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Abstract: Sustainable development is a long-term solution for urban development and a guideline for
urban development. Only by better coordination around the population, resources, and environment
can the city achieve sustained and steady development. In order to evaluate the efficiency of sustainable
urban development under environmental constraints, this paper takes 13 prefecture-level cities in
Jiangsu Province as an example. To address the infeasibility problem in the Malmquist-Luenberger
(M-L) index, a modified M-L index analysis method based on the new directional distance function
(DDF) is adopted. Combined with the consideration of desirable and undesirable outputs, a linear
programming model for sustainable urban development evaluation is constructed to provide a
scientific decision-making basis for sustainable development of the city. The results show that the
growth of sustainable urban development efficiency is not only related to desirable outputs but
also affected by undesirable outputs. Technical change is the main driver of most sustainable urban
development efficiency growth. However, efficiency changes also affect the sustainable development
potential of cities to a certain extent. Through the modified M-L index analysis, we analyze the
characteristics of different regions of Jiangsu Province, the changes in efficiency and the impact of
technological innovation on sustainable urban development, and give policy recommendations to
promote sustainable urban development.

Keywords: sustainable urban development efficiency; modified Malmquist-Luenberger index;
efficiency change (EC); technical change (TC); directional distance function

1. Introduction

Sustainable urban development refers to the long-term, stable and sustained economic growth and
structural optimization of the city within a certain time and space, thus realizing urbanization and urban
modernization. While meeting the needs of the current urban population for survival and development,
we must also consider the needs of future urban population survival and development, maintain
the corresponding potential reserves, and enable the city to maintain a balanced development [1–4].
Sustainable urban development includes sustainable development of population, economy, resources,
environment, and society. It depends not only on the supporting conditions such as resources and
environment, but also on the quality of urban human resources, the speed of economic growth,
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and the advantages and disadvantages of economic benefits. Generally, economists believe that
economic growth driven solely by resource inputs is extensive and unsustainable. However, if we
can comprehensively consider indicators such as population, economy, resources, environment, and
society, we can call it sustainable economic development [5–9].

For a long time, when measuring the development of China’s cities, more considerations are given
about the efficiency of energy consumption and resource utilization, and the relationship between
energy consumption and urbanization, and economic growth [10–14]. For example, Shen et al. [10]
analyzed a model depicting the trend of Chinese urbanization, and explored relationships between
urbanization and the supply and demand of major energy and mineral resources and between the
gross domestic product (GDP) and the urbanization of China. Zhang et al. [11] examined the causal
relationship between energy consumption and economic growth in the regional and sectoral aspects
by adopting provincial panel data in China from 1995 to 2008. As the scale of the economy continues
to expand, the city’s demand for various resources and energy continues to rise. Improving the energy
supply structure and improving energy efficiency are strategic choices for cities to achieve sustainable
development. However, the sustainable development of cities also depends on the city’s ability to
create and agglomerate capital, the number of urban labor, the degree of openness, urban infrastructure
and so on [15,16].

The research on the sustainable development of the urban economy is deepening and
perfecting [17–22]. The research objects, methods, and evaluation indicators are gradually
transformed from individual cities, qualitative descriptions and single evaluation indicators into
urban agglomerations, quantitative analysis, and comprehensive evaluation indicators [23–27].
For example, Yigitcanlar et al. [28] introduced a multiscalar urban sustainability approach by
linking two sustainability assessment models to evaluate sustainability performances in micro- and
mezzo-levels and generate multiscalar results for the macro-level. Shaker et al. [29] presented
a quantitative and spatial assessment of 25 multi-metric indices across 36 European nations.
Yang et al. [30] presented a comprehensive indicator system for regional sustainability assessment for
co-evaluating the level of economic, social, and environmental subsystems. Yang et al. [31] put forward
a linear dimensionless coordinate system of sustainable urban development to conduct a quantitative
analysis in 287 cities in the eastern, central, and western regions in China. Tan et al. [32] proposed an
integrated model of nonlinear principal component analysis and Gram Schmidt orthogonalization,
and presented a novel regional sustainable development assessment method and framework from
three perspectives for the society-economy-environment system of the Bohai Rim region.

Although there are many models and methods for assessing the sustainable development of the
urban economy, the Malmquist-Luenberger index analysis method is also one of the important methods
to measure the economic efficiency of the city. Most M-L index methods measure labor and capital
investment as the input of the urban economy, and GDP as the output of the urban economy [33–36].
For example, Zhang [33] proposed a method for the evaluation of total factor productivity (TFP) based
on the super-efficiency Data Envelopment Analysis (DEA) model and the Malmquist-Luenberger
index, to analysis of the low-carbon TFP index of the Wan Jiang region and the northern Anhui region
in Anhui Province in central China. However, the rapid economic development has brought about
a series of ecological problems. With many problems of resource consumption and environmental
damage, scholars have paid more and more attention to this problem. For example, Kumar [37]
examined conventional and environmentally sensitive total factor productivity (TFP) in 41 developed
and developing countries over the period of 1971 to 1992. Choi et al. [38] used the metafrontier
Malmquist-Luenberger (MML) index to measure the environmentally sensitive productivity and
analyze its decompositions on China’s regional productivity growth. Zhang et al. [39] proposed
the metafrontier non-radial Malmquist CO2 emission performance index (MNMCPI) for measuring
dynamic changes in total-factor CO2 emission performance over time.
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The above literature still has the following shortcomings in the study of sustainable urban
development efficiency: (1) The indicators for assessing the sustainable development of the urban
economy are relatively simple, and should take into account indicators such as population, economy,
resources, environment, and society; (2) Most of the undesirable outputs are limited to the emission
of exhaust gas, ignoring the harm of other wastes to urban development; (3) In order to solve the
infeasibility problem of the M-L index in calculating the directional distance of the cross-period, the
modified M-L index method should be used for the calculation. Based on the existing research theories
and methods of urban economic sustainable development, this paper takes 13 prefecture-level cities in
Jiangsu Province as an example. The article uses the modified M-L index analysis method to study the
regional economic comparison and its influencing factors on the sustainable development of urban
economy around the coordinated development of urban population, resources, and environment,
to provide a scientific decision-making basis for the long-term sustainable development of the city.

