Chinese
Academy of Sciences, Lanzhou 730000, China; lihengji@llas.ac.cn

College of Earth and Environmental Sciences, Lanzhou University, Lanzhou 730000, China;
zhangzl@lzu.edu.cn

*  Correspondence: luchenyu@nwnu.edu.cn

check for

Received: 29 August 2020; Accepted: 15 September 2020; Published: 18 September 2020 updates

Abstract: Since the 1990s, the notion of a circular economy has been developing globally; countries
all over the world have been considering the development of a circular economy as an important
means of achieving sustainable development. As the development of an industrial circular economy
can help promote the efficient recycling of resources, it is an important starting point for industrial
transformation and upgrading, and represents a key factor that will lead to the development of a
circular economy in China. China’s varying provinces (municipalities and autonomous regions) have
successively implemented circular economy practices in the industrial field. The research object
of the present study is 30 provinces, autonomous regions, and municipalities directly under the
control of central government (Hong Kong, Macao, Taiwan, and Tibet were not included owing
to lack of data). Through the integration of geographic information systems (GIS) technology and
the spatial analysis model, data envelopment analysis (DEA) model, and Tobit regression model, a
measure model and index system are constructed, in order to carry out a multi-angle comprehensive
study integrating the efficiency evaluation, spatial analysis, and influencing factors analysis of
China’s industrial circular economy. It is an important innovation, and an important contribution
to the existing research system. The conclusions are as follows: (1) In general, the overall level of
China’s industrial circular economy’s efficiency was not high, and there was still a lot of room for
improvement. The integrated efficiency of the industrial circular economy in the eastern region was
relatively high, followed by that in the western region, and the lowest level in the middle region.
(2) The efficiency of China’s industrial circular economy displayed obvious spatial aggregation
characteristics at the provincial level, including clear spatial dependence and spatial heterogeneity.
High-value aggregation areas were mainly distributed in the eastern coastal areas, and low-value
aggregation areas were concentrated and contiguously distributed in the middle and western inland
areas. (3) The four elements of economic level, openness to the outside, government regulation, and
industrialization aggregation each impose a significant positive impact on the efficiency of China’s
industrial circular economy, which can promote its efficiency. The level of industrialization exerts
a significant negative impact on the efficiency of the industrial circular economy, which hampers
its improvement. The impact of technological innovation on the efficiency of the industrial circular
economy is not statistically significant.
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1. Introduction

Since the 1990s, the notion of a circular economy has been developing globally. It requires the
utilization of natural resources on the basis of environmental protection, and the gradual transformation
of economic activities towards ecologicalization. Its core idea emerged during the industrial revolution,
and it has fundamentally changed the development mode of the traditional industrial economy [1-3].
The industrial revolution has accelerated the development of human society and the economy at an
unprecedented rate, continuously expanded the scale of production, dramatically promoted the use
of new and effective technologies, and greatly improved people’s standard of living. However, with
the acceleration of the industrialization process, some adverse impacts have also begun to appear,
seriously threatening the human race’s survival and development [4,5]. Accordingly, people have
started to reflect on the development mode of the traditional industrial economy, and pay attention
to the relationship between the economy, environment, and natural resources. The circular economy
can effectively alleviate the pressure caused by resource consumption and environmental pollution
on social and economic development, in order to achieve a win-win situation between economic
development and environmental protection [6-9]. Since the concept of sustainable development was
put forward and developed, countries all over the world have been considering the development of
a circular economy and the establishment of a circular society as an important means of achieving
sustainable development [10,11].

When discussing how to enthusiastically promote the construction of an ecological civilization,
the report of the 18th National Congress of the Communist Party of China pointed out that it is
necessary to “develop a circular economy and promote the reduction, reuse, and utilization of
resources during the processes of production, circulation, and consumption” [12]. The 19th National
Congress of the Communist Party of China regarded environmental and high-quality development
as the main way of progressing in the new era, and the development of a circular economy was the
inevitable choice for achieving this [13]. As the core content of the development of an entire circular
economy, an industrial circular economy requires a change in the traditional manufacturing method
of “pollute first and clean up later”, or “high energy consumption but poor productivity output”.
Instead, industrial waste generated during the process of industrial production should be put into
use after the appropriate recycling treatment. As the development of an industrial circular economy
can help promote the efficient recycling of resources, it is an important starting point for industrial
transformation and upgrading, and represents a key factor that will lead to the development of a
circular economy [14,15]. China has a large population, but a low per capita resources availability
and utilization level. Furthermore, resource and environmental problems in China are complicated,
with resource consumption and environmental pollution issues emanating mainly from industrial
production. However, industrial production depends heavily on resource consumption. Therefore, only
by promoting and implementing an industrial circular economy can these problems be fundamentally
solved, and the goal of realizing an environmental and high-quality expansion of industry can be
achieved [16,17]. China’s varying provinces (municipalities and autonomous regions) have successively
implemented circular economy practices in the industrial field. However, because of the influence
of factors such as the industrial scale, production technology, and economic level, the degree of the
industrial circular economy development varies. Therefore, a feasible method is needed to measure the
efficiency of the industrial circular economy, so as to guide its practice and promote its development.

The research object of the present study is 30 provinces, autonomous regions, and municipalities
directly under the control of central government (Hong Kong, Macao, Taiwan, and Tibet were not
included owing to lack of data). Quantitative analysis methods, such as data envelopment analysis



Mathematics 2020, 8, 1610 3of 21

(DEA), spatial autocorrelation analysis, and a Tobit regression, were applied to establish a measurement
model and index system. We performed an integrated measurement and analysis of the tempo-spatial
efficiency of China’s industrial circular economy, and further analyzed the relevant influencing factors.
On the one hand, the present study can supplement and improve research on the topic of a circular
economy, both theoretically and empirically, and enrich the theoretical content of human geography
and sustainable development. Therefore, the present study has a certain theoretical significance.
On the other hand, it can provide a scientific basis for China to further improve and upgrade the
level of its industrial circular economy, narrow down regional gaps, and provide theoretical support
and a decision-making basis for promoting the construction of an ecological civilization and the
implementation of sustainable development strategies. Therefore, the present study also has an
important practical significance.

The rest of the paper is structured as follows. The second part is a literature review, mainly from
the two aspects of circular economy efficiency and influencing factors. The third part is the data and
method; the index systems of industrial circular economy efficiency evaluation and influencing factors
are constructed, and the calculation models used in this study are introduced. The fourth part is the
results and analysis, mainly including the overall evaluation, spatial analysis, and influencing factors.
The fifth part is the conclusion of this study.

