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For decades, resource-based cities in China have significantly contributed to China’s socio-economic develop-
ment. The heavy resource dependence of resource-based cities inevitably leads to a series of environmental
problems. Mitigating environmental impacts in an unthinking manner might be disruptive for economic
Industrial sector development. Improving eco-efficiency has been a crucial solution for protecting the environment while miti-
Government sector gating its negative economic impact. However, the method commonly used to evaluate the eco-efficiency — that
China is, the black-box data envelopment analysis (DEA) — cannot examine the inefficiencies of the internal structure,
and as a result, the underlying management defects are unclear. To open the black box, this study presents a two-
stage network DEA framework incorporating government and industrial sectors and measures the eco-efficiency
of 84 resource-based cities during the post-financial crisis period (2007-2015). The results indicate that the
average eco-efficiency of China’s resource-based cities shows a promising increase, and there is a positive
relationship between governance efficiency and production efficiency. The decreasing trend of governance ef-
ficiency in the Central, Western, and Northeast regions after 2014 shows the low quality of the government sector
in the usage of fiscal income. Proactive disclosure of how the government sector conducts public business and
spends taxpayers’ money should be made to increase transparency, attract more entrepreneurial resources to
carry out production activities, and further improve sustainability. The two-stage network DEA framework helps
obtain more insights into the internal management defects of the government and industrial sectors and enhance
their cooperation to improve the eco-efficiency precisely.

1. Introduction closely interrelated with the unsustainable development mode of

resource-based cities (Qin et al., 2019; Ruan et al., 2020; Yan et al.,

Resource-based cities are those whose leading industries involve the
exploitation and processing of natural resources, such as minerals, for-
ests, and fossil fuel (The Chinese Government, 2013a). The heavy
resource dependence of resource-based cities inevitably leads to a large
demand for fossil fuel, a vast quantity of CO2 emissions, and a series of
social-economic problems, such as a monolithic industrial structure, a
lack of technological innovation, and a high unemployment rate (Li
etal., 2013a; Shao et al., 2020b; Shao and Qi, 2009). These problems are

2019a). Experiences at home and abroad have suggested that resource-
based cities should transform from resource-intensive growth patterns to
a low-carbon and high value-added economy (The Chinese Government,
2013a).

Eco-efficiency, proposed by Schaltegger and Sturm (1990), is the
ability to produce goods and services with minimal natural resource
consumption and negative environmental impacts (Kuosmanen, 2005;
Long et al., 2017; Oggioni et al., 2011). Improving the eco-efficiency in a
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precise manner provides a solution for this transformation towards
sustainable development, as efficiency enhancement can mitigate the
negative economic impact of emission constraints (Xiao et al., 2019b;
Zhang et al., 2016a). To measure the eco-efficiency, data envelopment
analysis (DEA) has attracted great attention based on a total-factor
production process (Wang et al., 2016; Wu et al., 2020; Xiao et al.,
2019b; Zhou et al., 2008a; Zhou and Ang, 2008). The traditional DEA
method used to evaluate the eco-efficiency has some inadequacies
because it regards the production process as a black box. The black-box
DEA considers production activity as a one-stage process, indicating the
use of all inputs and generating all outputs in a single step (Tone and
Tsutsui, 2009). However, many production activities include multi-stage
processes, which are controlled by corresponding sectors to jointly
complete production activities (Adler et al., 2013; Lozano et al., 2013;
Tone and Tsutsui, 2009). Previous studies have generally evaluated the
eco-efficiency as a single process — that is, focusing on the industrial
sector, which directly generates CO, emissions — omitting the indis-
pensable role of the government (Li et al., 2013a). The government
sector is significant, as it provides public goods and services for a
favorable production environment. How the government sector affects
the industrial sector or even overall efficiency (the eco-efficiency) is still
unknown.

Apart from the inadequacy of research perspective mentioned above,
limitations in the emissions data of resource-based cities set a barrier to
investigating the eco-efficiency of such cities. Many studies have
explored the eco-efficiency of China at the provincial, regional (Guo
etal., 2011; Li, 2010; Lin and Du, 2015; Wang et al., 2012), and national
levels (Liou and Wu, 2011; Zhou et al., 2010). However, cities in China
are considered the basic unit for policy design and CO; emission miti-
gation implementation (Shan et al., 2017; Xiao et al., 2019a, 2019b;
Zhou et al., 2018). The lack of comprehensive, consistent, and detailed
emissions inventories for resource-based cities makes it impossible to
support an in-depth analysis of the eco-efficiency.

Based on the above analysis, we fill two gaps in terms of the eco-
efficiency analysis. First, we construct CO» emissions inventories for
the industrial sectors of 84 resource-based cities in China during
2007-2015. These consistent, transparent, and comparable emissions
data can be a basis for emission-related studies. Second, the govern-
ment’s role in sustainable development is included in a two-stage
network DEA,' the main objective of which is to measure the eco-
efficiency, with governance efficiency and production efficiency as its
components. This study provides a new perspective on analyzing the
low-carbon development situation of resource-based cities by consid-
ering the quality of the government sector. Resource-based cities can
benefit greatly because of natural resource rent. Whether the govern-
ment makes good use of this large fiscal income to create an attractive
production environment is still unknown. This two-stage network DEA
framework can obtain insights into the internal management defects of
the government and industrial sectors and enhance cooperation between
them to improve the eco-efficiency.

The rest of the paper is structured as follows. Section 2 first compares
the methods of the network DEA with two traditional types of DEA (the
black-box DEA and the separate DEA), and then, it presents the

! Compared with the one-stage DEA, the network DEA can detect the in-
efficiency of the components in a network system. However, every component
of a network system is still a black box. A network system can be regarded as
the composition of several black boxes which have interactions.
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framework of a two-stage network DEA. Section 3 describes the sample
cities, variable selection, and data. Section 4 shows and discusses the
results. Section 5 presents the main conclusions and proposes some
policy implications.

2. Methodology

DEA is a non-parametric method for evaluating the efficiency of
decision-making units (DMUs) that can consume multiple inputs to
generate multiple outputs. DEA has been commonly used to measure the
eco-efficiency (Zhou et al., 2008b). Long et al. (2017) investigated the
eco-efficiency of cement manufacturers in China and found that the
Eastern, Central, and Western regions saw a converging trend in the eco-
efficiency. Yang et al. (2017) and Zhang et al. (2016) evaluated the eco-
efficiency of China’s industrial sectors based on DEA. There are two
traditional DEA methods for evaluating the eco-efficiency: the black-box
DEA and the separate DEA. The black-box DEA considers production
activity to be a one-stage step, which means that all inputs are used and
all outputs are generated in a single process, regarding the production
process as a black box, as illustrated in Fig. 1(A) (Long et al., 2018a,
2020). However, many production activities include multi-stage pro-
cesses, which are controlled by corresponding sectors to jointly com-
plete the production activities. Using the black-box approach, we cannot
evaluate sector-specific inefficiencies. As such, the black-box DEA
cannot provide information about potential internal defects for man-
agement improvement if a DMU is inefficient. To enable the evaluation
of sector-specific inefficiencies and their impacts on overall efficiency,
the separate DEA model is used by many studies in the fields of banks
(Luo, 2003; Seiford and Zhu, 1999; Tsolas, 2011), companies (Lo and Lu,
2009; Lo and Lu, 2006; Zhu, 2000), and hotels (Keh et al., 2006). The
separate DEA can include more than one process, with each process
using its own inputs and generating its own outputs, as illustrated in
Fig. 1(B). However, the separate DEA regards sectors as being inde-
pendent of each other, and it neglects the linking structure among them
(Tone and Tsutsui, 2009).

Table 1 summarizes the studies on the resource-based regions of
China using the DEA method in recent years. These studies provide
insightful information for the development of resource-based cities in
China. However, the number of related studies is very limited, and all of
them use the black-box DEA method to measure different types of effi-
ciencies of China’s resource-based cities.

2.1. The black-box DEA

Suppose we deal with N DMUs (i = 1,2, ..., N), and each DMU con-
sumes M inputs to generate E good outputs and F bad outputs. X = (x,
X2,...,XM) €R +M, G=1(g1,82---88) €R + E, and B = (by,bs,...,bp) €R +
Findicate inputs, good outputs, and bad outputs, respectively. The black-
box DEA model evaluates the efficiency of DMUs by using all inputs and
generating outputs in a single step. The production technology of a black
box process can be formulated following Eq. (1):

T ={(X,G,B) : X can produce (G,B) } 1)
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(C) The basic structure of two-stage network DEA
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Fig. 1. Illustration of the black-box DEA (A), the separate DEA (B), the basic structure of two-stage network DEA (C), the general structure of two-stage network DEA.

Table 1
Summary of studies on resource-based cities in China using the DEA method.
No.  Authors Periods Samples Topics Methods
1 Yan 2010-2016 105 Measuring total- The black-
etal. resource- factor energy box DEA &
(2019a) based efficiency and panel
cities in investigating its quantile
China determinants regression
2 Yan 2010-2016 104 Measuring total- The black-
et al. resource- factor energy box DEA & a
(2019b) based efficiency and K-means
cities in examining the clustering
China spatial variation algorithm
in it
3 Chen 2006-2015 109 Measuring The black-
et al. resource- industrial land box DEA &
(2019) based use efficiency and Tobit models
cities in investigating its
China determinants
4 Li and 2012 116 Measuring total- The black-
Dewan resource- factor efficiency box DEA &
(2017) based and investigating OLS linear
cities in its determinants regression
China model
5 Li et al. 1999-2013  Jiaozuo Investigating the The black-
(2016) city in efficiency of box DEA
China sustainable
development
after
transformation
6 Sun 2000-2008 24 Investigating The black-
et al. resource- urban efficiencies box DEA
(2012) based and their dynamic
cities in change
China

The production technology of the black-box DEA exhibiting constant
returns to scale is defined as Eq. (2):

N N
(X,G.B): X >3 2X,G< > AG;,
T= . i=1 i=1 (2)
B> LBk >0(i=1.2,.,N)
i=1

i

where 4; indicates the intensity vector.
2.2. The separate DEA

The separate DEA model can disassemble the single-stage process
into multi-stage processes. For simplicity, assume that there are two
sectors, which are sectors k and h, which cooperate in production ac-
tivities. The production technology of sectors k and h can be expressed as
Egs. (3) and (4).