2. Materials and Methods

2.1. Data

The Jiangsu Province in China in our data consisted of 13 prefecture-level cities. The start year
of 2009 and the end year of 2017 were chosen due to data integrity and availability. Taking Jiangsu
Province as an example, this paper solves the M-L index and its decomposition of 13 prefecture-level
cities in Jiangsu Province. We obtained data from these sources: the China Urban Statistical Yearbook
(2010–2018) [40], the statistical yearbooks of 13 prefecture-level cities (2010–2018) [41–52], the Yangtze
River Delta City Yearbook (2010–2014) [53], the Jiangsu Statistical Yearbook (2010, 2011, 2015,
2017, 2018) [54] and the Eco-Environment Bureau of Yangzhou, Taizhou, Lianyungang, Suqian
and Huai’an [55–59] (The data mainly comes from the China Urban Statistical Yearbook and the
13 prefecture-level city statistical yearbooks. For the links of these yearbooks, see the references [40–59]).
Very little missing data was estimated via the linear interpolation method.

This paper has selected China’s Jiangsu Province as the research object of sustainable urban
development efficiency growth and sustainable urban development governance policies. Jiangsu is
located on the eastern coast of China, with the Yellow Sea in the east, Shanghai and Zhejiang in the
southeast, Anhui in the west, and Shandong in the north. It is one of the most developed provinces
in China and has 13 prefecture-level cities. The location of Jiangsu Province is shown in Figure 1.
The cities and their distribution in Jiangsu Province are shown in Figure 2. The 13 prefecture-level
cities were aggregated into “South, Middle, and North” zones by historical factors. Therefore, its
economic development also has the characteristics of obvious regional agglomeration and geographical
development. It has formed a pattern of agglomeration in the three regions of the South Jiangsu
(Nanjing, Suzhou, Wuxi, Changzhou, Zhenjiang), the Middle Jiangsu (Yangzhou, Taizhou, Nantong)
and the North Jiangsu (Xuzhou, Lianyungang, Suqian, Huai’an, Yancheng).
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2.2. Methods

(1) Improved Directional Distance Function and Linear Programming Model
The Malmquist-Luenberger (M-L) index applies a directed distance function (DDF) to standard

Malmquist production efficiency measurements to assess environmental productivity growth for
undesirable output. However, when calculating the cross-period DDF, the M-L index has the same
infeasibility problem as the Malmquist index does. In order to address this infeasibility problem,
a modified M-L index analysis method based on the new DDF is selected to guarantee non-negative
reference targets for all metrics. According to the directional distance function set by Du et al. [60],
this paper changes the direction vector in the directional distance function and solves the infeasibility
problem of the M-L index.

Suppose there are n decision making units (DMUs), each of which uses i kinds of inputs
x = (x1, x2, . . . , xi) ∈ R+

i to obtain j kinds of desirable outputs y =
(
y1, y2, . . . , yj

)
∈ Rj and m kinds

of undesirable outputs b = (b1, b2, . . . , bm) ∈ R+
m, and the direction vector is assumed to be g(t2) =

(−xt2
− xt1max, yt2,−bt2

− bt1max). Then the improved directional distance function at this time is:

Dt1
(
xt2, yt2, bt2;−xt2

− xt1max, yt2,−bt2
− bt1max

)
= max

{
β :

(
(1 + β)yt2, (1− β)bt2

−βbt1max
)
εPt1

(
(1− β)xt2

− βxt1max
)} (1)

where t1 = t, t2 = t + 1, t is time period; xt2 is the input element vector of the t2-th input; yt2 and bt2 are the
t2-th desirable output vector and the undesirable output vector respectively; g(t2) is the direction vector,
which refers to the direction in which the desirable output increases rather than the desirable output

decreases; xt1max =
(
xt1max

i

)T

m×1
, bt1max =

(
bt1max

p

)T

q×1
, xt1max

i = maxj=1,...nxt1
ij , bt1max

p = maxj=1,...nbt1
pj; β

refers to the distance between the actual input and output and its projection on the production frontier
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function; the greater the β becomes, the lower the efficiency of the decision-making unit is desirable to
be, the lower the efficiency of input and output, and the greater the potential for output expansion.

Pt1
(
xt2

)
is defined as the set of production possibilities for the period t1, that is, the production

frontier function, as shown in Equation (2). According to the setting of Du et al. [60], the undesirable
output with weak disposition is included in the input-output efficiency evaluation, and the constraints
on the undesirable output are appropriately relaxed.

Pt1
(
xt2

)
= {

(
yt2, bt2

)
:

n∑
j=1

λt1
j xt1

j ≤ xt2, (2)

n∑
j=1

λt1
j yt1

j ≥ yt2,
n∑

j=1

λt1
j bt1

j ≤ bt2,λt1
j ≥ 0, j = 1, . . . , n} (3)

Among them, λt1
j , j = 1, . . . , n is the intensity variable related to the scale return.

Through the above improved directional vector, combined with the DEA theory, the linear
programming model for solving the direction distance function obtained by substituting Equation (2)
into Equation (1) is [60]:

Dt1
0

(
xt2

0 , yt2
0 , bt2

0 ;−xt2
0 − xt1max, yt2

0 ,−bt2
0 − bt1max

)
= maxβ0 (4)

s.t.