2. Literature Review

2.1. The Efficiency of the Circular Economy

The evaluation of the efficiency of the circular economy abroad mainly focuses on two aspects;
namely, a material flow analysis and ecological efficiency evaluation. In the early 1990s, Germany, Japan,
the United States (USA), and many other countries conducted a material flow analysis in their respective
economic systems. Subsequently, Eurostat promoted the material flow analysis method, which enabled
the continuous expansion of research on this subject. For example, Sevigne-Itoiz et al. [18] used a
material flow analysis to quantitatively analyze the paper recycling efficiency in Spain. Moreover,
Cordova-Pizarro et al. [19] applied the material flow analysis method to quantitatively analyze a mobile
phone electronic waste disposal program. Using the material flow analysis method, Van Eygen et al. [20]
conducted a quantitative study on the waste management system of Austrian plastic packaging.
Angouria-Tsorochidou et al. [21] used the material flow analysis method to analyze and map the life
cycle stages of Danish electronic products, and performed a preliminary assessment. Putri et al. [22]
used the material flow analysis method to analyze the amount of plastic waste recycled in Jakarta,
Indonesia. Methods commonly used to assess eco-efficiency mainly include ecological footprint
analysis, life cycle analysis, the Delphi method, and DEA. For instance, Mikul¢i¢ et al. [23] used the
ecological footprint method to measure the ecological efficiency of manufacturing different cements in
a specific cement plant. Onat et al. [24] applied a life cycle analysis to quantify the eco-efficiency of the
electric vehicle industry across all 50 states in the USA. Koskela [25] used the Delphi method to measure
the ecological efficiency in the Finnish forest industry. Deilmann et al. [26], Pais-Magalhaes et al. [27],
and Moutinho et al. [28] applied the DEA model to evaluate the ecological efficiency in different
countries or regions.

The domestic assessment of the efficiency of the circular economy mainly focuses on macro levels
(e.g., social aspects), meso levels (e.g., industrial aspects), and micro levels (e.g., industrial park or
enterprise aspects). At macro levels (e.g., social aspects), Li et al. [29], Chen [30], and Li et al. [31]
applied the DEA model to assess the efficiency of the circular economy across 30 provinces in China.
At meso levels (e.g., industrial aspects), Wang et al. [32], Wan et al. [33], and Shao et al. [34] used DEA
models to evaluate the efficiency of the circular economy of China’s steel, agricultural, and thermal
power industries. At micro levels (e.g., industrial park or enterprise aspects), Liu [35], Du et al. [36],
and Zhu et al. [37] selected different steel or cement companies as the research objects, and applied
DEA models to assess their respective efficiency regarding the circular economy.
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2.2. The Influencing Factors of a Circular Economy

Foreign studies on the influencing factors of a circular economy mostly focus on the aspect of
resource recycling and utilization at the individual, family, community, and regional levels. At the
individual and family levels, Akil et al. [38] analyzed the influencing factors of waste recycling in
600 households in Malaysia. Mahmud [39] analyzed the impacts of three influencing factors, namely,
specific attitudes, subjective norms, and perceived behavior control, on the recycling behavior of middle
school students in Malaysia. Khan et al. [40] selected 243 residents of a Pakistani metropolis as the
research objects, and analyzed the influencing factors that affected their plastic waste recycling behavior.
At the community and regional levels, Starr et al. [41] analyzed the influencing factors of municipal
recycling in Massachusetts, USA. Lakhan [42] analyzed the influencing factors that affected solid waste
recycling in Ontario, Canada. Tausova et al. [43] analyzed the influencing factors that affected waste
recycling in 36 European countries. Besides, some machine methods and big data analysis [44—46]
are also gradually applied to the influencing factors of a circular economy. Kannangara et al. [47],
through two machine learning algorithms, predict the generation and transfer of municipal solid waste
in Canada to reduce the impact on the urban environment. Straka et al. [48], through the big data
analysis to carry out the appraisal of the complete recycling of waste goods, has analyzed the most
important part of waste production, in order to reduce the impact on the environment.

Domestic research on the influencing factors of a circular economy is generally grouped into
qualitative and quantitative aspects. In the early years, relevant research was predominantly
quantitatively oriented. In recent years, however, the focus has switched to a quantitative analysis.
In terms of a qualitative analysis, Cao et al. [49] analyzed obstacles to the development of the circular
economy in some of China’s underdeveloped areas. Xiang et al. [50] analyzed the main influencing
factors that affected the development level of the circular economy of the urban agglomeration on the
Yangtze River Delta. Chen et al. [51] analyzed the restrictive factors that affected the development of the
industrial circular economy in the Fujian province from the aspects of endogenous power and external
guarantee. In recent years, a large number of studies that have quantitatively analyzed the influencing
factors that affect the circular economy have emerged in China. Liu [52] analyzed the influencing
factors that affected the efficiency of China’s circular economy, while Huang et al. [53] analyzed the
influencing factors that affected the efficiency of western China’s circular economy. Zhi et al. [54]
analyzed the influencing factors that affected the efficiency of the recycling economy of Zhejiang’s
manufacturing industry. Chu [55] analyzed the influencing factors that affected the efficiency of China’s
manufacturing circular economy. At present, some new methods have also made great progress
in the influencing factors of a circular economy. Li et al. [56] apply big data to the integration of
renewable resources industry and analyze the main influencing factors of the development of the
existing recycling system. Zheng et al. [57], through the big data and cloud computing to realize the big
data application wisdom of the cloth grass washing industry, reduce the emission to the environment.

Overall, the extant studies have yielded fruitful results, but there are some deficiencies. First of all,
with the help of geographic information systems (GIS) technology and the application of the spatial
analysis model and DEA method, spatio-temporal integrated measurement research that tests the
evolution patterns and characteristics of the efficiency of the industrial circular economy from both
spatial and temporal dimensions is still lacking. Secondly, with the help of mathematical models,
comprehensive analytic research that tests the efficiency of the industrial circular economy from
different perspectives is still in its preliminary exploration stage. Therefore, the present study can close
this knowledge gap. In this study, through the integration of GIS technology and the spatial analysis
model, DEA model, and Tobit regression model, a measure model and index system are constructed,
in order to carry out a multi-angle comprehensive study integrating the efficiency evaluation, spatial
analysis, and influencing factors analysis of China’s industrial circular economy. It is an important
innovation, as well as an important contribution to the existing research system.
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3. Data and Method