7 = {(x*,G*, B*, Z") : X* can produce (G*,B",Z*) } @)

T" = {(Xh,Z",Gh,B”) : (X",Zh) can produce (Gh,Bh) } (©)]

Intermediate products are generated by sector k and are then used as
inputs by sector h. Variables Z kand Z " are the intermediate outputs of
sector k and the intermediate inputs of sector h, respectively. The pro-
duction technologies of sector k (Tk) with constant returns to scale can
be defined as follows:

N N
(X, G" B, Z") - X > AxE, GF <Y UG,

i=1 i=1

N
Z8< Y MZEB =Yy MBI 2 0(i=1.2,..N)

N
i=1 i=1
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The production technologies of sector h (T exhibiting constant
returns to scale can be defined as follows:

N N
(x".2",G"B") : x" >N " ax!,z > Az,
i=1 i=1

T = (6)
Gh<2/1”G" B" >Z/1”B,h,/17>o 1,2,...,N)

The main difference between Egs. (2) and (6) is that the separate
DEA considers the existence of several sectors, and each sector consumes
its own set of inputs and produces its own set of good and bad outputs.
Intermediate products are regarded as good outputs of sector k since
they can be used as inputs in sector h. Under the production technology
of sectors k and h, the sectoral efficiency can be obtained based on Egs.
(5) and (6), and the overall efficiency is the weighted arithmetic mean of
the sectoral efficiency.

2.3. The two-stage network DEA

The early attempt of taking the overall system into the component
processes was Charnes et al. (1986), who found that army recruitment
had two processes, that is creating awareness through advertisements
and creating contracts. Since then, measuring the efficiency by sepa-
rating a large system into detailed smaller production processes has
attracted increasing attention (Fare, 1991; Fare and Grosskopf, 1996;
Fare and Whittaker, 1995; Wang et al., 1997). The simplest network
system is the basic two-stage network structure, where the outputs of the
first production process are all treated as intermediate inputs of the
second stage and the inputs of the second production process are all from
the first stage (Kao, 2018; Kao, 2017; Kao, 2014a), as shown in Fig. 1(C).
The basic two-stage network DEA has been adopted in many research
fields, such as commercial banks (Seiford and Zhu, 1999; Tsolas, 2011),
firms (Lu, 2009; Tsolas, 2013), retail stores (Keh and Chu, 2003), and
hotels (Keh et al., 2006).

However, in the real world, the situation of the system with two
production processes can be more complicated. For example, the outputs
of the first process can be the final products and partially flow out of the
system. Also, some inputs of the second production process can be
external but not simply the immediate outputs of the first process.
Compared with the basic two-stage network DEA, the general structure
of the two-stage network DEA can consider these situations (Kao, 2018,
Kao, 2017, Kao, 2014a), as shown in Fig. 1(D). Due to its simple struc-
ture and wide application, the general two-stage network DEA has been
widely discussed in the literature (Bai-Chen et al., 2012; Chiu et al.,
2012; Guan and Chen, 2010; Kao, 2014a). To deal with the situation that
has more than two stages and a more complicated structure, the two-
stage network system was further extended by including more sub-
processes and diverse structures, such as series (Kao, 2009), parallel
(Bian et al., 2016; Kao, 2009), mixed (Fare and Grosskopf, 2000; Kao,
2016; Kao, 2009; Lewis and Sexton, 2004), and hierarchical structures
(Kao, 2015).

The Network DEA has several advantages over traditional DEA ap-
proaches which generally assume production activity as a one-stage
process or regards sectors as being independent (Long et al., 2018c;
Long et al., 2017; Zhang and Choi, 2013a). First, the constructed
network structure is generally closer to a real-world situation. Many
production activities include multi-stage processes, which are interre-
lated, and the realization of one process often depends on the smooth
running of other related processes (Adler et al., 2013; Lozano et al.,
2013; Tone and Tsutsui, 2009). Additionally, not only does the network
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DEA consider the existence of multi-stage processes, but it also considers
intermediate products simultaneously as inputs in some processes and as
outputs in other processes (Tone and Tsutsui, 2009). Second, the
network DEA has stronger discriminating power since a DMU is efficient
only if all of its sectors are efficient (Kao, 2014b; Moreno and Lozano,
2014; Tone and Tsutsui, 2009). This property helps DMUs examine
sector-specific inefficiencies and explore the underlying management
defects, which further propose targeted efficiency improvement strate-
gies (Lewis and Sexton, 2004).

The production technology of the general two-stage network DEA
showing constant returns to scale is as follows:
(x*,x",G*,G" B*,B", Z*M ) . x* > szx" X' > Z/lhx”

i=1 i=1
TF={ G < szck G < Z/l"Gh B > ka B'> EN:A,*B?,
i=1

N
VAR >0(i=1,2,...,N)

IR R

— ng

i=1 i=1

)

The main difference between Egs. (6) and (7) is that Eq. (7) considers
the linking constraints of intermediate products and includes the two
sectors, k and h, in the same framework. The superscript (k,h) indicates
the flow of intermediate products from sector k to sector h. According to
Tone and Tsutsui (2009) and Tone and Tsutsui (2010), there are several
ways to deal with the link of intermediate products. In this study, the
production technology is under the constraint of the free link value case
(N Akzk — SN 3hzEM) The free link case indicates the situation
where the linking activities are freely determined, and their optimal
values can be equal, smaller or greater than their observed values (Tone
and Tsutsui, 2009). In the real-world situation, government has the
capacity to determine the provision of public services and products
based on financial budget. Therefore, this study assumes the linking
constraints as free link.

To better explore the relationship between different sectors, this
study adopts the general two-stage network DEA for the efficiency
analysis of resource-based cities. Improving the eco-efficiency of
resource-based cities is not a discrete issue but a multifaceted process,
requiring the participation of several sectors, such as the industrial and
government sectors. The government sector and the industrial sector are
regarded as the two components of a city. The government sector is
responsible for public goods and services and provides support for the
industrial sector, while the industrial sector is in charge of industrial
production activities (Avelar-Sosa et al., 2018; The Chinese Govern-
ment, 2017a; 2016). The government sector uses urban construction
land and public finance expenditure to provide support for the industrial
sector by providing infrastructure, technology, education, and health-
care. The industrial sector, which uses infrastructure, technology, edu-
cation, and healthcare as intermediate inputs, also consumes energy,
labor, and capital to jointly generate GDP as a good output and CO2
emissions as a bad output. The general two-stage network system with
the government and industrial sectors is illustrated in Fig. 2.

To evaluate the overall efficiency and the sectoral efficiency of a
DMU, Tone and Tsutsui (2009) proposed a slack-based network DEA
model, named the network slack-based model, to include intermediate
products. To simultaneously deal with undesirable output, the objective
function is modified accordingly. The eco-efficiency with undesirable
outputs using network slack-based model under the constraint of the free
link case can be defined as follows:



N N
st Xk = Z,{fx’k + 5" xh = Zﬁf_lx{l L
i=1 i=1

i=

G = zN:sz,.k -5¢ G
i=1

N
=Y G -5
i=1

N N
B =Y XBi+5" B'=> ABl+5"
i=1 i=1

N N

Soazt =N azt
i=1

i=1 i

Ha>0 s 59 s >0

where N indicates the number of DMUs over the whole period. Inputs,
good outputs, and bad outputs are denoted as X = (x1,X2,...,Xp) €R | M
G = (81,82 ---8) €R ; E andB = (by,bs,....,by) € R + E respectively.
Variables M, E, and F indicate the number of inputs, good outputs, and
bad outputs, respectively. Variables k and h indicate the government
sector and the industrial sector, respectively. The slack variables of all
inputs are denoted as SX = (s1,5,....,sM) €R + M Since the government
sector may take time to construct infrastructure, promote technology
development, and improve the education and healthcare levels, this
study considers this lagging effect by using the inputs in the previous
year (t — 1) and the outputs in the current year (t) in the government
sector.

Variables w* and w" are the weights of sectors k and h, respectively
(wk Twh= 1, and wk, wh > 0). The methods commonly used to determine
the weight can be divided into two categories, endogenous weight
method and exogenous weight method (Ang and Chen, 2016; Chen
et al., 2018; Kao, 2013; Tone and Tsutsui, 2009). In this study, the
weights are exogenous, indicating the weights are pre-determined based
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on the relative importance among different sectors. The pre-determined
weight can be set according to cities’ development stages and current
main challenges, which serves as guidance in addressing problems. In
this study, the weights are set as 1/3 and 2/3 for the governance effi-
ciency and production efficiency, respectively, which are consistent
with the weight levels of the separate DEA. The efficiency of the separate
DEA equals 1/3 x Sector k + 2/3 x Sector h. The weight of governance
efficiency is set to be smaller than that of production efficiency mainly
because China has transformed from a planned economy to a socialistic
market economy and production activities of entrepreneurs play an
increasingly important role in economic structural reform (The Chinese
Government, 2017). The weight is not fixed and can be adjusted based
on the relative importance of the sector in each city. For a better com-
parison of the results using different weights, a weight sensitivity
analysis ranging from 0.1 to 0.9 has been conducted for the 84 resource-
based cities, as shown in Tables A3, A4, and A5. The results show that
the overall efficiency will be affected when using different weights,
while sectoral efficiency, in some cases, can remain unchanged. These
findings are consistent with Guo et al. (2017).
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Note that the eco-efficiency obtained from Eq. (8) is the overall ef-
ficiency, which can be further decomposed into the governance effi-
ciency (GE) and the production efficiency (PE) based on Egs. (9) and
(10), respectively (Tone and Tsutsui, 2009). GE is to measure the quality
of the government sector in providing public goods and services, which
can be derived from Eq. (9). If the government sector can produce more
public goods and services using limited inputs (e.g., fiscal expenditure),
the performance of the government sector will improve. A government-
production relationship can be described as that the government pro-
vides the road, where the entrepreneurs can drive the car (Lu and Pan,
2016). The outputs of the government sector include a series of public
goods and services (Avelar-Sosa et al., 2018; Lu and Pan, 2016; The
Chinese Government, 2017a; 2016). The government sector aims to
provide fair, accessible, high-quality public goods and services for
creating a favorable production environment (Cull et al., 2017; Hu et al.,
2017; Lu and Pan, 2016).