n∑
j=1

λt1
j xt1

i j ≤ (1 + β0)xt2
i0 − β0xt1max

i , i = 1, . . .m

n∑
j=1

λt1
j yt1

rj ≥ (1 + β0)yt2
r0, r = 1, . . . s

n∑
j=1

λt1
j bt1

pj ≤ (1− β0)bt2
p0 − β0bt1max

p , p = 1, . . . q

n∑
j=1

λt1
j = 1

λt1
j ≥ 0, j = 1, . . . , n



(5)

where t1 = t, t2 = t + 1. xt1
ij represents the input quantity of the i-th input element of the j-th

decision-making unit in the t1-th period; yt1
rj represents the output quantity of the r-th desirable output

item of the j-th decision-making unit in the t1-th period; bt1
pj represents the output quantity of the p-th

undesirable output item of the j-th decision-making unit in the t1-th period.
(2) Modified Malmquist-Luenberger Index
In this paper, the modified Malmquist-Luenberger index analysis method is used to study urban

economic development efficiency. Based on the above model, the M-L index for the t or t + 1 period is
defined as [60]:

MLl =
1 + Dl

(
xt, yt, bt;−xt

− xlmax, yt,−bt
− blmax

)
1 + Dl(xt+1, yt+1, bt+1;−xt+1 − xlmax, yt+1,−bt+1 − blmax)

(6)

To avoid the arbitrariness of the reference technique [60], the M-L index can also be defined as the
geometric mean of the two period indices, as shown below.

MLt,t+1 =
[

1+Dt(xt,yt,bt;−xt
−xtmax,yt,−bt

−btmax)
1+Dt(xt+1,yt+1,bt+1;−xt+1−xtmax,yt+1,−bt+1−btmax)

×
1+Dt+1(xt,yt,bt;−xt

−xt+1max,yt,−bt
−bt+1max)

1+Dt+1(xt+1,yt+1,bt+1;−xt+1−xt+1max,yt+1,−bt+1−bt+1max)
]

1
2

(7)

In 1994, Fare et al. decomposed the Malmquist productivity index into technical changes
(TECH-ch) and technical efficiency changes (TE-ch) [61]. Similarly, the modified Malmquist-Luenberger
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index can also be decomposed into two components, characterizing efficiency change and technical
change respectively.

ML = EC× TC (8)

MLt,t+1 =
1 + Dt

(
xt, yt, bt;−xt

− xtmax, yt,−bt
− btmax

)
1 + Dt+1(xt+1, yt+1, bt+1;−xt+1 − xt+1max, yt+1,−bt+1 − bt+1max)

×


1 + Dt+1

(
xt+1, yt+1, bt+1;−xt+1

− xt+1max, yt+1,−bt+1
− bt+1max

)
1 + Dt(xt+1, yt+1, bt+1;−xt+1 − xtmax, yt+1,−bt+1 − btmax)

×

1 + Dt+1
(
xt, yt, bt;−xt

− xt+1max, yt,−bt
− bt+1max

)
1 + Dt(xt, yt, bt;−xt − xtmax, yt,−bt − btmax)



1
2 (9)

EC =
1 + Dt

(
xt, yt, bt;−xt

− xtmax, yt,−bt
− btmax

)
1 + Dt+1(xt+1, yt+1, bt+1;−xt+1 − xt+1max, yt+1,−bt+1 − bt+1max)

(10)

TC =


1 + Dt+1

(
xt+1, yt+1, bt+1;−xt+1

− xt+1max, yt+1,−bt+1
− bt+1max

)
1 + Dt(xt+1, yt+1, bt+1;−xt+1 − xtmax, yt+1,−bt+1 − btmax)

×

1 + Dt+1
(
xt, yt, bt;−xt

− xt+1max, yt,−bt
− bt+1max

)
1 + Dt(xt, yt, bt;−xt − xtmax, yt,−bt − btmax)



1
2

(11)

where D represents the global directional distance function; P is the global set of production possibilities,
which includes both desirable and undesirable outputs. M-L, EC, and TC are the input-output efficiency,
efficiency change, and technical change of the decision-making unit at a certain time. If the M-L, EC,
and TC indexes are greater than one, respectively, it means that the input-output efficiency is improved,
the efficiency is improved, and the technology is improved. On the contrary, if the three values are
less than one, the input-output efficiency is reduced, the efficiency is lowered, and the technology
is backward. By analyzing the M-L index and its decomposition items, it is possible to observe the
changing trend of economic development efficiency and the changes of influencing factors, so as to
provide appropriate suggestions for the sustainable development of each city’s economy.

3. Analysis

China has achieved remarkable economic growth in the past decade. However, the economic
boom comes at the expense of the environment to some extent. The constraints from the environment
and resources pose a huge threat to a healthy and sustainable economic development in China.
Therefore, this study focuses on environmental constraints when assessing the healthy and sustainable
development of the urban economy. It should be considered from the perspective of creating a
stable society, in terms of economic development, convenient living, universal education, scientific
development, adequate resources, ecological balance, and beautiful environment. In addition, it should
also combine immediate performance with desirable potential to determine the evaluation criteria for
sustainable urban development. The sustainable development of cities should be analyzed around the
needs of the people, emphasizing the quality of the population and cultivating the social environment
and living environment. The evaluation of resources should emphasize its effective use and the
material civilization that can be brought to the people. The evaluation of the environment is mainly to
evaluate the people’s good living environment, and thus it is a scientific and feasible evaluation.

3.1. Indicator Selection

In order to measure the sustainable development capability of the urban economy, we try to measure
the five aspects including resource input, economic development, environmental carrying capacity,
social development, and scientific and technological innovation. The amount of resources invested
mainly reflects the demand for resources and energy in cities and is the cornerstone of sustainable
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development. Economic development mainly reflects the state of urban economic development and is
the condition for sustainable urban development. Environmental carrying capacity mainly reflects
the impact of resources, environmental endowments and economic development on environmental
conditions, and is a strategic choice for sustainable urban development. Social development mainly
reflects the level of comprehensive social development and is the guarantee for sustainable urban
development. Scientific and technological innovation mainly reflects the development potential of the
economy, intelligence, and environment, and is the potential for sustainable urban development.

For the assessment in this study, we use energy consumption, the science and education input,
and labor as inputs. The undesirable outputs are industrial solids, sulfur dioxide (SO2), industrial
wastewater and industrial dust, and the desirable output is Gross Domestic Product (GDP). Energy
consumption is used to measure the energy needs of the region, namely, the amount of resources
invested. GDP is used to measure regional economic development capabilities. Industrial solids, sulfur
dioxide (SO2), industrial wastewater, and industrial dust are used to measure regional environmental
sustainability. The labor force guarantees the future urban population and can be used to measure the
sustainability of regional social development. Science and education input guarantees the quality of
the future urban population and can be used to measure the sustainable innovation of regional science
and technology.