Three methods are used in this study: DEA model, spatial autocorrelation analysis, and Tobit
regression model. The DEA model is an effective non-parametric efficiency evaluation method
that can deal with multiple inputs and outputs at the same time. It has become the main tool of
efficiency evaluation. The non-radial and non-angle slack-based model with undesirable outputs
(SBM-Undesirable) model based on the traditional DEA model can fully consider the slackness of
inputs and outputs, and can deal with undesirable outputs. The index system of industrial circular
economy efficiency evaluation in this study includes undesirable outputs, so it is reasonable to use
the SBM-Undesirable model to carry out China’s industrial circular economy efficiency evaluation,
which is in accordance with the application scope of this method. Spatial autocorrelation analysis
refers to the potential interdependence between the observed data of some variables in the same
distribution area, which can be divided into global spatial autocorrelation and local autocorrelation.
Spatial autocorrelation is used to analyze the distribution of industrial circular economic efficiency
from the whole and the local, which is reasonable and in line with the application scope of the method.
Tobit regression model is an econometric model. It requires that the explained variables are truncated
and discontinuous, so it is also called the truncated regression model. The industrial circular economy
efficiency measured by the SBM-Undesirable model is between 0 and 1, which is truncated data.
Therefore, it is reasonable to select the Tobit regression model to study the influencing factors, which is
in accordance with the application scope of this method.

The flow chart of this study is given (Figure 1). First, the object and content, the methods, and the
purpose and significance of the research are determined. Then, the index system is determined and
the data are collected and processed to measure the efficiency of China’s industrial circular economy
from both spatial and temporal dimensions. The SBM-Undesirable model is used to calculate the
efficiency value of China’s industrial circular economy from 2005 to 2018, and the time series analysis
of industrial circular economy efficiency is carried out. On the basis of the efficiency values measured
by the SBM-Undesirable model, spatial autocorrelation analysis is employed to measure the global
and local Moran index, in order to perform spatial analysis of industrial circular economy efficiency.
Finally, the influencing factors of the industrial circular economy efficiency are taken as the explanatory
variables, and the efficiency of the industrial circular economy is taken as the explained variables, so
the regression results are measured by the Tobit regression model. Then, the influencing factors of
industrial circular economy efficiency are analyzed.

In 64-bit WINDOWS system and Intel(R)Core(TM) 17-8565U CPU: 1.8 ghz and 8 G memory.
The analysis work of the SBM-Undesirable model was performed by DEA SLOVER PRO 5.0. The analysis
work of spatial autocorrelation was performed by GeoDa 1.12. The analysis work of the Tobit regression
model was performed by State MP 14.

3.1. The Index System and Data Sources

On the basis of the existing research results [58-60], and by considering the 3R principle in any
recycling economy, namely, reduction, reuse, and recycle, as well as considering China’s industrial
development features, input indicators were selected from the aspects of energy, resources, capital,
and labor. In terms of energy input, the typical index of comprehensive energy consumption of
industrial added value per ten thousand yuan is selected, which is the amount of consumed energy
for per ten thousand yuan of industrial added value. In terms of resource input, the typical index of
comprehensive water consumption of industrial added value per ten thousand yuan is selected, which
is the amount of consumed water for per ten thousand yuan of industrial added value. In terms of
capital input, the typical index of input in industrial fixed assets is selected, which is the workload to
build and purchase fixed assets and the related cost changes. In terms of labor input, the number of
industrial employees is selected, which is the total amount of employees engaged in industrial work.
Output indicators were selected from the aspects of economic output, recycling output, and undesired
output. In terms of economic output, the typical index of industrial added value is selected. This index
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refers to the final results of industrial production activities expressed in monetary form during the
reporting period. In terms of recycling output, the rate of industrial water reuse and comprehensive
utilization rate of industrial solid waste are selected. The rate of industrial water reuse is the ratio of
the reused water used in the industrial production process to the total water consumption, and the
comprehensive utilization rate of industrial solid waste is the ratio of the comprehensive utilization
of industrial solid waste to the production of industrial solid waste. In terms of undesired output,
the amount of industrial wastewater discharge, the amount of industrial exhaust emission, and the
amount of industrial solid waste discharge are selected. The amount of industrial wastewater discharge
is the total amount of discharged industrial wastewater during the industrial production process.
The amount of industrial exhaust emission is the total amount of pollutant containing gases discharged
into the air during the industrial production process. The amount of industrial solid waste discharge is
the total amount of solid waste discharged outside the prevention and control facilities of solid waste
pollution during the industrial production process. In the end, accordingly, the efficiency evaluation
index system of China’s industrial circular economy was established (Table 1).

Determine the purpose
and significance of the
research

Determine the research Determine the research
object and content methods

A

Determine the index
system

:

Collect and process
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Figure 1. The flowchart of the study. DEA, data envelopment analysis; SBM, slack-based model with
undesirable outputs.
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Table 1. The efficiency evaluation index system of China’s industrial circular economy.

Types of Indexes Criterion Layer

Index Layer

Energy input

Comprehensive energy consumption of industrial added
value per ten thousand Yuan
Comprehensive water consumption of industrial added

R .
Input esource input value per ten thousand Yuan
Capital input Input in industrial fixed assets
Labor input Number of industrial employees
Economic output Industrial added value
. Rate of industrial water reuse
Recycling output . e . . .
Comprehensive utilization rate of industrial solid waste
Output

The amount of industrial wastewater discharge
The amount of industrial exhaust emission
The amount of industrial solid waste discharge

Undesired output

Furthermore, based on existing research results [61,62], and by considering the characteristics
of China’s industrial development, the index system of influencing factors that affect the efficiency
of China’s industrial circular economy was established, and relevant indicators were selected based
on the aspects of the economic level, scientific and technological innovation, openness to the outside,
government regulation, industrialization level, and industrial aggregation (Table 2).

Table 2. The index system of influencing factors that affect the efficiency of China’s industrial
circular economy.