The production sector is in charge of the provision of non-public
goods and services (Long et al., 2019; Long et al., 2018b; Zhang and
Choi, 2013b), whose target is earning profits. The industrial sector is
made up of enterprises from diverse industries (e.g., thermal power

CO: emission intensity
(tonnes/10000 RMB)

1 o1
B (1.2]
Hl 3]
Hl G5
Bl G 10
I (10, 30]
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plants, coal mining plants, and food processing plants), as shown in
Table A2, and is one significant component of production sector in
resource-based cities. PE is defined as the performance of production
activities of enterprises in earning profits, PE of the industrial sector can
be obtained based on Eq. (10). If the enterprises can produce more non-
public goods and services with limited inputs, the performance of the
production activities will improve.

Mk
s

ok

GE = ntol ©)
L il rk
1+ ElerF“ Z Sj + Z ZT/«
d=1® g

1
1 =55

M o
- X %
PE = =1 10)
Eh y Fh o
ltpm| 2o+ 27
=1 oy

where GE and PE lie in the range of [0,1]. If efficiency equals 1, then the

Fig. 3. Spatial distribution and emission intensity of 84 resource-based cities in China in 2015.
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DMU is ranked as efficient; otherwise, it has room for improvement.

2.4. Energy inventory construction

We estimate the energy inventories of the industrial sectors of 84
resource-based cities from 2007 to 2015. The energy consumption of
industrial sectors is the sum of the energy consumption of 40 subsectors
(see Table A2). The energy consumption data are derived from the
‘energy balance tables’ and ‘industrial sectoral energy consumption ta-
bles’ of city-level statistical yearbooks. For cities that do not have
complete data for a specific sector or energy type, this study follows
Shan et al. (2017) to deduce ‘industry sectoral energy consumption ta-
bles’ and ‘energy balance tables’ using one case method involving four
cases (Cases A, B, C, and D) and another case method involving three
cases (Cases o, P, and y) based on the corresponding data quality,
respectively. To save space, the calculation details are not shown here;
more information can be found in Shan et al. (2017). After calculating
the energy consumption of 40 subsectors, we transform them into
standard coal equivalents and then sum them to obtain the total energy
consumption of the industrial sectors of each resource-based city.

2.5. COy emission inventory construction

We further evaluate the CO, emissions of the industrial sectors of 84
resource-based cities in China during the 2007-2015 period. The
methodology for constructing CO, emission inventories that we adopt in
this study has been explained in a previous paper of our (Shan et al.,
2017), and only the important steps are demonstrated here. The
compilation of COy emission inventories is based on the Intergovern-
mental Panel on Climate Change (IPCC, 2006). The CO, emissions of
industrial sectors can be divided into two components: energy-related
and process-related emissions.

The energy-related CO; emissions of the industrial sectors of
resource-based cities are constructed as follows.

17 40
CE; =Y Y ADy x NCV; x CC; x 0y an

=1 j=1

In Eq. (11), variables CEj;, NCV;, CC;, and Oy are CO2 emissions, the
net caloric value, the carbon content per calorie, and the carbon
oxidation ratio, respectively. Variables i and j indicate energy types and
socio-economic sectors, respectively. Variable ADj; is the energy con-
sumption amount, which can be obtained following the method dis-
cussed in Section 2.4. The emission factors from Liu et al. (2015), which
are more in line with China’s energy quality (Li et al., 2019; Shan et al.,
2019; Shan et al., 2018; Shan et al., 2016), are adopted in this study.

The process-related CO; emissions of the industrial sectors of
resource-based cites are constructed as follows.

CEprocess = Y _AD, X EF,,t € [1,9] 12
t

In Eq. (12), variables CEprocess and t are CO2 emissions and the in-
dustrial process, respectively (Shan et al., 2017). Variables AD; and EF,
are activity data and emission factors, respectively. The emission factors
are collected from Liu et al. (2015).

3. Sample cities, variable selection, and data
3.1. Sample cities

Since 1949, resource-based cities have generated at least 52.9 billion
tonnes of raw coal, 5.5 billion tonnes of crude oil, 5.8 billion tonnes of
iron ore, and 2 billion cubic meters of timber (The Chinese Government,
2013a), which significantly contributed to China’s economic develop-
ment (Li et al., 2013b; The Chinese Government, 2013a). The heavy
resource dependence of resource-based cities inevitably leads to a large
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Table 2
Variables selected in existing studies regarding the efficiency of the government
sector.

No. Authors Inputs Outputs

1 Ouertani et al.
(2018)

Public spending on
education; public
spending on health;
public spending on
infrastructure

(1) Education: primary school
enrolment; secondary
school enrolment

(2) Health: life expectancy;
electricity transmission
power; infant mortality

(3) Infrastructure: energy

consumption per capita;

telephones per 100

habitats

Education: primary school

enrolment rates;

secondary school
enrolment rates; the
primary completion rate
(2) Health: the infant
mortality rate; the
mortality rate of female
adults

Central government (1) Health: immunization

expenditure per capita against measles; infant

in purchasing power mortality

parity (2) Education: secondary
school enrolment; the
youth illiteracy rate

(3) Government performance:
government effectiveness
(based on survey data
evaluating the quality of
government services)

Total municipal output

indicator, which includes four

aspects: ‘general
administration’, ‘education’,

‘social activity’ and ‘basic

sanitation and environmental

protection’

(1) Education: the number of

students enrolled in local

primary schools

Infrastructure: the surface

of municipal roads; the

surface of public
recreational facilities

Health and education (1
expenditure

2 Hauner and
Kyobe (2010)

-

3 Rayp and Van
De Sijpe
(2007)

-

4 Afonso and Per capita municipal

Fernandes expenditures

(2006)

Number of blue- and
white-collar workers;
space of buildings

5 De Borger
et al. (1994)

2

-

(3) Others: the number of
beneficiaries of minimal
subsistence grants; a
centrality index for
services delivered to non-

residents

=

demand for fossil fuel and a vast quantity of CO5 emissions. A series of
social and economic problems also arise, such as an unbalanced indus-
trial structure, a lack of technological innovation, and a high unem-
ployment rate, which are also interrelated with the unsustainable
development mode of resource-based cities (Qin et al., 2019; Ruan et al.,
2020; Shao and Qi, 2008; Yan et al., 2019a). Natural resource curse
theory and its transmission mechanisms (Betz et al., 2015; Shao and Qi,
2009), such as the Dutch disease (Shao et al., 2020b), the crowding-out
effect (Shao and Qi, 2008; Shao and Yang, 2014), and the institutional
weakening effect (Eregha and Mesagan, 2016; Mehlum et al., 2006),
have been used to explain their problems of unsustainable development.

According to the Plan of Sustainable Development for Resource-
based Cities in China (2013—2020) issued by the State Council, there
are 262 resourced-based prefecture-level administrative units in China,
among which 126 cities are prefecture-level administrative units (The
Chinese Government, 2013a; 2013b). In this study, based on limitations
in data quality, 84 out of 126 prefecture-level administrative units are
chosen as sample cities for analysis (see Table A1). All sample cities are
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Table 3
Variables selected in existing studies regarding the efficiency of the different
production sectors.

No.  Authors  Samples Inputs Desirable Undesirable
outputs outputs
1 Zhang 38 Chinese Capital; Value added of  CO,
etal. industrial labour; industrial emissions
(2016¢) sectors energy sectors
2 Xiao Secondary Capital; Value added of  CO,
et al. and service labor; the secondary emissions
(2019b) industries energy and service
of cities in industries
the Yangtze
River Delta
region
3 Zhang Transport Capital; Value added of  CO,
and Wei  sectors of labor; the emissions
(2015) 30 energy transportation
provinces industry
in China
4 Zhang Industrial Water value added of ~ COD
et al. system of resource, industry discharge;
(2008) 30 raw mining nitrogen
provinces resource; discharge;
in China energy sulfur
dioxide
emission;
soot
emission;
dust
emission
5 Zhou Electricity Fossil fuel Electricity; CO,
et al. generation heat emissions
(2012) of 129
countries
6 Hua 32 paper Labour; Paper Biochemical
et al. mills along capital; oxygen
(2007) the Huai biochemical demand
River in oxygen
China demand
emission
quota
7 Liu 23 coal- Generator Net generation SO,
et al. fired power  capacity; emissions
(2017) plants in operation
China expenditure
8 Fan 40 Chinese Land; Industrial Wastewater
et al. industrial energy; value added discharge;
(2017) parks water solid waste
emissions;
chemical
oxygen
demand
emissions;
SO,
emissions

prefecture-level cities, which are Chinese administrative units with
built-up urban and rural areas. In 2015, the 84 sample cities accounted
for 66.66% of all resource-based cities and 78.33% of their GDP (\NBS,
2016a; 2016b), and 21 of them have been listed as resource-exhausted
cities (The Chinese Government, 2011). Regarding resource-based cit-
ies, there are a variety of natural resource types, such as coal, metal,
non-metal, and oil. For decades, these cities have made great contribu-
tions to China’s economic development by providing natural resource
support (Li et al., 2013b; The Chinese Government, 2013a).

The spatial distribution of the 84 resource-based cities is presented in
Fig. 3, and the color depth indicates the level of their emission intensity
in 2015. Resource-based cities are widely distributed in China. In 2015,
the emission intensity of the 84 resource-based cities was, on average,
4.39 t/10* RMB, ranging from 0.34 t/10* RMB to 25.49 t/10* RMB.

This study focuses only on industrial sectors, including 40 subsectors
based on China’s industrial classification of national economic activities
(GB/T 4754-2017) (NAQSIQ, 2017) (see Table A2). This is mainly
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because industrial sectors consume a large amount of energy and are the
most responsible for the high level of COy emissions (Cao and Shen,
2013; Guo, 2015; Shao et al., 2020a), accounting for up to 95.01% of the
total CO, emissions of resource-based cities in 2015, while the average
share for China was 83.91%.>

3.2. Variable selection

A variety of inputs and outputs can be selected to measure gover-
nance efficiency and production efficiency (Chan and Karim, 2012; Liu
etal., 2017; Ouertani et al., 2018). In this study, 11 variables are chosen
as the inputs or outputs of the government and industrial sectors, as
shown in Table 4. To better understand the choice of these 11 variables,
relevant studies on governance efficiency and production efficiency are
summarized in Tables 2 and 3, respectively.

