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Abstract
To promote the development of the western region in China, it is necessary to build an indicator system to scientifically 
measure the level of sustainable development in Western China. Based on the construction of a sustainable development 
level evaluation indicator system, this study employs the panel data entropy model to evaluate the sustainable develop-
ment level of four state-level urban agglomerations in Western China from 2009 to 2018. Then, the geographical detector 
model is used to measure the spatial heterogeneity degree of the sustainability index and detect the factors influencing 
the spatial heterogeneity. The results show that (1) the innovation environment and economic growth are the core fac-
tors influencing the sustainable development level. (2) The sustainable development level of the cities within the urban 
agglomerations varies considerably. The sustainability level of central cities and provincial capital cities is significantly 
higher than that of outlying cities. (3) From the perspective of time, the sustainable development level of the Chengdu–
Chongqing urban agglomeration and Guanzhong Plain urban agglomeration shows a rising trend; the Lanzhou–Xining 
urban agglomeration fluctuates greatly; and the Hohhot–Baotou–Ordos–Yulin urban agglomeration is decreasing. (4) 
The spatial heterogeneity level of sustainable development among cities in the western urban agglomerations is high, 
economic factors play a leading role in the spatial heterogeneity of sustainable development, and the western region 
needs to emphasize regional coordinated development.

Keywords Sustainable development · Urban agglomerations · Spatial heterogeneity · Western china

1 Introduction

As the pace of global urbanization increases, the proportion of the world’s urban population has grown from 30% in 
1950 to 55% at present [1]. By 2050, 68.4% of the world’s population is expected to live in cities [2]. As urban populations 
increase, resource consumption, environmental pollution, and the sustainability of cities will experience considerable 
challenges [3]. Research on urban sustainability is also becoming crucial [4]. As an underdeveloped area in China, the 
western region lags behind the central and eastern regions owing to backward economic development, poor natural 
conditions, and unreasonable industrial structures. Therefore, by measuring the sustainability level of urban agglom-
erations in Western China, this study discusses the various factors that promote or hinder the development of urban 
agglomerations and proposes a path for the sustainability of urban agglomerations in underdeveloped areas, which 
would be crucial for realizing the leapfrog development of backward regions and coordinated regional development.
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Based on urban economic development, urban sustainability must provide wealth for current urban residents but 
leave room for survival and development opportunities for future urban residents. From the perspective of sustainability, 
urban sustainability should include the continuous improvement of living standards and continuous optimization and 
upgrading of urban industrial structures and urban development quality [5] (p.291).

Previous studies on urban sustainability focus on urban ecosystems, emphasizing the need to reduce the harmful 
effects of economic development on the biosphere [6]. Therefore, industrial transformation and upgrading, ecological 
industry development, and industrial carbon emissions reduction are considered important means for promoting urban 
sustainability [7]. As populations move to urban areas, residents’ quality of life and cities’ livability are becoming important 
parts of urban sustainability research [8]. Therefore, indicators such as education quality, infrastructure construction, 
residents’ health, and community development are included in urban sustainability indicator systems [9]. At the same 
time, the relationship between urban innovation capacity and urban sustainability has become increasingly close [10], 
and technological development as an important part of innovation will be gradually integrated into urban sustainability 
[11, 12]. Science and technology will drive urban transformation and provide people with comfortable and convenient 
urban living environments, thereby becoming the new engine for sustainability [13, 14]. Furthermore, urban sustain-
ability should focus on issues such as rationalization of government subsidies, urban productivity and efficiency, and 
balanced regional development [15].

Presently, the internationally recognized sustainability indicator system ISO 37120 includes international indicator 
standards on urban services and quality of life, with urban residents as the core [16]. This indicator system also covers 
population and social conditions, sports and culture, urban agriculture and food safety [17–19]. However, few indicators 
in this system address the potential for sustainability [20]. In addition, owing to data accessibility and integration, data 
heterogeneity, and the limitations of benchmarking, the operability of existing indicators fails to meet expectations [21]. 
Moreover, owing to regional differences, these sustainability indicators are not widely used [22] and must be added or 
removed based on the population, social and economic conditions, and geographic environment of target cities [23].

Compared with other countries, China experiences more complex problems in the process of urban sustainability 
because Chinese cities have large populations and various types of distributions [24]. China’s economy has gradually 
shifted from scale expansion and factor-driven to efficient, fair and sustainable development [25]. China’s urban sustain-
ability is also inclined to reduce inequality and promote the redistribution of wealth [26].

With the rapid promotion of China’s urbanization process, the number and size of cities continue to grow, and con-
nections between cities are becoming increasingly close. Urban agglomerations have become mainstream and the trend 
in urban development [27]. At the same time, urban agglomerations are the most potential and dynamic core areas in 
China’s high-quality development and for the implementation of new urbanization [28]. Therefore, as the main driver 
of the long-term stable development of the Chinese economy, the sustainability of urban agglomerations will directly 
affect the quality of the Chinese economy and the country’s level of urbanization development [29].