Explanatory Variables Variable Abbreviation Specific Definition
Economic level X1 Per capita GDP
Scientifi .. . R&D expenditure as a percentage
cientific and technological innovation X2 .
of regional GDP
. The percentage of total imports
Openness to the outside X3 and g(ports tg the regionalpGDP
Regional industrial pollution
Government regulation X4 control investment as a percentage
of regional GDP
The percentage of regional
Industrialization level X5 industrial added value to the
regional GDP
The percentage of regional
Industrial aggregation X6 industrial added value to the

national industrial added value

The present study is based on data collected between 2005 and 2018, all of which were obtained
from the China Statistical Yearbook, China Environmental Statistics Yearbook, China Industrial
Statistical Yearbook, statistical yearbooks of various provinces (autonomous regions and municipalities
directly under the central government), the National Economic and Social Development Statistical
Bulletin, environmental bulletins, and other relevant statistical materials and documents. The original
data are provided in the Supplementary Materials (Tables S1 and S2). The data between 2005 and
2018 are selected to carry out the research. This is because, in view of the current situation, part of
the statistical data in 2019 has not been published, so it cannot be fully obtained. The data in 2020
have not been formed. Therefore, we used the latest data available at present, which is sufficient to
reveal the evolution rule and characteristics of the latest industrial circular economy efficiency. On the
basis of this data set, the results and conclusions obtained are up to date and reliable. In addition, the
research results and conclusions are based on the analysis of a large number of data for many years,
which reflects a general long-term evolution rule and trend. Therefore, the lack of statistical data in
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individual years, such as the current year, cannot have a significant and substantive impact on the
research results and conclusions.

3.2. Research Method

3.2.1. The DEA Model

In the present study, a slack-based model with undesirable outputs (SBM-Undesirable) is selected to
measure the efficiency of China’s industrial circular economy, with specific principles as follows [63,64].
Assuming that there are n decision making units in the industrialization system, m input indicators
within each decision making unit, s; expected outputs, and s, unexpected outputs. These three element
vectors are X € R™, YB € RS1, Y? € RS2, with corresponding vector matrices defined as follows:

X= (x1/x2/~'-/xn) € Ran’X >0
YB — (yl’yzl_ ,yn) c RSan, YB >0 (1)
Yh = (yllyZI"-ryn) € R%2X", Y? >0

The production set of all possible decision making units is as follows:
P(x) = { (6, y%, v 2 AX,yP < AYE, P 2 AY?, A 2 0} @)

The mathematical form of the model is as follows:

_lym 5
. m=i=1 E
p=mn 1 (ys1 S8 ys S ®
1 + $1+S2 (Z‘r:l E + Z‘t:l ﬁ)
X = AX+ 5"
B _ B _ gB
yo =AYt 45

S~ >0,85>0,8>0,1>0

In which 57, S8, Sf represent the slack variable of input, expected output, and undesirable output,
respectively; S~,SB, S represent the corresponding vectors; A is the weighted vector; and p is the
objective function of the model, with 0 < p < 1. When p = 1, S~ = S8 = % = 0, suggesting that
the decision-making unit is valid. When p < 1, one of S, 58, S? is not zero, suggesting that the
decision-making unit is invalid, and there is room for input or output improvement. st is the constraints
of the objective function and xy, yf , yZ are the vectors of input, expected output, and non-expected
output indicators.

3.2.2. The Spatial Autocorrelation Analysis

A spatial autocorrelation model was applied to analyze the spatial pattern of efficiency with
regard to China’s industrial circular economy. Furthermore, the global Moran’s I was used to
determine whether a statistical aggregation or dispersion exists in the entire region, with the formula
as follows [65]:

n n
'21 '21 wij(x; = X)(xj = X)
1=1]=
I= — ®)
$2Y. ¥ wj

i=1j=1

n n

where x = % Y x;, §2 = % Y (xi— E)Z; n is the number of evaluation objects; x;, x; are the attribute
i=1 i=1

values of evaluation objects i and j, respectively; and wj; is the spatial weight matrix.
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The local Moran’s I index is used to reflect the dependence and heterogeneity of the efficiency of
the industrial circular economy at the local level, and to explore the characteristics and patterns of the
local spatial autocorrelation. The formula is as follows [66]:

(x;—Xx) i wij(xj —X)
j=1

I= 3 (6)

n n
where x = % Y, x;,5% = ﬁ Y (xj - i)z; n is the number of evaluation objects; x;, x; are the attribute
i=1 j=1, j#i
values of evaluation objects i and j, respectively; and wj; is the spatial weight matrix.
According to the calculation results, four types of spatial autocorrelation can be classified, namely,
high-high (H-H), low-high (L-H), high-low (H-L), and low-low (L-L), among which H-H and L-L
represent types of positive spatial autocorrelation, while L-H and H-L represent types of negative

spatial autocorrelation.

3.2.3. The Tobit Regression Model

In this study, the Tobit regression model is applied to analyze the influencing factors that affect
the efficiency of China’s industrial circular economy. The standard form is as follows [67,68]:

;i =Xip+pi i ~N(0,0%)

v = y; if oy >0 )
: 0 if y; <O

where v’ is the latent dependent variable, y; is the final dependent variable, X; is the independent
variable vector, f is the coefficient vector, and y; is the error term.

4. Results and Analysis
4.1. An Efficiency Evaluation of China’s Industrial Circular Economy

4.1.1. The Efficiency of China’s Industrial Circular Economy

The integrated efficiency of China’s industrial circular economy generally shows a trend of
increasing first and then decreasing, reaching a maximum of 0.727 in 2011 and a minimum of 0.595
in 2005 (Table 3). On the whole, the development is relatively stable. The 14-year average of the
integrated efficiency of China’s industrial circular economy is 0.654, which is far from the production
frontiers, suggesting that the integrated efficiency of China’s industrial circular economy is not high,
and there is still a lot of room for improvement. The trend of pure technical efficiency is similar as
integrated efficiency, reaching a maximum of 0.759 in 2011 and a minimum of 0.655 in 2006, with
a mean of 0.699 in 14 years. The scale efficiency is always higher than the pure technical efficiency
and integrated efficiency, and always maintains about 0.9, close to the level of 1; the average value
of 14 years is 0.931. Overall, the scale efficiency is the highest, followed by pure technical efficiency,
whereas the level of integrated efficiency is the lowest. It can be seen that, with regard to the industrial
circular economy, the level of technical investment is insufficient. Therefore, the increasing of technical
investment and the improvement of technology and management could greatly promote the integrated
efficiency of China’s industrial circular economy.
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Table 3. The integrated efficiency and decomposition efficiency of China’s industrial circular economy.

Year Integrated Efficiency Pure Technical Efficiency Scale Efficiency
2005 0.595 0.669 0.889
2006 0.617 0.655 0.935
2007 0.618 0.666 0.927
2008 0.646 0.671 0.957
2009 0.672 0.710 0.954
2010 0.698 0.735 0.955
2011 0.727 0.759 0.962
2012 0.700 0.734 0.957
2013 0.670 0.726 0.926
2014 0.681 0.723 0.932
2015 0.667 0.710 0.936
2016 0.618 0.671 0.900
2017 0.627 0.681 0.910
2018 0.617 0.678 0.892
Average 0.654 0.699 0.931

4.1.2. The Efficiency of the Industrial Circular Economy in Three Major Regions (the East, Middle, and
West Regions)

The present study divides China’s 30 provincial administrative regions into three major regions,
including the eastern, middle, and western regions [69] (Table 4).