For the government sector, the two inputs are public finance
expenditure and the area of land used for urban construction, which can
be used to provide public goods and services and for city planning.
According to the National Bureau of Statistics of China, in 2019, national
general public expenditure is mainly on education (14.61%), urban and
rural community affairs (10.43%), agriculture, forestry and water
conservancy (9.57%), healthcare (6.98%), transport (4.94%), and sci-
ence and technology (3.99%) (NBSC, 2020). Based on the distribution of
public finance, this study chooses education, infrastructure, healthcare,
and technology as outputs of the government sector, which are also the
intermediate products between the government sector and industrial
sector.

The industrial sector, which is mainly composed of a large variety of
enterprises, is responsible for the provision of non-public goods and
services. For example, thermal power plants can provide electricity
during production activities and then sale to residents. During the pro-
duction process, the industrial sector generates GDP; at the same time,
however, the production activities can also generate undesirable out-
puts, such as CO, emissions. In this study, three inputs, specifically
capital, energy, and labor, are considered (Du et al., 2014; Li and Lin,
2015; Wang et al., 2013). This study includes CO2 emissions as the un-
desirable output and GDP as the desirable output, which have been
adopted by many studies (Li and Lin, 2015; Yao et al., 2015; Zhou et al.,
2008a).

3.3. Data description

Data on GDP, public finance expenditure, the area of land used for
urban construction, the number of students enrolled in institutions of
higher education, the number of students enrolled in secondary schools,
the number of students enrolled in primary schools, the number of beds
in hospitals and health centers, the number of doctors (including
licensed doctors and assistant doctors), the area of paved city roads, the
capital stock, and the number of employed persons are collected from
the China City Statistical Yearbooks from 2006 to 2016. The GDP of
industrial sectors is deflated to 2006 prices using the GDP index. The
GDP index data are collected from the statistical yearbook of each city
and its corresponding province between 2006 and 2016. The innovation
index data of cities are collected from Kou and Liu (2017); the innova-
tion index is evaluated through innovation outputs, such as invention
patents, utility patents, and design patents. The descriptive statistics and
some details regarding variable processing are shown in Table 4.

2 These data are estimated based on this study, and calculation details can be
found in Section 2.5.
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Table 4
Descriptive statistics of eleven variables, 2007-2015.
Variable Unit Mean Std. Min Max Description
Dev.
Public finance 100 million yuan 140.09 103.17 13.55 661.84 Public finance expenditure, including expenditure for science, technology,
expenditure education, social security, transport, and welfare
Land sq. km 84.56 139.01 1.00 3203.00 Area of land used for urban construction
Education - 440.00 312.11 41.31 1575.19 Education level=6 x P + 12 x S + 16 x H

P: the number of students enrolled in primary schools

S: the number of students enrolled in secondary schools

H: the number of students enrolled in institutions of higher education

Note: the weighted values (6, 12, and 16) are set based on the length of school

years
Infrastructure 10 thousand 1051.87  834.34 14.00 4484.00 Area of paved city roads
square meters
Healthcare - 9841.57 8318.13  1342.00 130,910.00  Healthcare level=1/2 x B + 1/2 x D
B: the number of beds in hospitals and health centers
D: the number of doctors (licensed doctors + assistant doctors)
Technology - 1.55 2.59 0.01 22.86 The innovation performance is evaluated through innovation outputs, such as
invention patents, utility patents, and design patents (Kou and Liu, 2017)
Labour 10 thousand 12.43 8.87 1.20 112.26 Employed persons in the industrial sector
persons
Energy Million tce 2486.71 3450.29 53.17 50,430.74 Energy consumption from the industrial sector (see Section 2.4).
Capital 100 million yuan 730.56 744.03 31.68 6498.82 Capital assets of industrial enterprises
GDP 100 million yuan 1857.67  2091.16 24.48 15,367.87 GDP of industrial sector
CO, emissions Million tonnes 53.82 74.53 0.89 1077.13 CO,, emissions from the industrial sector (see Section 2.5).

Table 5
Eco-efficiency of resource-based cities using the black-box DEA (blac.), the separate DEA (sepa.), and the two-stage network DEA (netw.) in 2015.
No. City Blac. Sepa. Netw. No. City Blac. Sepa. Netw.
1 Tangshan 0.46 0.21 0.46 43 Jingdezhen 0.30 0.20 0.27
2 Handan 0.42 0.19 0.41 44 Pingxiang 0.54 0.33 0.34
3 Xingtai 0.49 0.24 0.46 45 Xinyu 0.23 0.18 0.26
4 Zhangjiakou 0.44 0.18 0.47 46 Ganzhou 1.00 0.70 0.92
5 Yangquan 0.29 0.19 0.15 47 Yichun-JX 0.75 0.70 0.59
6 Changzhi 0.40 0.17 0.38 48 Zibo 0.80 0.58 0.58
7 Jincheng 0.08 0.19 0.08 49 Zaozhuang 0.59 0.39 0.51
8 Shuozhou 0.28 0.19 0.08 50 Dongying 0.82 0.55 0.76
9 Yuncheng 0.41 0.20 0.42 51 Jining 0.48 0.22 0.47
10 Xinzhou 0.46 0.21 0.13 52 Taian 0.65 0.44 0.53
11 Baotou 0.37 0.16 0.40 53 Laiwu 0.27 0.28 0.28
12 Wuhai 0.22 0.33 0.23 54 Linyi 1.00 0.73 0.64
13 Chifeng 0.57 0.27 0.52 55 Luoyang 0.53 0.31 0.51
14 Ordos 0.45 0.34 0.44 56 Pingdingshan 0.38 0.18 0.39
15 Anshan 0.36 0.14 0.39 57 Hebi 0.42 0.31 0.34
16 Fushun 0.38 0.13 0.39 58 Jiaozuo 1.00 0.73 0.62
17 Benxi 0.21 0.16 0.39 59 Puyang 1.00 0.72 0.61
18 Fuxin 0.13 0.12 0.38 60 Sanmenxia 0.72 0.60 0.51
19 Panjin 0.56 0.36 0.53 61 Nanyang 0.63 0.40 0.60
20 Jilin 0.44 0.21 0.44 62 Huangshi 0.28 0.21 0.27
21 Liaoyuan 0.81 0.70 0.56 63 Ezhou 0.53 0.55 0.40
22 Tonghua 0.58 0.52 0.50 64 Shaoyang 1.00 0.71 0.96
23 Songyuan 0.70 0.70 0.43 65 Chenzhou 1.00 0.69 0.87
24 Jixi 0.08 0.10 0.08 66 Shaoguan 0.40 0.15 0.41
25 Hegang 0.16 0.14 0.07 67 Yunfu 0.50 0.44 0.34
26 Shuangyashan 0.09 0.15 0.09 68 Baise 0.30 0.23 0.31
27 Daqing 0.39 0.23 0.41 69 Hezhou 0.36 0.22 0.36
28 Yichun-HLJ 0.13 0.11 0.06 70 Hechi 0.30 0.25 0.28
29 Mudanjiang 0.36 0.25 0.52 71 Zigong 0.80 0.51 0.58
30 Heihe 0.11 0.12 0.10 72 Panzhihua 0.19 0.19 0.22
31 Xuzhou 1.00 0.72 0.93 73 Luzhou 0.50 0.33 0.55
32 Sugian 1.00 0.71 0.93 74 Guangyuan 0.31 0.21 0.31
33 Huzhou 0.86 1.00 0.64 75 Yaan 0.26 0.17 0.24
34 Huainan 0.09 0.18 0.11 76 Baoji 0.53 0.32 0.51
35 Maanshan 0.29 0.21 0.43 77 Xianyang 0.53 0.32 0.50
36 Huaibei 0.22 0.17 0.22 78 Weinan 0.43 0.16 0.42
37 Tongling 0.54 0.37 0.48 79 Yanan 0.70 0.20 0.63
38 Chuzhou 0.69 0.49 0.58 80 Yulin 0.46 0.29 0.45
39 Suzhou 0.47 0.30 0.43 81 Baiyin 0.15 0.17 0.15
40 Bozhou 0.42 0.28 0.56 82 Wuwei 0.19 0.17 0.20
41 Xuancheng 0.88 0.70 0.61 83 Shizuishan 0.15 0.19 0.17
42 Longyan 0.45 0.29 0.39 84 Karamay 0.25 0.19 0.25
Average 0.48 0.33 0.42

Notes: Yichun-HLJ (No. 28) refers to the city in Heilongjiang Province, while Yichun-JX (No. 47) refers to the city in Jiangxi Province.
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A. Top six cities
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B. Bottom six cities
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Fig. 4. Top six and bottom six cities in terms of the average annual growth rate of the eco-efficiency during the 2007-2015 period based on the two-stage network

DEA (Yichun refers to the city in Heilongjiang Province).

4. Results and discussion
4.1. Comparisons of the eco-efficiency based on three models

Table 5 shows the average eco-efficiency in 2015 using three DEA
methods, specifically the black-box, separate, and two-stage network
DEA. The average levels of the eco-efficiency using the black-box,
separate, and two-stage network DEA models are 0.48, 0.33, and 0.42,
respectively (see Table 5), suggesting that there is much room for effi-
ciency improvement. The black-box DEA tends to overestimate effi-
ciency mainly because of the lack of knowledge about internal
management defects. The gap between the separate DEA and the two-
stage network DEA suggests that there is a ‘networking effect’ be-
tween the two sectors because the separate DEA neglects the links be-
tween the government and industrial sectors. The separate DEA fails to
depict the full story once there is a ‘networking effect’ between different
sectors.

The discriminating power of the black-box DEA model is inferior to
that of the other two models. For example, using the black-box DEA,
there are up to eight cities whose eco-efficiency is one (see Table 5),
indicating that all of them are the best performers in the eco-efficiency
and that the black-box DEA has relatively weak discriminating power
when sorting the efficiency levels of DMUs. However, for the separate
DEA, there is one city on the best-practice technology frontier (see
Table 5). For the two-stage network DEA, all cities are not located on the
frontier and still have improvement space (see Table 5), suggesting that
this network DEA has a stronger ability to detect interior inefficiency
than the black-box and separate DEA. This is because a DMU is efficient
in a network system only if all its processes are efficient (Tone and
Tsutsui, 2009). The result is consistent with Kao (2014a), Kao, 2014b)
and Moreno and Lozano (2014).