In this study, energy consumption, labor, and GDP can be directly obtained from the China
Urban Statistical Yearbook [40], the Yangtze River Delta Statistical Yearbook [53], the Jiangsu Statistical
Yearbook [54], and the 13 prefecture-level cities (2010–2018) [41–52]. Additionally, the science and
education input can be added by the investment in science and education in the yearbook. However,
the energy consumption values of Nanjing (2009–2017), Yancheng (2009–2012) and Xuzhou (2013, 2017)
cannot be obtained directly from the yearbook. Therefore, we use different types of energy consumption
in the Nanjing Statistical Yearbook and the China Urban Statistical Yearbook to estimate the annual
standard coal consumption based on the primary energy consumption method. Industrial solids,
sulfur dioxide (SO2), industrial wastewater and industrial dust can be directly obtained from the China
Urban Statistical Yearbook, the 13 prefecture-level city statistical yearbooks, and the environmental
annual reports of the city eco-environment bureaus, which have been all mentioned above.

3.2. Results

In this section, we calculate the modified M-L index to assessing 13 prefecture-level cities’
sustainable development efficiency in Jiangsu Province from 2009 to 2017. These results provide a
reference basis for the scientific decision-making of the long-term sustainable development of cities.
In the study, in order to guarantee non-negative reference targets for all desirable and undesirable
metrics, we adopted a modified M-L index analysis method. Focusing on the coordinated development
of urban economy, population and environment, we have analyzed and evaluated the efficiency of
sustainable urban development and its influencing factors. We use energy consumption, science and
education input, and labor as input; the desirable output is regional GDP; the undesirable outputs are
industrial solids, sulfur dioxide, industrial wastewater and industrial dust emissions in the region.

Based on the modified DDF specified from Formula (1) to Formula (4), we calculated the M-L
productivity indexes of each year and its components EC (efficiency change) and TC (technical change)
from 2009 to 2017. These results reflect the economic efficiency and the annual average degree of
change in its influencing factors of different cities in Jiangsu Province. If the M-L index calculated in (8)
is greater than one, there is an improvement in sustainable urban development efficiency. Accordingly,
a higher M-L index indicates greater development efficiency. On the contrary, an M-L index that is
less than one implies development efficiency regression. The TC index or EC index greater than one
indicates that technical change or efficiency improvement can help the efficiency of sustainable urban
development. On the contrary, if the TC index or EC index is less than one, it means that the technology
has an impact on the sustainable development efficiency of the city due to technological degradation
or inefficiency.
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(1) The M-L Indexes of 13 Prefecture-Level Cities in Jiangsu Province
The results of the average annual M-L indexes are presented in Table 1 for the whole sample

period. Figure 3 demonstrates year-on-year changes of the 13 prefecture-level cities and the South
Jiangsu, Middle Jiangsu, and North Jiangsu zones concerning the M-L indexes. Figure 3a shows the
M-L indexes of 13 prefecture-level cities, and Figure 3b shows the average annual M-L indexes of
the South Jiangsu, Middle Jiangsu, and North Jiangsu. Figure 3c–e compares the M-L indexes of the
prefecture-level cities in the South Jiangsu, Middle Jiangsu, and North Jiangsu, respectively.

From Table 1 and Figure 3b, during the sample period of 2010–2017, we noted that the M-L indexes
of South Jiangsu performed better than Middle Jiangsu and North Jiangsu. As shown in Figure 3c,
the development trend of Nanjing and Zhenjiang is relatively consistent, while Suzhou, Wuxi and
Changzhou have a relatively strong development trend in recent years. From Figure 3d, we found
that the M-L indexes of the cities in Middle Jiangsu are relatively stable. However, the M-L index of
Yangzhou in 2015–2016 was 0.8724, which was a sharp decline. From Figure 3e, we found that the M-L
indexes of the cities in North Jiangsu is relatively volatile, especially Lianyungang and Huai’an.

However, as shown in Table 1, the M-L index of Suzhou in 2009–2010 is 0.8485, which lowered
the average level of South Jiangsu in 2009–2010. The average annual M-L index of North Jiangsu is
0.9151, which is lower than the other periods. According to the China Urban Statistical Yearbook [40],
we found that Suzhou’s sulfur dioxide (SO2) emissions in 2010 were 496,377 tons, while Suzhou’s
sulfur dioxide (SO2) emissions in 2011 were 191,925 tons. Therefore, Suzhou’s sulfur dioxide (SO2)
emissions in 2010 significantly affected the M-L index of Suzhou in 2009-2010. From the China Urban
Statistical Yearbook [40], we found that the undesirable outputs (industrial solids, sulfur dioxide (SO2),
industrial wastewater and industrial dust emissions) of North Jiangsu in 2011 has increased significantly
compared to 2010, and the North Jiangsu’s M-L indexes have dropped significantly during 2010–2011.
The reason for this phenomenon is very likely due to that the growth of sustainable urban development
efficiency is not only related to desirable outputs but is also affected by undesirable outputs.

Table 1. The M-L indexes of 13 prefecture-level cities in Jiangsu Province.