Table 4. The division of three major regions, including the east, middle, and west regions.

Region Province, Autonomous Region, and Municipality

Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian,
Shandong, Guangdong, Hainan
The middle region Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei, Hunan
Inner Mongolia, Guangxi, Chongqing, Sichuan, Guizhou, Yunnan,
Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang

The eastern region

The western region

Between 2005 and 2018, the integrated efficiency of the industrial circular economy in the eastern
region was relatively high, the change was relatively stable, and the efficiency value was always
greater than 0.8. The integrated efficiency of the industrial circular economy in the middle and western
regions rose first and then decreased; the integrated efficiency value reached its maximum in 2011, and
developed steadily after 2016. The integrated efficiency values from high to low are in the eastern,
western, and middle regions. The integrated efficiency of the industrial circular economy in the eastern
region is higher than the national average, whereas the integrated efficiency of the industrial circular
economy in the middle and western region is lower than the national average (Figure 2). According to
the average efficiency of the three regions, for integrated efficiency, the national and eastern, middle,
and western regions are 0.654, 0.896, 0.455, and 0.556, respectively. For pure technical efficiency, the
national and eastern, middle, and western regions are 0.699, 0.915, 0.483, and 0.641, respectively.
For scale efficiency, the national and eastern, middle, and western regions are 0.931, 0.974, 0.944, and
0.877, respectively (Table 5). The pure technical efficiency and scale efficiency of the industrial circular
economy in the eastern region is higher than that of the middle and western region, as well as the
national average. By contrast, the pure technical efficiency of the middle and western region is lower
than the national average. The eastern region has a high economic level, rapid level of industrial
technology updates, and advanced development strategies. It has transformed from a traditional
industrial development mode towards a new mode with low energy consumption, moderate pollution,
and high output. Consequently, it has a relatively high level of industrial circular economy efficiency.
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Figure 2. Trends in the integrated efficiency of industrial circular economy in three major regions.

Table 5. The integrated efficiency of the industrial circular economy and the average value of its
decomposition efficiency in three major regions.

Region Integrated Efficiency Pure Technical Efficiency Scale Efficiency
National 0.654 0.699 0.931

The eastern region 0.896 0.915 0.974

The middle region 0.455 0.483 0.944

The western region 0.556 0.641 0.877

4.1.3. The Efficiency of the Industrial Circular Economy in Provincial Administrative Regions

In terms of temporal evolvement, it can be roughly divided into the following three categories.
The first indicates that the integrated efficiency values from 2005 to 2018 are always 1, including Beijing,
Tianjin, Shanghai, Zhejiang, Shandong, Guangdong, Hainan, and Ningxia. The second category
indicates that the integrated efficiency values are valid for some years from 2005 to 2018, which are
divided into three sub-types: fluctuat rise, fluctuat fall, and first rise and then fall. The integrated
efficiency values in Shaanxi and Jiangsu show an upward trend of fluctuation. It was between 0.457
and 0.705 from 2005 to 2011 in Shaanxi, and integrated efficiency values have been effective since 2012.
In Jiangsu, the integrated efficiency value rose from 0.748 to 1, then the integrated efficiency value
remained effective. It shows a trend of fluctuat fall in Xinjiang. The integrated efficiency value rose
sharply from 0.448 to 1 between 2005 and 2006, then fell gradually to 0.361; there is a downward trend
overall. In Inner Mongolia, Liaoning, and Qinghai, the integrated efficiency values increased first and
then decreased. In Inner Mongolia, the integrated efficiency value rose from 0.426 to 1 first, then the
integrated efficiency value remained effective, and a gradual decline began in 2016. In Liaoning, the
integrated efficiency value rose from 0.613 to 1 first, then the integrated efficiency value remained
effective, and a gradual decline began in 2015. In Qinghali, it first rose from 0.351 to 1, and then fell
down. The third category indicates that the integrated efficiency values are not effective between 2005
and 2018, and there is no obvious upward or downward trend, which show fluctuation. It includes 16
provinces of Hebei, Shanxi, Jilin, Heilongjiang, Anhui, Fujian, Jiangxi, Henan, Hubei, Hunan, Guangxi,
Chongging, Sichuan, Guizhou, Yunnan, and Gansu (Table 6).

From the ranking of integrated efficiency average, the average integrated efficiency of the industrial
circular economy in Beijing, Tianjin, Shanghai, Zhejiang, Shandong, Guangdong, Hainan, Ningxia,
Jiangsu, and Inner Mongolia ranked in the country’s top 10, and their efficiency values were all greater
than the national average. The integrated efficiency values of Beijing, Tianjin, Shanghai, Zhejiang,
Shandong, Guangdong, Hainan, and Ningxia were always 1, suggesting that the integrated efficiency
of the industrial circular economy in these provinces had reached the optimal level. Shaanxi, Liaoning,
Fujian, Qinghai, Henan, Jilin, Hebei, Xinjiang, Hubei, and Chongging ranked in the middle 10 in terms
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of the integrated efficiency of the industrial circular economy, among which the integrated efficiency of
Shaanxi and Liaoning was greater than the national average, and the integrated efficiency in some
years had reached the maximum level. By contrast, the average integrated efficiency of the remaining
eight provinces was less than the national average. The average integrated efficiency in Fujian is 0.609
as the maximum, and the average integrated efficiency in Chongging is 0.495 as the minimum. Shanxi,
Heilongjiang, Guangxi, Sichuan, Gansu, Anhui, Hunan, Guizhou, Yunnan, and Jiangxi ranked in the
bottom 10 with regard to the integrated efficiency of the industrial circular economy, and their average
integrated efficiency was less than the national average. The average integrated efficiency in Shanxi
was 0.472 as the maximum, and that in Anhui, Jiangxi, Hunan, Guizhou, Yunnan, and Gansu provinces
was less than 0.4. It is suggested that these provinces’ industrial circular economies had a low level of
efficiency, and should receive more attention. In general, the integrated efficiency of China’s industrial
circular economy varies significantly across the provinces. Those provinces with a relatively high level
of industrial circular economy efficiency are mostly located in the eastern coastal areas, while those
with a relatively low level are mostly located in the middle and western inland regions.

Table 6. The integrated efficiency of the industrial circular economy in each provincial
administrative region.