Even though the efficiency rankings of these 84 cities using these
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three DEA models do not always correspond, their rankings change
within a relatively small range, suggesting that the results of these three
DEA models are robust and reliable. Based on the black-box DEA, eight
cities show the best eco-efficiency located along the frontier in 2015:
Xuzhou (1.00), Sugian (1.00), Ganzhou (1.00), Linyi (1.00), Jiaozuo
(1.00), Puyang (1.00), Shaoyang (1.00), and Chenzhou (1.00) (see
Table 5). Based on the separate DEA, Huzhou (1.00), Linyi (0.73),
Jiaozuo (0.73), Puyang (0.72), Xuzhou (0.72), Shaoyang (0.71), Sugian
(0.71), and Ganzhou (0.70) are the top eight best performers in the eco-
efficiency (see Table 5). Based on the two-stage network DEA, Shaoyang
(0.96), Xuzhou (0.93), Sugian (0.93), Ganzhou (0.92), Chenzhou (0.87),
Dongying (0.76), Linyi (0.64), and Huzhou (0.64) are the top eight most
eco-efficient cities (see Table 5).

4.2. The eco-efficiency over time

Based on the two-stage network DEA, the eco-efficiency patterns of
the 84 resource-based cities display different characteristics mainly
because of their large variation in socio-economic development,
resource types, and resource reserves. Fig. 4(A and B) demonstrates the
eco-efficiency of the top six and bottom six resource-based cities in terms
of their average annual growth rate during the 2007-2015 period,
respectively. The stacked bar charts indicate the absolute changes in
governance efficiency (bottom part) and production efficiency (top part)
in these cities during the 2007-2015 period. The top six resource-based
cities that experience the most significant growth from 2007 to 2015 are
Mudanjiang, Shaoyang, Xuzhou, Fuxin, Huainan, and Bozhou (see Fig. 4
(A)), while the bottom five cities that witness the most dramatic drop are
Hegang, Shizuishan, Yichun, Weinan, Shuozhou, and Jincheng (see
Fig. 4(B)).

Among the bottom six cities with the most significant decrease
shown in Fig. 4, Yichun- HLJ (in Heilongjiang Province) is a resource-
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Table 6
Governance efficiency (GE) and production efficiency (PE) of resource-based
cities using the two-stage network DEA in 2015.

No. City GE PE No. City GE PE
1 Tangshan 0.60 0.40 43 Jingdezhen 0.17 0.30
2 Handan 0.63 0.33 44 Pingxiang 0.26 0.37
3 Xingtai 0.63 0.39 45 Xinyu 0.06 0.33
4 Zhangjiakou 0.66 0.40 46 Ganzhou 0.76 1.00
5 Yangquan 0.10 0.15 47 Yichun-JX 0.69 0.54
6 Changzhi 0.62 0.30 48 Zibo 0.59 0.58
7 Jincheng 0.06 0.09 49 Zaozhuang 0.59 0.48
8 Shuozhou 0.03 0.10 50 Dongying 0.72 0.77
9 Yuncheng 0.73 0.31 51 Jining 0.61 0.40
10 Xinzhou 0.03 0.16 52 Taian 0.62 0.49
11 Baotou 0.58 0.33 53 Laiwu 0.10 0.34
12 Wuhai 0.20 0.24 54 Linyi 0.63 0.65
13 Chifeng 0.68 0.47 55 Luoyang 0.59 0.48
14 Ordos 0.71 0.35 56 Pingdingshan 0.63 0.30
15 Anshan 0.58 0.32 57 Hebi 0.38 0.33
16 Fushun 0.57 0.32 58 Jiaozuo 0.68 0.59
17 Benxi 0.58 0.32 59 Puyang 0.49 0.67
18 Fuxin 0.55 0.32 60 Sanmenxia 0.35 0.59
19 Panjin 0.62 0.48 61 Nanyang 0.69 0.57
20 Jilin 0.56 0.40 62 Huangshi 0.26 0.27
21 Liaoyuan 0.40 0.62 63 Ezhou 0.34 0.42
22 Tonghua 0.60 0.47 64 Shaoyang 0.87 1.00
23 Songyuan 0.29 0.50 65 Chenzhou 0.60 1.00
24 Jixi 0.05 0.09 66 Shaoguan 0.59 0.34
25 Hegang 0.05 0.08 67 Yunfu 0.22 0.39
26 Shuangyashan 0.05 0.10 68 Baise 0.17 0.36
27 Daging 0.53 0.36 69 Hezhou 0.05 0.48
28 Yichun-HLJ 0.01 0.08 70 Hechi 0.13 0.34
29 Mudanjiang 0.66 0.47 71 Zigong 0.20 0.75
30 Heihe 0.03 0.13 72 Panzhihua 0.05 0.28
31 Xuzhou 0.80 1.00 73 Luzhou 0.61 0.53
32 Sugian 0.78 1.00 74 Guangyuan 0.10 0.38
33 Huzhou 0.65 0.63 75 Yaan 0.07 0.31
34 Huainan 0.12 0.10 76 Baoji 0.63 0.47
35 Maanshan 0.58 0.38 77 Xianyang 0.65 0.44
36 Huaibei 0.10 0.26 78 Weinan 0.70 0.32
37 Tongling 0.30 0.54 79 Yanan 0.71 0.59
38 Chuzhou 0.21 0.74 80 Yulin 0.69 0.36
39 Suzhou 0.60 0.37 81 Baiyin 0.12 0.17
40 Bozhou 0.72 0.49 82 Wuwei 0.07 0.25
41 Xuancheng 0.21 0.80 83 Shizuishan 0.04 0.21
42 Longyan 0.25 0.44 84 Karamay 0.08 0.31
Average 0.42 0.42

Notes: Yichun-HLJ (No. 28) refers to the city in Heilongjiang Province, while
Yichun-JX (No. 47) refers to the city in Jiangxi Province.

exhausted city according to the Chinese government (The Chinese
Government, 2011). Yichun, the most important forestry-based city in
China, sees a decline in the eco-efficiency, dropping from 0.10 in 2007 to
0.06 in 2015 (see Fig. 4(B)). The decreasing efficiencies of both the
government sector and the industrial sector during the 2007-2015
period are responsible for the decline in the eco-efficiency (see Fig. 4
(B)). Yichun used to benefit greatly from the vast extractive industry and
timber production, but due to its overdependence on the forestry in-
dustry, its industrial foundation for low-carbon and high value-added
sectors remains underdeveloped, which may lead to a significant
decrease in the efficiency of the government and industrial sectors as the
forestry industry declines.

By contrast, Xuzhou, which used to be an old industrial base and a
coal city in the Eastern region, is the second best performer in the eco-
efficiency among the 84 resource-based cities in 2015 (see Tables 5
and 6). Moreover, it has made substantial improvements in the eco-
efficiency and sectoral efficiency during the 2007-2015 period (see
Fig. 4(A)). In our interpretation of this result, even though the Jiawang
district in Xuzhou has been listed as a resource-depleted region since
2011 (The Chinese Government, 2011), Xuzhou has been performing
positive industrial upgrading and transformation, and since 2015, the
share of value added of the service industry has increased steadily,

11

Energy Economics 101 (2021) 105408

overtaking the secondary industry as the dominant industry (NBS,
2016b; The Xuzhou Government, 2017). The government sector of
Xuzhou has also contributed to improving the city’s eco-efficiency and
can be regarded as a ‘producer-friendly’ government, as opposed to a
‘grabber-friendly’ government (Mehlum et al., 2006); its efficiency
increased by 0.50 (164.51%) during the 2007-2015 period (see Fig. 4
(A)).

4.3. Governance efficiency and production efficiency

The government and industrial sectors are important components of
a city and are interdependent on each other. They can perform their
functions and give full play to their strengths in a framework in which
they are organically combined to jointly promote low-carbon economic
and sustainable development.

The outputs of government include a series of public goods and
services, such as education, public health, basic science, cutting-edge
technology, infrastructure, pollution control, and ecological protection
(Avelar-Sosa et al., 2018; The Chinese government, 2016, 2017a; Zhang
et al., 2018). Entrepreneurs could achieve great development with a
high quality supply of public goods and services from the government.
This is even more true for resource-based cities during periods of eco-
nomic and social transformation (Ruan et al., 2020). It is important for
the government to be a ‘producer-friendly’ government, as opposed to a
‘grabber-friendly’ government, and to make good use of large fiscal in-
come to create an attractive production environment for entrepreneurs.
For a ‘producer-friendly’ government system, the additional source of
income generated from natural resources can produce positive exter-
nalities and stimulate production activities (Kaznacheev, 2017).

The industrial sector, which is mainly made up of enterprises from
diverse industries, is in charge of the provision of non-public goods and
services. During the production process, the industrial sector generates
profit; at the same time, however, the production activities can also
generate undesirable outputs, such as CO5 emissions. It is necessary to
determine the efficiency of the industrial and government sectors and
their relationship to enhance the coordination between them.

The efficiency patterns may differ because China is vast a country
with significant regional heterogeneity, so the resource-based cities are
categorized into four regions (Lin and Xu, 2020; Long et al., 2013; Luo
et al., 2020). Fig. 5 shows the governance efficiency and production
efficiency of resource-based cities in the Eastern, Central, Western, and
Northeast regions during the 2007-2015 period. The trends over time
and the efficiency relationship between these two sectors vary signifi-
cantly among the four regions. For resource-based cities in the Eastern
region, governance efficiency increases by 111.11%, rising from 0.27 in
2007 to 0.57 in 2015 (see Fig. 5). The efficiency of the industrial sector
of resource-based cities in the Eastern region also witnesses an
increasing trend, rising by 77.63% over the study period (see Fig. 5).
Compared with the resource-based cities in the other three regions, the
Eastern region is the most efficient in terms of both the government
sector and industrial sector (see Fig. 5).