City
M-L Index

2009–2010 2010–2011 2011–2012 2012–2013 2013–2014 2014–2015 2015–2016 2016–2017

South Jiangsu 0.9434 0.9669 1.0083 1.0040 1.0221 1.0163 1.0711 1.0730
Nanjing 0.9643 0.9567 0.9943 0.9631 0.9898 0.9747 0.9804 1.0008

Wuxi 0.9477 0.9491 1.0039 1.0287 1.0446 1.0077 1.1246 1.0715
Changzhou 1.0303 0.9177 1.0012 1.0271 1.0838 1.0356 1.0882 1.1361

Suzhou 0.8485 1.0315 1.0232 1.0559 0.9898 1.0613 1.1844 1.1493
Zhenjiang 0.9265 0.9795 1.0190 0.9453 1.0026 1.0020 0.9779 1.0071

Middle Jiangsu 0.9656 0.9676 1.0062 0.9568 0.9785 1.0265 0.9717 0.9963
Nantong 0.9554 0.9919 0.9978 0.9278 0.9651 1.0189 1.0538 0.9808
Taizhou 0.9970 0.9441 0.9836 0.9629 0.9848 0.9794 0.9888 0.9920

Yangzhou 0.9445 0.9670 1.0370 0.9796 0.9857 1.0813 0.8724 1.0160
North Jiangsu 0.9947 0.9151 1.0007 0.9820 0.9603 1.0126 1.0469 1.0363

Xuzhou 1.0120 0.9460 1.0037 1.0303 1.0011 1.0167 1.0317 1.0266
Lianyungang 1.0342 0.8830 1.0563 0.9691 0.9485 1.0732 1.1219 1.0851

Huaian 1.0193 0.8978 1.0411 0.9182 0.8826 1.0872 1.0699 1.1335
Yancheng 0.9399 0.9187 0.9003 0.9863 0.9662 0.9694 0.9781 0.9464

Suqian 0.9682 0.9302 1.0023 1.0061 1.0033 0.9164 1.0331 0.9901
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(2) The TC Indexes of 13 Prefecture-Level Cities in Jiangsu Province
The results of the average annual TC indexes are presented in Table 2 for the whole sample period.

Figure 4 demonstrates year-on-year changes of the 13 prefecture-level cities and the South Jiangsu,
Middle Jiangsu, and North Jiangsu zones concerning the TC indexes. Figure 4a shows the TC indexes
of 13 prefecture-level cities, and Figure 4b shows the average annual TC indexes of the South Jiangsu,
Middle Jiangsu, and North Jiangsu. Figure 4c–e compares the TC indexes of the prefecture-level cities
in the South Jiangsu, Middle Jiangsu, and North Jiangsu, respectively.

Table 2. The TC indexes of 13 prefecture-level cities in Jiangsu Province.

City
TC Index

2009–2010 2010–2011 2011–2012 2012–2013 2013–2014 2014–2015 2015–2016 2016–2017

South Jiangsu 0.9073 0.9944 1.0027 0.9772 1.0089 1.0134 1.0702 1.0840
Nanjing 0.9673 0.9509 0.9754 0.9582 0.9835 0.9781 0.9939 1.0034

Wuxi 0.9439 0.9277 1.0097 1.0258 1.0361 1.0148 1.0711 1.1039
Changzhou 0.9322 1.0259 1.0193 1.0360 1.0108 1.0339 1.1455 1.1462

Suzhou 0.7731 1.0776 1.0097 0.9265 1.0092 1.0458 1.1742 1.1730
Zhenjiang 0.9199 0.9901 0.9994 0.9398 1.0047 0.9945 0.9662 0.9934

Middle Jiangsu 0.9509 0.9750 0.9696 0.9473 0.9853 0.9943 0.9999 0.9919
Nantong 0.9607 0.9688 0.9730 0.9184 0.9697 1.0152 1.0473 1.0013
Taizhou 0.9620 0.9633 0.9390 0.9749 0.9818 0.9738 0.9821 0.9818

Yangzhou 0.9300 0.9929 0.9969 0.9487 1.0043 0.9940 0.9701 0.9926
North Jiangsu 0.9788 0.9127 0.9951 0.9417 0.9353 1.0272 1.0174 1.0326

Xuzhou 0.9748 0.9570 1.0075 1.0116 1.0112 1.0104 1.0148 1.0685
Lianyungang 1.0120 0.8464 1.0349 0.8739 0.8985 1.0744 1.1286 1.0992

Huaian 1.0135 0.8435 1.0356 0.9035 0.8191 1.0812 1.0063 1.0932
Yancheng 0.9284 0.9150 0.9074 0.9511 0.9445 0.9764 0.9593 0.9128

Suqian 0.9654 1.0016 0.9901 0.9686 1.0033 0.9935 0.9777 0.9891



Sustainability 2020, 12, 1049 10 of 17Sustainability 2020, 12, x FOR PEER REVIEW 11 of 19 

 

Figure 4. The annual TC indexes growths of 13 prefecture-level cities in Jiangsu Province: (a) the TC 
indexes of 13 prefecture-level cities; (b) the average annual TC indexes of the South Jiangsu, Middle 
Jiangsu, and North Jiangsu; (c) the TC indexes of the prefecture-level cities in the South Jiangsu; (d) 
the TC indexes of the prefecture-level cities in the Middle Jiangsu; (e) the TC indexes of the prefecture-
level cities in the North Jiangsu. 

From Figure 3b and Figure 4b, we noted that the M-L productivity indexes and TC indexes of 
the South Jiangsu, Middle Jiangsu, and North Jiangsu zones shared a very similar changing trend. As 
shown in Figure 3c and Figure 4c, we found that the trends of the TC indexes and the M-L indexes in 
Nanjing and Zhenjiang are very stable, while Suzhou, Wuxi, and Changzhou have a relatively strong 
development trend in recent years. The TC indexes and M-L indexes of these cities are very similar. 
As shown in Figure 3d and Figure 4d, we noted that the changing trend of the TC indexes and the 
M-L indexes are consistent in Nantong, Taizhou, and Yangzhou. As shown in Figure 4e, we found 
that the changing trends in Xuzhou, Yancheng, and Suqian are relatively stable, while the fluctuations 
in Lianyungang and Huai'an are strong and consistent.  