Province 2005 2006 2007 2008 2009 2010 2011 2012
Beijing 1.000 1000 1000  1.000  1.000  1.000  1.000  1.000
Tianjin 1.000  1.000  1.000 1000  1.000  1.000  1.000  1.000
Hebei 0541 0524 0546 0511 0563 0590 0558  0.483
Shanxi 0450 0426 0487 0528 0557  0.647 0624 0505

Inner Mongolia 0426 0799 ~ 1.000  1.000  1.000  1.000  1.000  1.000
Liaoning 0613 058 0615 1000  1.000  1.000  1.000  1.000
Jilin 0432 0405 0445 0418 0511 0574 0637 0637
Heilongjiang 0704 0598 0555 0541 0458 0480 0597 0437

Shanghai 1.000 1000  1.000  1.000  1.000  1.000  1.000  1.000
Jiangsu 0748 0774 0773 1000  1.000  1.000  1.000  1.000

Zhejiang 1000  1.000  1.000 1000  1.000  1.000  1.000  1.000
Anhui 0327 0303 0304 0321 0379 0443 0476 0465
Fujian 0613 0619 058 0562 0632 0698 0625  0.608
Jiangxi 0268 0318 0321 0298 0330 0409 0427 0426

Shandong 1.000 1000  1.000  1.000  1.000  1.000  1.000  1.000
Henan 0573 0549 0560 0570 0582  0.635  0.654  0.610
Hubei 0351 0373 0393 0417 0516 0562 0575  0.546
Hunan 0299 0286 0302 0312 0393 0456 0459 0421

Guangdong 1.000  1.000  1.000 1000  1.000  1.000  1.000  1.000

Guangxi 0419 0382 039 0389 0453 0467 0497 0462

Hainan 1.000 1000 1000  1.000  1.000  1.000  1.000  1.000
Chongging 0412 0449 0422 0449 0581 0565 0595 0527

Sichuan 0311 0323 0339 0364 0350 0473 0505  0.484

Guizhou 0361 0315 0340 0334 0343 0334 0485 0389
Yunnan 0288 0371 033 0331 0409 0391 0466  0.290

Shaanxi 0457 0521 0533 0551 0614 0679 0705  1.000
Gansu 0446 0264 0465 0412 0440 0434 0557 0445

Qinghai 0351 033 0327 0360 0524 0526 0816  0.826

Ningxia 1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000

Xinjiang 0448 1000 0492 0711 0517 0587 0552 0454

Average 0.595 0.617 0.618 0.646 0.672 0.698 0.727 0.700




Mathematics 2020, 8, 1610 13 of 21

Table 6. Cont.

2013 2014 2015 2016 2017 2018 Average Rank

Beijing 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1
Tianjin 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1
Hebei 0.484 0.467 0.463 0.507 0.511 0.537 0.520 17
Shanxi 0.461 0.411 0.351 0.286 0.460 0.409 0.472 21
Inner Mongolia 0.689 1.000 1.000 0.677 0.413 0.409 0.815 10
Liaoning 1.000 1.000 0.687 0.450 0.480 0.473 0.779 12
Jilin 0.608 0.576 0.567 0.508 0.511 0.485 0.522 16
Heilongjiang 0.364 0.334 0.352 0.283 0.263 0.277 0.446 22
Shanghai 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1
Jiangsu 1.000 1.000 1.000 1.000 1.000 1.000 0.950 9
Zhejiang 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1
Anhui 0.440 0.433 0.431 0.390 0.391 0.389 0.392 26
Fujian 0.583 0.589 0.615 0.583 0.599 0.608 0.609 13
Jiangxi 0.364 0.348 0.362 0.308 0.318 0.322 0.344 30
Shandong 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1
Henan 0.590 0.560 0.538 0.543 0.535 0.539 0.574 15
Hubei 0.517 0.535 0.590 0.540 0.535 0.530 0.499 19
Hunan 0.397 0.438 0.486 0.407 0.422 0.405 0.392 27
Guangdong 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1
Guangxi 0.400 0.371 0.413 0.383 0.325 0.300 0.404 23
Hainan 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1
Chongqing 0.511 0.419 0.499 0.440 0.516 0.542 0.495 20
Sichuan 0.498 0.487 0.440 0.351 0.373 0.349 0.403 24
Guizhou 0.363 0.356 0.420 0.333 0.364 0.346 0.363 28
Yunnan 0.291 0.330 0.390 0.343 0.373 0.350 0.354 29
Shaanxi 1.000 1.000 1.000 1.000 1.000 1.000 0.790 11
Gansu 0.396 0.359 0.392 0.271 0.404 0.280 0.397 25
Qinghai 0.732 1.000 0.676 0.646 0.584 0.586 0.592 14
Ningxia 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1
Xinjiang 0.407 0.409 0.349 0.303 0.439 0.361 0.502 18
Average 0.670 0.681 0.667 0.618 0.627 0.617 0.654

4.2. A Spatial Analysis of the Industrial Circular Economy’s Efficiency

4.2.1. A Global Spatial Autocorrelation Analysis

The global Moran’s I index of the integrated efficiency of China’s industrial circular economy was
calculated between 2005 and 2018 (Table 7). The index values over these years were all positive, and
the z-test values were all greater than the test critical value of 1.96, which were statistically significant
at the 5% level. It can be seen that the efficiency of China’s industrial circular economy exhibits a
positive spatial autocorrelation, and it shows certain aggregation characteristics on the provincial
level. In other words, the efficiency of the industrial circular economy is not randomly distributed, but
exhibits a high (low) regional spatial aggregation pattern. Provinces with a high level of industrial
circular economy efficiency tend to be adjacent to similar ones, as do those with a low level. It can be
seen from the changing trend of the global Moran’s I index that the index values showed a fluctuating
pattern. The index reached a maximum of 0.72990 in 2007, and a minimum of 0.30843 in 2014. It can be
roughly divided into three stages. The first phase was between 2005 and 2007—the index fell first and
then rose, and it showed that the spatial agglomeration distribution of industrial circular economy
efficiency in early years was unstable. During the second phase, the index showed a downward trend
between 2007 and 2014, and it showed that the spatial agglomeration degree of industrial circular
economy efficiency was weakened. During the third phase, the index showed an upward trend first
and was then steady between 2014 and 2018, and it showed that the spatial agglomeration degree of
industrial circular economy efficiency increased gradually and then developed smoothly. Overall, the
spatial autocorrelation degree of China’s industrial circular economy efficiency is unstable. In other



Mathematics 2020, 8, 1610 14 of 21

words, the degree of spatial aggregation and distribution of provinces with a high or low industrial
circular economy efficiency displayed certain fluctuations.