For resource-based cities in the Western region, the efficiency of both
the government sector and industrial sector is the lowest among the four
regions. The efficiency of the government sector of the Western region
experiences an increase from 0.13 in 2009 to 0.36 in 2014, while sees a
decrease after 2014. This decreasing trend around 2014 can also be
found in the Central and Northeast regions, which is a negative phe-
nomenon for the production activities of industrial sectors. This
decreasing trend shows the relatively low quality of the government
sector in its usage of fiscal income after 2014. Resource-based cities can
benefit greatly because of natural resource rent. The abundance of
natural resources may result in rent-seeking behaviors, a waste of fiscal
income, and corruption, thereby negatively affecting the quality of
governance (Brunnschweiler, 2008). The inefficiency of the government
sector as a result of the institutional weakening effect can be one reason
for the unsustainable development of resource-based cities (Apergis and
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of resource-based cities between 2007 and 2015 using the two-stage
network DEA.

Payne, 2014; Brunnschweiler, 2008; Kolstad, 2009; Mehlum et al.,
2006). A ‘grabber-friendly’ government may negatively affect the sus-
tainable development of resource-based cities if few entrepreneurial
resources are attracted by the industrial sector (Mehlum et al., 2006). It
is very important to make good use of the fiscal advantage coming from
natural resource rent to create a more competitive production envi-
ronment and to achieve a low-carbon economy.

For the Central and Western regions, the governance efficiency and
production efficiency witness a sudden decrease in 2009 (see Fig. 5). In

our interpretation of this result, the 2008 financial crisis exerted a
negative impact on these two sectors. The sudden change in production
efficiency of the industrial sector in China around the 2008 financial
crisis has also been found by other studies (Zhang et al., 2016b; Zhang
et al., 2016a). This sudden decrease can also be found in the Eastern and
Northeast regions, but it is not significant.

As shown in Fig. 6, there is a positive relationship between gover-
nance efficiency and production efficiency. In other words, higher effi-
ciency of the government sector may bring about more effective
production activities of the industrial sector. This positive relationship
mainly because the linking structure between these two sectors can
affect the flow of intermediate products, such as infrastructure, tech-
nology, education, and healthcare, and further affect production activ-
ities (see Fig. 2). The decrease in governance efficiency in the Central,
Western, and Northeast regions may restrain or even reverse the
improvement trend of the production efficiency. Some studies have
found that better support from the government has a positive impact on
production activities (Avelar-Sosa et al., 2018; Cull et al., 2017) and that
cities with lower efficiency are more sensitive to government interven-
tion (Yan et al., 2019a). Improving governance efficiency can be a
stepping stone for the normal operation of production activities and
further improve the eco-efficiency.

Fig. 6 shows the relationship patterns between governance efficiency
and production efficiency of 84 resource-based cities over the whole
period. Various colors are used to represent different years. It can be
seen that yellow color clusters in the bottom left corner, indicating that
resource-based cities do not have an obvious difference in the eco-
efficiency in the early period (see Fig. 6). By contrast, blue colors are
widely distributed, suggesting that the inequality in efficiency of
resource-based cities becomes larger in the later period. In other words,
some cities are located on the top right corner with high governance
efficiency and production efficiency, while some cities are located on the
bottom left corner with low efficiency of both sectors (see Fig. 6). The
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distribution of resource-based cities in different periods shows that the
eco-efficiency gaps of resource-based cities become larger with the
development of the city. Some resource-based cities are faced with the
dilemmas of resource depletion and struggle for urban transformation,
upgrading, and sustainable development. Some resource-based cities
have escaped from the institutional lock-in and path-dependence to
foster new economic growth points.

Table 6 shows the governance efficiency and production efficiency of
84 resource-based cities using the two-stage network DEA in 2015. The
average efficiency of the government sector (0.42) is similar to the
production efficiency (0.42). The best performers in the government
sector are Shaoyang (0.87) and Xuzhou (0.80). Shaoyang (1.00) and
Xuzhou (1.00) are also the best performers in production efficiency. The
sectoral efficiencies of these two cities have a value of 1.00, indicating
that they are all located on the best-practice technology frontier. It is
obvious that Shaoyang and Xuzhou have a ‘producer-friendly’ govern-
ment that makes good use of public fiscal income to create a good
business environment for production activities. Additionally, the en-
trepreneurs of Shaoyang and Xuzhou carry out effective production
activities. Notably, Xinzhou, Heihe, and Yichun-HLJ perform the worst
in terms of the government sector in 2015, with values of 0.03, 0.03, and
0.01, respectively. These three laggards in governance efficiency should
shift from a ‘grabber-friendly’ role to a ‘producer-friendly’ role by
improving the public finance system to offer high-quality public goods
and services. Jincheng, Yichun-HLJ, and Hegang had the lowest pro-
duction efficiency in 2015, with values of 0.09, 0.08, and 0.08, respec-
tively. These three laggards in production efficiency should improve
their efficiency by actively performing industrial upgrading, developing
the substitution industry, prolonging the industry chain, and forming an
ecological industrial circulation system.

5. Concluding remarks

To help China’s resource-based cities achieve a low-carbon economy
and sustainable development, this study measures the eco-efficiency
considering the efficiency of the internal structure, that is, governance
efficiency and production efficiency, by opening the black box. First, the
CO5, emission inventories of the industrial sectors of 84 resource-based
cities from 2007 to 2015 are constructed. Then, to provide underlying
diagnostic information potentially available to management, a two-
stage network DEA framework is proposed to measure the eco-
efficiency and sectoral efficiency. The empirical results and policy im-
plications are as follows.

First, the average eco-efficiency of China’s resource-based cities
shows a promising increase from 0.22 in 2007 to 0.42 in 2015. The
patterns of the eco-efficiency among the 84 resource-based cities display
different characteristics mainly because of their large variation in socio-
economic development, resource types, and resource
Shaoyang-HN and Xuzhou-JS have ‘producer-friendly’ government.
They can be a role model since they are the best performers in the eco-
efficiency in 2015 and make tremendous improvements during the
2007-2015 period. In contrast, the bottom six cities that witness the
most dramatic drop in the eco-efficiency over the study period are
Hegang-HLJ, Shizuishan-NX, Yichun-HLJ, Huainan-AH, Shuozhou-SX,
and Jingcheng-SX.

Second, there is a positive relationship between governance effi-
ciency and production efficiency. Much attention should be paid to the
resource-based cities in the Central, Western, and Northeast regions, in
which the governance efficiency and production efficiency of these cities
experience a decline after 2014. This trend shows the relatively low
quality of the government sector in terms of its usage of fiscal income

reserves.
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coming from natural resource rent. These resource-based cities should
be alert to the possibility that a continuous decrease in the efficiency of
the government sector may restrain or even reverse the increasing trend
of production efficiency. This potential risk is mainly because the linking
structure between these two sectors can affect the flow of intermediate
products, such as infrastructure, technology, education, and healthcare.
Proactive disclosure of how the government sector conducts the public
business and spends taxpayers’ money should be made to increase
transparency, attract more entrepreneurial resources to carry out pro-
duction activities, and further promote sustainable development.

Finally, the inequality in efficiency of resource-based cities becomes
larger with the development of the city. Resource-based cities do not
show an obvious difference in efficiency in the early period, however,
the inequality in efficiency becomes larger in the later period. Some
resource-based cities are faced with the dilemmas of resource depletion
and struggle for urban transformation, upgrading, and sustainable
development. Some resource-based cities have escaped from the insti-
tutional lock-in and path-dependence to foster new economic growth
points.

Policies for improving eco-efficiency should be differentiated based
on sector-specific efficiency as follows. First, improving governance ef-
ficiency is an important measure for further deepening systematic re-
form and facilitating production activities. The government sector
should make good use of the fiscal advantage provided by natural
resource rent. It is important to move away from a ‘grabber-friendly’
government and to move towards a ‘producer-friendly’ government. A
reasonable and transparent financial expenditure distribution system
should be provided to promote infrastructure construction, technology
innovation, human capital accumulation, and sound healthcare system
construction. Second, regarding the industrial sector, which directly
generates CO, emissions, industrial upgrading should be actively per-
formed, the substitution industry should be developed, the industry
chain should be prolonged, and an ecological industrial circulation
system should be formed. Traditional and ineffective production tech-
nology should be replaced by green and advanced technology to
consume fewer inputs, generate more desirable outputs, and produce a
lower amount of CO» emissions. Finally, bilateral cooperation between
the government and industrial sectors should be enhanced by
strengthening communication. Much attention should be paid to the
resource-based cities in the Western, Central, and Northeast regions to
contain the decreasing governance efficiency and production efficiency.

This study has some limitations. First, the undesirable outputs
generated by the industrial sector vary, and apart from CO, emissions,
some pollutants, such as sulfur dioxide and solid waste, can be included
in future work. Second, this study focuses only on the industrial sectors
of resource-based cities, and further studies can explore other sectors to
identify similarities and differences.
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Table Al
List of 84 sample resource-based cities.
No. Province City No. Province City No. Province City
1 Hebei Tangshan 29 Heilongjiang Mudanjiang 57 Henan Hebi
2 Hebei Handan 30 Heilongjiang Heihe 58 Henan Jiaozuo
3 Hebei Xingtai 31 Jiangsu Xuzhou 59 Henan Puyang
4 Hebei Zhangjiakou 32 Jiangsu Suqgian 60 Henan Sanmenxia
5 Shanxi Yangquan 33 Zhejiang Huzhou 61 Henan Nanyang
6 Shanxi Changzhi 34 Anhui Huainan 62 Hubei Huangshi
7 Shanxi Jincheng 35 Anhui Maanshan 63 Hubei Ezhou
8 Shanxi Shuozhou 36 Anhui Huaibei 64 Hunan Shaoyang
9 Shanxi Yuncheng 37 Anhui Tongling 65 Hunan Chenzhou
10 Shanxi Xinzhou 38 Anhui Chuzhou 66 Guangdong Shaoguan
11 Inner Mongolia Baotou 39 Anhui Suzhou 67 Guangdong Yunfu
12 Inner Mongolia Wuhai 40 Anhui Bozhou 68 Guangxi Baise
13 Inner Mongolia Chifeng 41 Anhui Xuancheng 69 Guangxi Hezhou
14 Inner Mongolia Ordos 42 Fujian Longyan 70 Guangxi Hechi
15 Liaoning Anshan 43 Jiangxi Jingdezhen 71 Sichuan Zigong
16 Liaoning Fushun 44 Jiangxi Pingxiang 72 Sichuan Panzhihua
17 Liaoning Benxi 45 Jiangxi Xinyu 73 Sichuan Luzhou
18 Liaoning Fuxin 46 Jiangxi Ganzhou 74 Sichuan Guangyuan
19 Liaoning Panjin 47 Jiangxi Yichun 75 Sichuan Yaan
20 Jilin Jilin 48 Shandong Zibo 76 Shaanxi Baoji
21 Jilin Liaoyuan 49 Shandong Zaozhuang 77 Shaanxi Xianyang
22 Jilin Tonghua 50 Shandong Dongying 78 Shaanxi Weinan
23 Jilin Songyuan 51 Shandong Jining 79 Shaanxi Yanan
24 Heilongjiang Jixi 52 Shandong Taian 80 Shaanxi Yulin
25 Heilongjiang Hegang 53 Shandong Laiwu 81 Gansu Baiyin
26 Heilongjiang Shuangyashan 54 Shandong Linyi 82 Gansu Wuwei
27 Heilongjiang Daqing 55 Henan Luoyang 83 Ningxia Shizuishan
28 Heilongjiang Yichun 56 Henan Pingdingshan 84 Xinjiang Karamay
Table A2

List of 40 industrial sectors.