From Figure 4 and Table 2, we noted that the South Jiangsu witnessed a steady improvement in 
the TC indexes, while the Middle Jiangsu is relatively stable, and the North Jiangsu is relatively 
volatile. According to the analysis above, the M-L productivity indexes and TC indexes shared a very 
similar changing trend for most cities. However, as shown in Figure 3d and Figure 4d, we found that 
Yangzhou's TC indexes and M-L indexes performed differently during 2015-2016. It can be seen that 
the M-L index of Yangzhou encountered a sharp decline during 2015-2016, while the TC index of 
Yangzhou during 2015-2016 was very stable. The reason for this phenomenon is probably due to the 
impact of the EC index on the performance of Yangzhou's M-L index. 

(3) The EC Indexes of 13 Prefecture-Level Cities in Jiangsu Province 
The results of the average annual EC indexes are presented in Table 3 for the whole sample 

period. Figure 5 demonstrates year-on-year changes of the 13 prefecture-level cities and the South 
Jiangsu, Middle Jiangsu, and North Jiangsu zones concerning the EC indexes. Figure 5a shows the 
EC indexes of 13 prefecture-level cities, and Figure 5b shows the average annual EC indexes of the 
South Jiangsu, Middle Jiangsu, and North Jiangsu. Figure 5c–e compares the EC indexes of the 
prefecture-level cities in the South Jiangsu, Middle Jiangsu, and North Jiangsu, respectively. 
  

Figure 4. The annual TC indexes growths of 13 prefecture-level cities in Jiangsu Province: (a) the TC
indexes of 13 prefecture-level cities; (b) the average annual TC indexes of the South Jiangsu, Middle
Jiangsu, and North Jiangsu; (c) the TC indexes of the prefecture-level cities in the South Jiangsu; (d) the
TC indexes of the prefecture-level cities in the Middle Jiangsu; (e) the TC indexes of the prefecture-level
cities in the North Jiangsu.

From Figures 3b and 4b, we noted that the M-L productivity indexes and TC indexes of the South
Jiangsu, Middle Jiangsu, and North Jiangsu zones shared a very similar changing trend. As shown in
Figures 3c and 4c, we found that the trends of the TC indexes and the M-L indexes in Nanjing and
Zhenjiang are very stable, while Suzhou, Wuxi, and Changzhou have a relatively strong development
trend in recent years. The TC indexes and M-L indexes of these cities are very similar. As shown
in Figures 3d and 4d, we noted that the changing trend of the TC indexes and the M-L indexes are
consistent in Nantong, Taizhou, and Yangzhou. As shown in Figure 4e, we found that the changing
trends in Xuzhou, Yancheng, and Suqian are relatively stable, while the fluctuations in Lianyungang
and Huai’an are strong and consistent.

From Figure 4 and Table 2, we noted that the South Jiangsu witnessed a steady improvement in
the TC indexes, while the Middle Jiangsu is relatively stable, and the North Jiangsu is relatively volatile.
According to the analysis above, the M-L productivity indexes and TC indexes shared a very similar
changing trend for most cities. However, as shown in Figures 3d and 4d, we found that Yangzhou’s
TC indexes and M-L indexes performed differently during 2015-2016. It can be seen that the M-L index
of Yangzhou encountered a sharp decline during 2015-2016, while the TC index of Yangzhou during
2015-2016 was very stable. The reason for this phenomenon is probably due to the impact of the EC
index on the performance of Yangzhou’s M-L index.

(3) The EC Indexes of 13 Prefecture-Level Cities in Jiangsu Province
The results of the average annual EC indexes are presented in Table 3 for the whole sample period.

Figure 5 demonstrates year-on-year changes of the 13 prefecture-level cities and the South Jiangsu,
Middle Jiangsu, and North Jiangsu zones concerning the EC indexes. Figure 5a shows the EC indexes
of 13 prefecture-level cities, and Figure 5b shows the average annual EC indexes of the South Jiangsu,
Middle Jiangsu, and North Jiangsu. Figure 5c–e compares the EC indexes of the prefecture-level cities
in the South Jiangsu, Middle Jiangsu, and North Jiangsu, respectively.

From Table 3 and Figure 5, we noted that the average annual EC indexes remained generally
fluctuating around 1 for most cities and years. As shown in Table 3, we calculated the average annual
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EC indexes for the South Jiangsu, Middle Jiangsu, and North Jiangsu over the period of 2009-2017. As
shown in Table 3, we found that the South Jiangsu has fewer years and that its average annual EC
indexes are less than 1, which indicates that the efficiency of the South Jiangsu performed better than
that of the Middle Jiangsu and North Jiangsu.

As shown in Figure 5d, we noted that Yangzhou’s EC index encountered a sharp decline during
2015–2016, and Nantong’s EC index encountered a sharp decline during 2016–2017. Combining with
Figures 3d and 4d, we found that the TC indexes trend of these two cities is relatively stable, while the
M-L indexes and EC indexes shared a very similar changing trend during 2015–2017. This phenomenon
can be explained by that the change of the EC indexes also affects the change of the M-L indexes to a
certain extent.

Table 3. The EC indexes of 13 prefecture-level cities in Jiangsu Province.

City
EC Index

2009–2010 2010–2011 2011–2012 2012–2013 2013–2014 2014–2015 2015–2016 2016–2017

South Jiangsu 0.9925 1.0156 1.0032 1.0023 1.0130 1.0021 0.9945 1.0020
Nanjing 0.9962 1.0051 1.0193 1.0044 1.0064 0.9962 0.9863 0.9974

Wuxi 1.0024 1.0217 0.9943 1.0005 1.0072 0.9930 1.0347 0.9650
Changzhou 1.0343 0.9707 0.9822 0.9907 1.0727 1.0004 0.9433 1.0624

Suzhou 0.9257 1.0913 1.0005 1.0117 0.9807 1.0132 0.9964 0.9716
Zhenjiang 1.0040 0.9891 1.0194 1.0041 0.9979 1.0076 1.0119 1.0137

Middle Jiangsu 1.0110 0.9790 1.0293 0.9888 0.9943 1.0257 1.0071 0.9834
Nantong 0.9933 1.0237 1.0255 0.9483 0.9946 1.0034 1.1174 0.9101
Taizhou 1.0268 0.9396 1.0225 0.9864 1.0068 0.9860 1.0063 1.0167