Table 7. The global Moran’s I Index of China’s industrial circular economy efficiency.

Year Moran’s I V4 P

2005 0.58293 5.13770 0.00002
2006 0.38211 3.37670 0.00161
2007 0.72990 6.29370 0.00001
2008 0.51330 4.36920 0.00003
2009 0.54513 4.66610 0.00003
2010 0.59313 5.01080 0.00002
2011 0.47849 4.10450 0.00017
2012 0.42074 3.62040 0.00067
2013 0.43588 3.80550 0.00060
2014 0.30843 2.71270 0.00645
2015 0.55633 4.79680 0.00004
2016 0.54897 4.77350 0.00003
2017 0.57227 4.99900 0.00009
2018 0.56966 4.98680 0.00003

4.2.2. A Local Spatial Autocorrelation Analysis

The present study selected the years of 2005, 2010, 2015, and 2018, and performed a local
spatial autocorrelation analysis with regard to the efficiency of China’s industrial circular economy.
We measured the degree of correlation between the attribute value of each spatial unit and the attribute
value of its neighboring spatial units, so that local spatial relationships could be displayed and
distribution characteristics could be revealed at the local scale (Figure 3).
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Figure 3. A diagram of the local spatial correlation of China’s industrial circular economy efficiency.

(1) In 2005, 19 provinces displayed a positive spatial correlation pattern, which accounted for
63.3% of the total, whereas 11 provinces displayed a negative spatial correlation pattern, which
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accounted for 36.7% of the total. The number of provinces that belonged to the “high-high”, “low-low”,
“low-high”, and “high-low” types was 7, 12, 5, and 6, respectively. In general, the pattern of a positive
spatial correlation was dominant, suggesting that the efficiency of China’s industrial circular economy
displays obvious spatial aggregation patterns. (2) In 2010, 21 provinces displayed a positive spatial
correlation pattern, which accounted for 70% of the total, whereas 9 provinces displayed negative
spatial correlations, which accounted for 30% of the total. The number of provinces that belonged to the
“high-high”, “low-low”, “low-high”, and “high-low” types was 12, 9, 8, and 1, respectively. In general,
the pattern of a positive spatial correlation was dominant; the number of provinces that belonged
to the “high-high” type kept increasing, and that belonging to the “low-low” type kept decreasing.
This suggests that the high-value aggregation range of China’s industrial circular economy efficiency
has expanded, whereas the low-value aggregation range has shrunk. (3) In 2015, 16 provinces displayed
a positive spatial correlation pattern, which accounted for 53.3% of the total, whereas 14 provinces
displayed a negative spatial correlation pattern, which accounted for 46.7% of the total. The number
of provinces that belonged to the “high-high”, “low-low”, “low-high”, and “high-low” types was 8§,
8,9, and 5, respectively. In general, the number of provinces that belonged to the “high-high” and
“low-low” types kept decreasing, suggesting that the degree of spatial aggregation of China’s industrial
circular economy efficiency has weakened. (4) In 2018, 20 provinces displayed a positive spatial
correlation, accounting for 66.7%, whereas there was a negative spatial correlation within 10 provinces,
which accounted for 33.7% of the total. The number of provinces that belonged to the “high-high”,
“low-low”, “low-high”, and “high-low” types was 8, 12, 6, and 4, respectively. Overall, the number
of provinces belonging to the “high-high” type remained unchanged, while that belonging to the
“low-low” type kept increasing, suggesting that China’s industrial circular economy has expanded
its low-efficiency aggregation scope. Generally speaking, the spatial positive correlation type is
dominant, and the efficiency of China’s industrial circular economy exhibits obvious characteristics
of a spatial aggregation, including clear spatial dependence and spatial heterogeneity. High-value
aggregation areas are mainly distributed in the eastern coastal areas, and low-value aggregation areas
are concentrated and contiguously distributed in the middle and western inland areas, with transition
zones in between. The efficiency of China’s industrial circular economy is generally high in the east
and low in the west, and gradually decreases from the east coast towards the middle and western
inlands, demonstrating an east-west spatial distribution pattern.

4.3. An Analysis of the Influencing Factors that Affect the Efficiency of the Industrial Circular Economy

In the present study, the integrated efficiency of the industrial circular economy was used as the
explained variable, and all influencing factors were treated as the explanatory variables. The Tobit
regression model was used to perform a regression analysis, with the results shown in Table 8.
Among them, the regression coefficient represents the influence degree of independent variable x
on dependent variable y. The larger the regression coefficient, the greater the influence of x on y.
The smaller the regression coefficient, the smaller the influence of x on y. The positive regression
coefficient means that y increases as x increases, while the negative regression coefficient means that y
decreases as x increases. The standard error is a measure of the dispersion degree of the data. The larger
standard error indicates that the difference between the value and the average value is large, and the
smaller standard error means that the value is closer to the average value. Z is the test statistic. P is
the significance level. It can be seen that the regression coefficients of the economic level, openness to
the outside, government regulation, and industrialization aggregation were positive and statistically
significant at the 1% level, suggesting that they have a significantly positive impact on the efficiency of
the industrial circular economy. The regression coefficient of openness to the outside is about 0.6674,
and the regression coefficient of economic level is about 0.1826 (Table 8). It can be seen that openness
to the outside and economic level are the two factors that have the greatest positive impact on the
efficiency of the industrial circular economy. The regression coefficient of the industrialization level
was —0.0054, and it was statistically significant at the 1% level, suggesting that it has a significant
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negative impact on the efficiency of the industrial circular economy. The regression coefficient of
scientific and technological innovation was not statistically significant, suggesting that such innovation
did not have a significant impact on the improvement of the industrial circular economy’s efficiency.

Table 8. The regression results of the Tobit model.