No. Socioeconomic sectors No. Socioeconomic sectors

1 Coal Mining and Dressing 21 Raw Chemical Materials and Chemical Products
2 Petroleum and Natural Gas Extraction 22 Medical and Pharmaceutical Products

3 Ferrous Metals Mining and Dressing 23 Chemical Fiber

4 Nonferrous Metals Mining and Dressing 24 Rubber Products

5 Nonmetal Minerals Mining and Dressing 25 Plastic Products

6 Other Minerals Mining and Dressing 26 Nonmetal Mineral Products

7 Logging and Transport of Wood and Bamboo 27 Smelting and Pressing of Ferrous Metals

8 Food Processing 28 Smelting and Pressing of Nonferrous Metals

9 Food Production 29 Metal Products

10 Beverage Production 30 Ordinary Machinery

11 Tobacco Processing 31 Equipment for Special Purposes

12 Textile Industry 32 Transportation Equipment

13 Garments and Other Fiber Products 33 Electric Equipment and Machinery

14 Leather, Furs, Down, and Related Products 34 Electronic and Telecommunications Equipment
15 Timber Processing, Bamboo, Cane, Palm Fiber, and Straw Products 35 Instruments, Meters, Cultural, and Office Machinery
16 Furniture Manufacturing 36 Other Manufacturing Industry

17 Papermaking and Paper Products 37 Scrap and waste

18 Printing and Record Medium Reproduction 38 Production and Supply of Electric Power, Steam, and Hot Water
19 Cultural, Educational and Sports Articles 39 Production and Supply of Gas

20 Petroleum Processing and Coking 40 Production and Supply of Tap Water
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Table A3
The eco-efficiency of the two-stage network DEA using different weights in 2015.
City (0.1,0.9) (0.3,0.7) (0.5,0.5) (0.7,0.3) (0.9,0.1) City (0.1,0.9) (0.3,0.7) (0.5,0.5) (0.7,0.3) (0.9,0.1)
Tangshan 0.42 0.45 0.49 0.53 0.54 Jingdezhen 0.38 0.27 0.25 0.20 0.11
Handan 0.35 0.40 0.45 0.50 0.10 Pingxiang 0.45 0.48 0.33 0.27 0.16
Xingtai 0.41 0.45 0.49 0.20 0.12 Xinyu 0.35 0.27 0.22 0.16 0.09
Zhangjiakou 0.42 0.46 0.51 0.16 0.08 Ganzhou 0.98 0.93 0.88 0.83 0.39
Yangquan 0.33 0.15 0.21 0.17 0.12 Yichun-JX 0.55 0.58 0.61 0.38 0.26
Changzhi 0.31 0.37 0.19 0.15 0.10 Zibo 0.58 0.58 0.59 0.59 0.33
Jincheng 0.31 0.36 0.19 0.15 0.11 Zaozhuang 0.48 0.51 0.40 0.34 0.23
Shuozhou 0.35 0.09 0.22 0.17 0.12 Dongying 0.76 0.76 0.62 0.54 0.45
Yuncheng 0.34 0.41 0.15 0.15 0.09 Jining 0.42 0.46 0.50 0.52 0.53
Xinzhou 0.39 0.46 0.11 0.16 0.09 Taian 0.49 0.52 0.54 0.38 0.26
Baotou 0.35 0.39 0.43 0.15 0.08 Laiwu 0.34 0.28 0.24 0.19 0.14
Wuhai 0.45 0.23 0.27 0.19 0.10 Linyi 0.65 0.64 0.64 0.63 0.42
Chifeng 0.48 0.52 0.56 0.22 0.11 Luoyang 0.49 0.51 0.53 0.54 0.16
Ordos 0.38 0.43 0.49 0.53 0.12 Pingdingshan 0.32 0.38 0.20 0.15 0.10
Anshan 0.34 0.38 0.43 0.14 0.07 Hebi 0.41 0.34 0.35 0.28 0.18
Fushun 0.34 0.38 0.12 0.12 0.06 Jiaozuo 0.59 0.61 0.59 0.56 0.49
Benxi 0.34 0.38 0.20 0.15 0.08 Puyang 0.65 0.66 0.58 0.52 0.45
Fuxin 0.34 0.37 0.10 0.12 0.05 Sanmenxia 0.59 0.52 0.47 0.39 0.28
Panjin 0.49 0.52 0.31 0.23 0.15 Nanyang 0.57 0.60 0.61 0.61 0.24
Jilin 0.41 0.43 0.46 0.19 0.10 Huangshi 0.38 0.42 0.25 0.18 0.11
Liaoyuan 0.63 0.56 0.50 0.42 0.30 Ezhou 0.43 0.40 0.38 0.32 0.20
Tonghua 0.47 0.50 0.35 0.31 0.20 Shaoyang 0.99 0.96 0.69 0.57 0.45
Songyuan 0.63 0.64 0.40 0.36 0.26 Chenzhou 0.96 0.88 0.80 0.45 0.29
Jixi 0.29 0.08 0.07 0.11 0.05 Shaoguan 0.36 0.40 0.19 0.15 0.07
Hegang 0.30 0.07 0.06 0.11 0.05 Yunfu 0.44 0.34 0.34 0.27 0.16
Shuangyashan 0.31 0.09 0.08 0.12 0.05 Baise 0.49 0.31 0.26 0.19 0.10
Daqing 0.38 0.40 0.23 0.17 0.10 Hezhou 0.38 0.32 0.27 0.20 0.10
Yichun-HLJ 0.07 0.06 0.05 0.04 0.05 Hechi 0.32 0.29 0.24 0.18 0.44
Mudanjiang 0.49 0.52 0.25 0.20 0.10 Zigong 0.75 0.60 0.50 0.37 0.24
Heihe 0.12 0.10 0.08 0.06 0.05 Panzhihua 0.30 0.21 0.19 0.14 0.08
Xuzhou 0.98 0.94 0.90 0.86 0.82 Luzhou 0.53 0.55 0.34 0.27 0.14
Sugian 0.98 0.93 0.89 0.56 0.44 Guangyuan 0.50 0.32 0.26 0.19 0.09
Huzhou 0.63 0.64 0.55 0.44 0.34 Yaan 0.29 0.25 0.21 0.15 0.07
Huainan 0.35 0.39 0.21 0.15 0.09 Baoji 0.47 0.50 0.35 0.28 0.17
Maanshan 0.39 0.42 0.26 0.20 0.13 Xianyang 0.45 0.49 0.53 0.24 0.14
Huaibei 0.33 0.22 0.20 0.15 0.09 Weinan 0.35 0.41 0.46 0.14 0.08
Tongling 0.55 0.48 0.44 0.34 0.22 Yanan 0.57 0.63 0.14 0.24 0.13
Chuzhou 0.72 0.59 0.49 0.38 0.26 Yulin 0.39 0.44 0.50 0.53 0.10
Suzhou 0.39 0.43 0.30 0.23 0.13 Baiyin 0.41 0.16 0.14 0.16 0.08
Bozhou 0.51 0.55 0.30 0.23 0.13 Wuwei 0.47 0.21 0.18 0.15 0.07
Xuancheng 0.81 0.80 0.51 0.40 0.26 Shizuishan 0.36 0.17 0.21 0.16 0.09
Longyan 0.57 0.39 0.36 0.26 0.14 Karamay 0.33 0.13 0.21 0.16 0.11