Yangzhou 1.0129 0.9735 1.0399 1.0318 0.9815 1.0877 0.8976 1.0235
North Jiangsu 1.0150 0.9788 1.0017 1.0081 0.9786 0.9772 1.0063 1.0191

Xuzhou 1.0387 0.9860 0.9962 1.0179 0.9900 1.0061 1.0141 0.9595
Lianyungang 1.0216 0.9297 1.0107 0.9528 0.9957 0.9960 0.9234 0.9841

Huaian 1.0055 1.0540 1.0036 1.0122 0.9180 1.0023 1.0387 1.0317
Yancheng 1.0084 0.9966 0.9857 1.0186 0.9895 0.9591 0.9941 1.1191

Suqian 1.0007 0.9276 1.0123 1.0390 1.0000 0.9225 1.0614 1.0010Sustainability 2020, 12, x FOR PEER REVIEW 13 of 19 
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indexes of 13 prefecture-level cities; (b) the average annual EC indexes of the South Jiangsu, Middle
Jiangsu, and North Jiangsu; (c) the EC indexes of the prefecture-level cities in the South Jiangsu; (d) the
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3.3. Discussion

Figures 3–5 demonstrate year-on-year changes of the South Jiangsu, Middle Jiangsu, and North
Jiangsu zones with respect to the M-L indexes, EC, and TC respectively. As demonstrated by comparing
Tables 1–3 and Figures 3–5, the M-L productivity index and TC index shared a very similar changing
trend, whereas EC index remained generally fluctuating around 1 for most cities and years. The results
revealed that the sustainable urban development efficiency growth measured by the M-L productivity
indexes was mainly contributed by technical change. The specific analysis and discussion are as follows.

(1) The Sustainable Development Efficiency of South Jiangsu Performed Better.
On the whole, the M-L indexes of South Jiangsu performed well, and the sustainable development

efficiency of South Jiangsu is relatively high (as shown in Figure 3b). As can be seen from M-L indexes
results, the overall sustainable urban development performance in South Jiangsu is better. From the
geographical point of view (as shown in Figure 2), the South Jiangsu is located in the core area of
the Yangtze River Delta and close to Shanghai. In particular, Suzhou, Wuxi, and Changzhou are the
closest to Shanghai. They are the main areas for Shanghai’s industrial transfer, technology, and product
diffusion, and are strongly influenced by Shanghai’s economic radiation.

As shown in Table 1 and Figure 3, the M-L productivity indexes of Suzhou, Wuxi, and Changzhou
perform better than that of Nanjing or Zhenjiang. At the same time, the South Jiangsu not only has the
Shanghai-Nanjing railway, the expressway traverses east and west, but also the Beijing-Hangzhou
Canal runs through the north and south. Based on that, its transportation cost is low, communication
conditions are good, it is easy to develop high-end industries and attract investment. Therefore,
the overall sustainable development efficiency of cities in southern Jiangsu performed better.

The North Jiangsu is located in a relatively backward area at the junction of the four provinces
of Jiangsu, Shandong, Henan, and Anhui. It is relatively far from the economically developed areas
of China, and the radiation effect of receiving economic centers is relatively weak. Although the
transportation conditions in the North Jiangsu have also been greatly improved in recent years,
the industry and technology are constantly being upgraded, but the overall economic benefits are still
slightly lower than those in developed regions.

(2) The Environmental Factors Play an Important Role in Sustainable Urban Development.
As we have previously pointed out, due to the performance of the M-L index of Suzhou in

2009–2010 and North Jiangsu in 2010–2011, the growth of sustainable urban development efficiency
is not only related to desirable outputs but also affected by undesirable outputs. As the scale of the
economy continues to expand, the demand for resources and energy in cities is also rising [62]. It can
be seen that under the existing environmental protection policies and technologies, urban social and
economic development is increasingly constrained by the environment [63,64]. If the city does not
find a reasonable solution, it will further improve the energy efficiency of the city. With the increase
of undesirable output, it will restrict the sustainable development of cities. Therefore, it is of vital
importance to consider environmental concerns when assessing the sustainable development efficiency
of the city.

(3) The M-L Productivity Indexes and TC Indexes Shared a Very Similar Changing Trend.
According to the calculation results of the TC indexes, the change trend of the TC indexes and the

M-L indexes in the South Jiangsu, Middle Jiangsu, and North Jiangsu are very similar. This suggests
that technical change was the main driver of most sustainable urban development efficiency growth.

Most cities of the South Jiangsu witnessed a steady improvement. For the five cities in the South
Jiangsu, their geographical economic advantages are obvious; talent attraction and industrial layout
have entered a mature stage, and economic development has stabilized. As shown in Figures 3 and 4,
the performance of the M-L indexes and the TC indexes in the cities of the South Jiangsu have not been
always well. This phenomenon can be explained by that the marginal effects of technological factors on
urban economies are declining, in which small-scale inputs can only produce fewer desirable outputs.
However, the TC indexes of Suzhou, Wuxi, and Changzhou have a strong upward trend in recent years
(as shown in Figure 4c). Faced with the pressure of economic transformation, cities in the South Jiangsu
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are striving to find breakthroughs. In recent years, Suzhou, Wuxi, and Changzhou have continuously
combined technology breakthroughs, such as the Internet and Artificial Intelligence, to try to take a
new step in high-end manufacturing and urban management efficiency. Therefore, the development
trend of the M-L indexes and the TC indexes in recent years is strong. The urban industrial structure of
the South Jiangsu has not yet been perfected, technological innovation has expanded from point to
point, and the impact of technological changes on the urban economy has gradually increased.

The development trend of the TC indexes and the M-L indexes in Middle Jiangsu are relatively
stable. The TC indexes of Middle Jiangsu are mostly less than one, which indicates that the technology
of Middle Jiangsu needs to be further improved (as shown in Figure 3d). Therefore, the Middle
Jiangsu should continue to strengthen resources and talent investment, enhance the marginal effect of
technological innovation in advantageous industries, help technological innovation and enterprise
development in disadvantaged industries, and adjust the industrial layout in a two-pronged manner
in order to form an all-round high-density industrial structure.