Variable Coefficient Std. Error Z-Statistic Prob

Constant —1.400686 0.2648 -5.29 0.000
X1 0.1826037 0.0251 7.26 0.000
X2 0.0136736 0.0270 0.51 0.613
X3 0.6673571 0.0822 8.12 0.000
X4 0.0091492 0.0012 7.58 0.000
X5 —0.0054267 0.0021 -2.64 0.009
X6 0.0233478 0.0073 3.18 0.002

The higher the economic level, the more financial support can be provided for the development
of the industrial circular economy, the more outstanding talents can be attracted, and the more
advanced technologies can be obtained in order to improve the efficiency of the industrial circular
economy. Therefore, the economic level exerts a positive impact on the improvement of the industrial
circular economy’s efficiency. The higher the degree of openness to the outside, the more new ideas,
new products, and new technologies can be introduced to the field of the circular economy, thereby
stimulating the development of the industrial circular economy and promoting its efficiency. Therefore,
the factor of openness to the outside exerts a positive impact on the improvement of the industrial
circular economy’s efficiency. The higher the level of government regulation (i.e., industrial pollution
control investment as a percentage of regional gross domestic product (GDP)), the more government
pays attention to industrial pollution issues (e.g., an increase in pollution control investment), which,
undoubtedly, would help reduce pollution and promote resource recycling. Therefore, government
regulations exert a positive impact on the improvement of the industrial circular economy’s efficiency.
The higher the level of industrial aggregation, the more it helps to save production costs, promote waste
recycling, and reduce resource consumption and pollutant emissions, and thus greatly improve the
industrial circular economy’s efficiency. Therefore, industrial aggregation exerts a positive impact on
the improvement of the industrial circular economy’s efficiency. The higher the level of industrialization,
the greater the demand for resources, which results in a significant increase in resource consumption
and pollutant emissions. Obviously, this hampers the improvement of the industrial circular economy’s
efficiency. Therefore, the industrialization level exerts a negative impact on the industrial circular
economy’s efficiency. The impact of scientific and technological innovations on the industrial circular
economy’s efficiency is not significant, suggesting that such innovations do not play an important
role in affecting the industrial circular economy’s efficiency, probably because they have not been
fully utilized.

In recent years, other scholars have also conducted similar research and obtained corresponding
results. For example, Tang et al. [70] calculated the comprehensive efficiency of China’s industrial
circular economy using the method of combining the global entropy and coefficient of variation, and
achieved results similar to this paper. It is believed that the overall efficiency of China’s industrial
circular economy develops fastest in the eastern region, followed by the middle and the western
region. Xiao [71] used the DEA model to measure the development efficiency of the circular economy
in China, and achieved results similar to this paper. It is believed that the development efficiency
of the circular economy in eastern China was significantly higher than in the middle and western
regions. Liu et al. [72] took Handan City as the research area, and used the DEA model to evaluate
the development efficiency of the circular economy in the recent ten years. It is considered that the
development status of the circular economy is relatively good. Li et al. [73] used GeoDA software
to analyze the spatial distribution characteristics of China’s industrial eco-efficiency, and achieved
results similar to this paper. It can be seen that the efficiency exhibits a positive spatial autocorrelation.
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Rajput et al. [74] used the principal component analysis method to analyze the main factors affecting
the efficiency of industrial circular economy. It is believed that technology, services, and policies were
important factors affecting the efficiency of the industrial circular economy. Robaina et al. [75] took
EU countries as the research area, and used cluster analysis to estimate the main determinants of
the European circular economy. It is considered that resource productivity is an important indicator
that affects the efficiency of the circular economy. Yang et al. [76] took Hunan as the research area,
and used the DEA model to evaluate the industrial ecological efficiency, as well as multiple linear
regression to analyze the main influencing factors. It is believed that the economic development
and total capital were the main factors to improve the efficiency. It can be seen that, in the existing
research, there is still a lack of research on the spatio-temporal integrated measurement and influencing
factors analysis for the efficiency of China’s industrial circular economy. This study can make up
for this deficiency. This research uses the integration of a variety of technical methods, including
GIS technology and the spatial analysis model, DEA model, and Tobit regression model, to carry
out a multi-angle comprehensive study integrating the efficiency evaluation, spatial analysis, and
influencing factors analysis of China’s industrial circular economy. It can supplement and improve
the existing research system. This is the important value of this study, and it is also the important
contribution to the research field of the circular economy. However, there are still some limitations in
this study. Because this study is only carried out at the provincial level, it cannot reveal the differences
within the provinces, which can be improved further in future research.

5. Conclusions

In general, between 2005 and 2018, the overall level of China’s industrial circular economy’s
efficiency was not high, and there was still a lot of room for improvement. The integrated efficiency of
the industrial circular economy in the eastern region was relatively high, followed by that in the western
region, whereas the integrated efficiency remained at the lowest level in the middle region. Actually,
the industrial circular economy’s efficiency in the eastern region was higher than the national average,
whereas that in the western and middle regions was lower than the national average. The efficiency
of China’s industrial circular economy varies significantly across provinces. Provinces with a higher
industrial circular economy efficiency are mostly located in the eastern coastal areas, while those with
a lower efficiency are mostly located in the middle and western inland areas.

The efficiency of China’s industrial circular economy displayed obvious spatial aggregation
characteristics at the provincial level, including clear spatial dependence and spatial heterogeneity.
The efficiency of the industrial circular economy exhibited patterns of high (low) regional spatial
aggregation. Provinces with a high efficiency level of the industrial circular economy tend to be
adjacent to similar ones, as do those with a low efficiency level. The degree of spatial aggregation was
unstable with certain fluctuations, and the overall trend of fluctuating changes could be observed.
High-value aggregation areas were mainly distributed in the eastern coastal areas, and low-value
aggregation areas were concentrated and contiguously distributed in the middle and western inland
areas, with transition zones in between. The efficiency of China’s industrial circular economy is
generally high in the east and low in the west, and gradually decreases from the east coast towards
the middle and western inland, forming a spatial distribution pattern of east-west facing each other,
demonstrating an east-west spatial distribution pattern.

The four elements of economic level, openness to the outside, government regulation, and
industrialization aggregation each impose a significant positive impact on the efficiency of China’s
industrial circular economy, which can promote its efficiency. The level of industrialization exerts a
significant negative impact on the efficiency of the industrial circular economy, which hampers its
improvement and thus imposes some negative influences. The impact of technological innovation on
the efficiency of the industrial circular economy is not statistically significant.

Through the integration of a variety of technical methods including GIS technology and the spatial
analysis model, DEA model, and Tobit regression model, a multi-angle comprehensive study integrating
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the efficiency evaluation, spatial analysis, and influencing factors analysis of China’s industrial circular
economy can be effectively realized. In this study, a relatively complete comprehensive research system
is formed. On the one hand, it is an important supplement and improvement to the existing research
system of circular economy, as well as an important contribution to the research field of the circular
economy. This is the important theoretical value of the study. On the other hand, on the basis of this
research, relevant policies can be improved by the Chinese government, in order to further upgrade
the level of the industrial circular economy, and narrow down regional gaps. This is the important
practical value of the study.
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