Notes: (0.1, 0.9) indicates the weights of government sector and industrial sector are 0.1 and 0.9, respectively.
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Table A4
Governance efficiency of the two-stage network DEA using different weights in 2015.
City (0.1,0.9) (0.3,0.7) (0.5,0.5) (0.7,0.3) (0.9,0.1) City (0.1,0.9) (0.3,0.7) (0.5,0.5) (0.7,0.3) (0.9,0.1)
Tangshan 0.60 0.60 0.60 0.55 0.55 Jingdezhen 0.61 0.17 0.17 0.06 0.06
Handan 0.64 0.63 0.61 0.55 0.07 Pingxiang 0.73 0.61 0.20 0.10 0.10
Xingtai 0.65 0.63 0.61 0.07 0.07 Xinyu 0.59 0.07 0.06 0.06 0.06
Zhangjiakou 0.66 0.66 0.65 0.04 0.04 Ganzhou 0.76 0.76 0.76 0.76 0.32
Yangquan 0.61 0.10 0.10 0.10 0.10 Yichun-JX 0.73 0.69 0.67 0.26 0.19
Changzhi 0.68 0.64 0.07 0.07 0.07 Zibo 0.61 0.59 0.59 0.58 0.27
Jincheng 0.67 0.61 0.08 0.08 0.08 Zaozhuang 0.64 0.59 0.25 0.23 0.17
Shuozhou 0.69 0.03 0.08 0.08 0.08 Dongying 0.74 0.72 0.41 0.41 0.41
Yuncheng 0.74 0.74 0.05 0.06 0.06 Jining 0.61 0.61 0.59 0.55 0.52
Xinzhou 0.77 0.76 0.03 0.06 0.06 Taian 0.75 0.62 0.59 0.20 0.20
Baotou 0.58 0.58 0.58 0.04 0.04 Laiwu 0.54 0.10 0.10 0.10 0.10
Wuhai 0.57 0.20 0.05 0.05 0.05 Linyi 0.64 0.63 0.63 0.61 0.36
Chifeng 0.74 0.68 0.68 0.09 0.05 Luoyang 0.60 0.59 0.59 0.55 0.10
Ordos 0.72 0.71 0.65 0.56 0.09 Pingdingshan 0.63 0.63 0.07 0.07 0.07
Anshan 0.58 0.58 0.58 0.04 0.04 Hebi 0.66 0.38 0.27 0.14 0.13
Fushun 0.57 0.57 0.08 0.02 0.02 Jiaozuo 0.71 0.68 0.52 0.46 0.46
Benxi 0.59 0.58 0.05 0.05 0.05 Puyang 0.74 0.67 0.44 0.43 0.40
Fuxin 0.55 0.55 0.05 0.01 0.01 Sanmenxia 0.84 0.35 0.33 0.26 0.21
Panjin 0.66 0.62 0.12 0.12 0.10 Nanyang 0.72 0.69 0.63 0.58 0.19
Jilin 0.56 0.56 0.55 0.05 0.05 Huangshi 0.59 0.59 0.07 0.07 0.07
Liaoyuan 0.65 0.40 0.29 0.29 0.22 Ezhou 0.57 0.34 0.28 0.13 0.13
Tonghua 0.63 0.60 0.24 0.20 0.13 Shaoyang 0.87 0.87 0.38 0.38 0.38
Songyuan 0.71 0.62 0.29 0.21 0.21 Chenzhou 0.60 0.60 0.60 0.21 0.21
Jixi 0.54 0.08 0.02 0.02 0.02 Shaoguan 0.60 0.59 0.13 0.03 0.03
Hegang 0.56 0.05 0.05 0.02 0.02 Yunfu 0.76 0.22 0.17 0.15 0.10
Shuangyashan 0.57 0.05 0.05 0.02 0.02 Baise 0.85 0.17 0.07 0.06 0.05
Daging 0.53 0.53 0.06 0.06 0.06 Hezhou 0.09 0.09 0.09 0.09 0.03
Yichun-HLJ 0.01 0.01 0.01 0.01 0.01 Hechi 0.13 0.13 0.07 0.07 0.38
Mudanjiang 0.66 0.66 0.10 0.06 0.03 Zigong 0.57 0.20 0.18 0.18 0.17
Heihe 0.05 0.03 0.03 0.03 0.01 Panzhihua 0.57 0.09 0.05 0.05 0.05
Xuzhou 0.80 0.80 0.80 0.80 0.80 Luzhou 0.64 0.61 0.15 0.13 0.06
Suqian 0.78 0.78 0.78 0.38 0.38 Guangyuan 0.71 0.10 0.10 0.05 0.03
Huzhou 0.70 0.66 0.29 0.29 0.29 Yaan 0.08 0.07 0.07 0.02 0.02
Huainan 0.57 0.57 0.05 0.05 0.05 Baoji 0.69 0.64 0.17 0.15 0.10
Maanshan 0.59 0.58 0.09 0.09 0.09 Xianyang 0.70 0.65 0.58 0.12 0.09
Huaibei 0.55 0.10 0.06 0.06 0.06 Weinan 0.71 0.70 0.59 0.05 0.05
Tongling 0.58 0.30 0.30 0.15 0.15 Yanan 1.00 0.71 0.05 0.08 0.08
Chuzhou 0.60 0.21 0.21 0.21 0.19 Yulin 0.70 0.69 0.66 0.54 0.07
Suzhou 0.66 0.60 0.17 0.11 0.07 Baiyin 0.58 0.12 0.02 0.04 0.04
Bozhou 0.74 0.72 0.11 0.11 0.07 Wuwei 0.72 0.07 0.07 0.02 0.02
Xuancheng 0.74 0.74 0.21 0.19 0.19 Shizuishan 0.57 0.04 0.06 0.06 0.06
Longyan 0.75 0.25 0.11 0.11 0.07 Karamay 0.58 0.04 0.08 0.08 0.08

Notes: (0.1, 0.9) indicates the weights of government sector and industrial sector are 0.1 and 0.9, respectively.
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Table A5
Production efficiency of the two-stage network DEA using different weights in 2015.
City (0.1,0.9) (0.3,0.7) (0.5,0.5) (0.7,0.3) (0.9,0.1) City (0.1,0.9) (0.3,0.7) (0.5,0.5) (0.7,0.3) (0.9,0.1)
Tangshan 0.40 0.40 0.40 0.48 0.51 Jingdezhen 0.36 0.30 0.30 0.44 0.45
Handan 0.33 0.33 0.35 0.41 0.32 Pingxiang 0.42 0.43 0.43 0.61 0.61
Xingtai 0.39 0.39 0.41 0.45 0.45 Xinyu 0.33 0.33 0.33 0.33 0.33
Zhangjiakou 0.40 0.40 0.40 0.37 0.37 Ganzhou 1.00 1.00 1.00 1.00 1.00
Yangquan 0.30 0.15 0.30 0.30 0.30 Yichun-JX 0.54 0.54 0.55 0.64 0.87
Changzhi 0.28 0.29 0.28 0.28 0.28 Zibo 0.58 0.58 0.58 0.59 0.84
Jincheng 0.28 0.29 0.28 0.28 0.28 Zaozhuang 0.47 0.48 0.52 0.57 0.74
Shuozhou 0.32 0.10 0.31 0.31 0.31 Dongying 0.77 0.77 0.80 0.80 0.81
Yuncheng 0.31 0.31 0.21 0.29 0.29 Jining 0.40 0.40 0.41 0.47 0.59
Xinzhou 0.36 0.37 0.16 0.33 0.33 Taian 0.47 0.49 0.50 0.75 0.75
Baotou 0.33 0.33 0.33 0.32 0.32 Laiwu 0.33 0.34 0.34 0.34 0.34
Wuhai 0.44 0.24 0.43 0.43 0.43 Linyi 0.65 0.65 0.65 0.67 0.96
Chifeng 0.45 0.47 0.47 0.47 0.56 Luoyang 0.48 0.48 0.48 0.53 0.59
Ordos 0.35 0.35 0.39 0.47 0.33 Pingdingshan 0.30 0.30 0.29 0.29 0.29
Anshan 0.32 0.32 0.32 0.31 0.31 Hebi 0.39 0.33 0.40 0.55 0.55
Fushun 0.32 0.32 0.15 0.31 0.31 Jiaozuo 0.58 0.59 0.66 0.80 0.80
Benxi 0.32 0.32 0.31 0.31 0.31 Puyang 0.64 0.65 0.72 0.73 0.88
Fuxin 0.32 0.32 0.14 0.30 0.30 Sanmenxia 0.57 0.59 0.61 0.70 0.85
Panjin 0.47 0.48 0.49 0.50 0.59 Nanyang 0.56 0.57 0.60 0.65 0.71
Jilin 0.40 0.40 0.40 0.45 0.45 Huangshi 0.37 0.37 0.40 0.40 0.40
Liaoyuan 0.62 0.62 0.71 0.72 1.00 Ezhou 0.42 0.42 0.46 0.69 0.69
Tonghua 0.46 0.47 0.45 0.53 0.75 Shaoyang 1.00 1.00 1.00 1.00 1.00
Songyuan 0.63 0.65 0.50 0.72 0.73 Chenzhou 1.00 1.00 1.00 1.00 1.00
Jixi 0.27 0.08 0.10 0.27 0.27 Shaoguan 0.34 0.34 0.22 0.34 0.34
Hegang 0.28 0.08 0.08 0.27 0.27 Yunfu 0.41 0.39 0.49 0.54 0.75
Shuangyashan 0.29 0.10 0.10 0.28 0.28 Baise 0.46 0.36 0.41 0.42 0.45
Daqing 0.36 0.36 0.36 0.36 0.36 Hezhou 0.40 0.40 0.40 0.40 0.62
Yichun-HLJ 0.08 0.08 0.08 0.08 0.38 Hechi 0.34 0.34 0.41 0.41 1.00
Mudanjiang 0.47 0.47 0.37 0.48 0.64 Zigong 0.77 0.75 0.82 0.82 0.91
Heihe 0.12 0.13 0.13 0.13 0.33 Panzhihua 0.28 0.24 0.28 0.28 0.28
Xuzhou 1.00 1.00 1.00 1.00 1.00 Luzhou 0.52 0.53 0.50 0.53 0.83
Sugian 1.00 1.00 1.00 1.00 1.00 Guangyuan 0.48 0.38 0.38 0.43 0.51
Huzhou 0.62 0.63 0.79 0.79 0.79 Yaan 0.31 0.31 0.31 0.40 0.40
Huainan 0.33 0.33 0.32 0.32 0.32 Baoji 0.45 0.46 0.49 0.52 0.66
Maanshan 0.38 0.38 0.39 0.39 0.39 Xianyang 0.43 0.44 0.48 0.52 0.57
Huaibei 0.31 0.26 0.30 0.30 0.30 Weinan 0.32 0.32 0.38 0.29 0.29
Tongling 0.54 0.54 0.54 0.73 0.73 Yanan 0.52 0.59 0.21 0.60 0.61
Chuzhou 0.73 0.74 0.74 0.74 0.80 Yulin 0.36 0.36 0.38 0.50 0.34
Suzhou 0.36 0.37 0.39 0.45 0.53 Baiyin 0.39 0.17 0.22 0.38 0.38
Bozhou 0.49 0.49 0.46 0.46 0.69 Wuwei 0.45 0.25 0.25 0.38 0.38
Xuancheng 0.82 0.82 0.80 0.89 0.89 Shizuishan 0.34 0.21 0.33 0.33 0.33
Longyan 0.55 0.44 0.56 0.57 0.67 Karamay 0.31 0.16 0.31 0.31 0.31

Notes: (0.1, 0.9) indicates the weights of government sector and industrial sector are 0.1 and 0.9, respectively.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.eneco.2021.105408.
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