The development trend of the TC indexes and the M-L indexes in North Jiangsu are relatively
fluctuating. As shown in Tables 1 and 2, during the entire sample period of 2009–2017, the TC
indexes and the M-L indexes of Xuzhou performed well; most are greater than one. While the TC
indexes and the M-L indexes in North Jiangsu performed less well. As shown in Figures 3e and 4e, we
found that the changing trends of the TC indexes and the M-L indexes in North Jiangsu are slightly
different. This phenomenon can be explained by that the cities in the North Jiangsu, where the economic
development is relatively backward, the internal industrial structure is still not perfect, and the influence
of technological factors on the urban economy has not fully manifested. Therefore, the North Jiangsu
should use existing resources, technology, and talents to further develop advantageous industries, and
actively carry out inter-city cooperation, build a supporting industrial chain, and achieve technological
innovation to drive economic development.

(4) The EC Indexes Remained Generally Fluctuating around One for Most Cities and Years.
According to the calculation results of the EC indexes, the EC indexes of each city in the South,

Middle and North of Jiangsu fluctuate around 1 (as shown in Table 3). Combined with the above
analysis, we can find that technical efficiency and technological change have a common impact on
the sustainable development of the regional economy. However, technological change is the main
driving force. As we have previously pointed out, the sustainable urban development efficiency
growth measured by the M-L productivity indexes was mainly contributed by technical change.

As shown in Table 3, the efficiency improvement in the South Jiangsu is still better than that in the
Middle Jiangsu and North Jiangsu. The reason for this phenomenon is very likely due to spatial layout,
and that the distribution of cities in the South Jiangsu is more concentrated, which is conducive to the
exchange and diffusion of information and technology between cities and cities, and forms a certain
scale agglomeration effect, thereby improving the efficiency of resources. In addition, the cities of the
South Jiangsu attract talents far more than the cities of the Middle and North of Jiangsu. The increase
in population density is conducive to the social division of labor, which is conducive to attracting
investment and conducive to the development of the service industry. This has further promoted
the rapid development of the South Jiangsu and formed a virtuous cycle of the economy. Combined
with the above analysis, we found that there is a certain gap in the efficiency of sustainable economic
development in Jiangsu Province.

From the perspective of a sustainable development, this paper uses the modified M-L indexes to
assess the economic development of the city, while taking into account the negative impact of outputs
on the environment. Under this assessment model, cities must consider not only the growth of GDP
but also the environmental performance of productivity. To achieve a balanced regional economic
development in Jiangsu Province, the government should formulate targeted differentiation policies
based on the characteristics and the influencing factors of different cities when considering sustainable
urban development.
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(1) As the most economically developed region in Jiangsu Province, the South Jiangsu has changed
its own mode of economic growth in recent years, and has improved the efficiency of economic
transformation with science and technology. All cities in the South Jiangsu should constantly seek
breakthroughs from the outside, introduce cutting-edge technology and high-end projects, enhance
their independent innovation capabilities, accelerate the construction of an international talent team,
and accumulate technology to discover the next economic breakthrough.

(2) Located in the central part of Jiangsu Province, the Middle Jiangsu fully accepted the radiation
of Shanghai and the South Jiangsu, attracting more pillar industries to settle in the Middle Jiangsu.
Cities in the Middle Jiangsu should accelerate the pace of technological change, self-improve the
industrial structure, gradually improve the industrial clusters, adapt to the new economic environment,
and promote the development of regional innovation consciousness.

(3) As a region with a relatively slow economic development in Jiangsu, cities in the North Jiangsu
should pay attention to protecting the ecological environment while improving urban economic
development. The cities in the North Jiangsu use their own labor advantages to actively undertake
the industrial transfer in the South Jiangsu, vigorously promote new industrialization, and improve
the efficiency of traditional industries with advanced information technology. In recent years,
cities in the North Jiangsu have also increased their financial investment in science and education,
encouraging private capital to invest in education, taking science and education to prosper the cities,
and strengthening the cities. On the basis of making full use of existing resources, the government of
the North Jiangsu should actively promote the coordinated development of urban and rural areas,
enhance the development momentum of the urban economy, and strengthen the concentration and
driving functions of the central cities to further improve urbanization. According to the existing
situation, North Jiangsu should actively seek a green growth model to optimize the economic structure
and promote sustainable economic development with environmental protection to be considered.

4. Conclusions

This paper aims at the evaluation of sustainable urban development under environmental
constraints. Taking 13 prefecture-level cities in Jiangsu Province as an example, a modified M-L
indexes analysis method based on the new directional distance function (DDF) is used to guarantee
non-negative reference targets for all desirable and undesirable metrics. Therefore, around the balanced
development of urban economy, population, environment and resources, the efficiency of sustainable
urban development and its influencing factors are analyzed, to provide a scientific decision basis for
long-term sustainable urban development. In the article, we use energy consumption, science, and
education input, labor as input; the desirable output is regional GDP; the undesirable outputs are
industrial solids, sulfur dioxide, industrial wastewater, and industrial dust emissions in the region.

By calculating the ML value and its decomposition terms (TC value and EC value) of
13 prefecture-level cities in Jiangsu Province, we analyzed the sustainable development efficiency
and potential of the South Jiangsu, Middle Jiangsu, and North Jiangsu. The results show that the
growth of sustainable urban development efficiency is not only related to desirable outputs but also
affected by undesirable outputs. The M-L productivity index and TC index shared a very similar
changing trend, whereas EC index remained generally fluctuating around 1 for most cities and years.
These results indicate that technical efficiency and technological change have a common impact on
the sustainable development of the regional economy, while technological change is the main driving
force. Additionally, there is a certain gap in the efficiency of sustainable economic development in
Jiangsu Province. Accordingly, we gave some suggestions based on the different characteristics and
influencing factors of the city to further improve sustainable urban development efficiency, with the
increase in desirable output and environmental protection to be considered.
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