Currently, most evaluations of China’s urban agglomerations and urban sustainability focus on central cities’ livability, 
innovation ability, and sustainability, such as in Beijing, Tianjin, Guangzhou [30], and Shanghai [31], or on the Yangtze 
River Delta (centered around Shanghai) or Middle Reaches urban agglomerations (centered around Wuhan) [32–35]. 
Few studies have been conducted on cities and urban agglomerations in China’s underdeveloped western region. May 
17, 2020, The CPC Central Committee and The State Council issued The Guidance on Promoting the Development of the 
Western Region to Form a New Pattern in the New Era, which means that promoting a new round of sustainable develop-
ment of the western region will become an important regional strategy of China in the future. Therefore, this study uses 
national-level urban agglomerations and their internal cities (not including autonomous prefectures) in Western China 
as a research sample to examine the sustainability path of urban agglomerations in underdeveloped regions.

Based on the Sustainable Development Goals (SDGs) [36], ISO 37120 and other sustainable development indica-
tors that meet China’s current national conditions, this study constructs an urban sustainability evaluation indicator 
system and employs the panel data entropy model to evaluate the sustainable development level of four national 
urban agglomerations in Western China from 2009 to 2018: the Chengdu–Chongqing urban agglomeration, Guan-
zhong Plain urban agglomeration, Lanzhou–Xining urban agglomeration and Hohhot–Baotou–Ordos–Yulin urban 
agglomeration. This paper further uses the Geographical Detector to measure the special heterogeneity of the index 
and detect the influence of each indicator on the spatial heterogeneity. Finally, we propose an improvement path for 
sustainable development, which provides an important reference for the comprehensive, coordinated and balanced 
sustainable development of the Western China urban agglomerations. This paper tries to construct a sustainable 
development evaluation indicator system for underdeveloped areas in China, analyze the spatial and temporal sus-
tainability evolution characteristics of urban agglomerations in Western China, measure the spatial heterogeneity 
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level of their sustainable development index, and find the factors that influence the spatial heterogeneity of sustain-
able development to provide beneficial suggestions for the future development of western urban agglomerations.

Compared with the existing literature, this study has two main academic contributions. First, this study enriches 
research on the sustainability level of underdeveloped regions. Second, this paper uses the panel data entropy model 
to evaluate the samples, which is more reliable than the cross-section and time series models.

This paper is arranged as follows. Section 2 briefly introduces the research area. Section 3 describes the evaluation 
indicator system, research methods and data sources. Section 4 presents and discusses the evaluation and empirical 
results, and Sect. 5 concludes the study.

2  Study area

An urban agglomeration is a product of a certain stage of urbanization and industrialization development and 
consists of a group of cities around surrounding areas, with a central city as the core [37]. As of 2020, 10 state-
level urban agglomerations are recognized in China (i.e., the Yangtze River Middle Reaches, Harbin–Changchun, 
Chengdu–Chongqing, Yangtze River Delta, Central Plains, Beibu Gulf, Guanzhong Plain, Hohhot–Baotou–Ordos–Yulin, 
Lanzhou–Xining, and Guangdong–Hong Kong–Macao Greater Bay Area). The western urban agglomerations include 
Chengdu–Chongqing, Guanzhong Plain, Lanzhou–Xining and Hohhot–Baotou–Ordos–Yulin (see Table 1). The propor-
tion in the table is the proportion of the single urban agglomeration index in the whole country. Data are obtained 
from the Development Plan of Chengdu–Chongqing urban agglomeration, Development Plan of Guanzhong 
Plain urban agglomeration, Development Plan of Lanzhou–Xining urban agglomeration and Development Plan 
of Hohhot–Baotou–Ordos–Yulin urban agglomeration and China Statistical Yearbook 2019 [38–41]. Their spatial 
distribution is shown in Fig. 1.

The Chengdu–Chongqing urban agglomeration is located in Southwest China and is the core area of the Sichuan 
Basin. The Chengdu–Chongqing urban agglomeration is centered around Chengdu and Chongqing, including 15 
prefecture-level cities, namely, Chengdu, Zigong, Luzhou, Deyang, Mianyang, Suining, Neijiang, Leshan, Nanchong, 
Meishan, Yibin, Guang’an, Dazhou, Ya’an, and Ziyang, in Sichuan Province and Chongqing Municipality. The develop-
ment of the Chengdu–Chongqing urban agglomeration is crucial for promoting the interaction of the central and 
western regions, thereby expanding space for economic growth in the western region [42].

The Guanzhong Plain urban agglomeration centers around Xi’an, stretching across Shaanxi, Shanxi, and Gansu 
Provinces, including 11 prefecture-level cities, such as Xi’an, Baoji, Xianyang, Tongchuan, Weinan, and Shangluo in 
Shaanxi Province; Yuncheng and Linfen in Shanxi Province; and Tianshui, Pingliang, and Qingyang in Gansu Province. 
Located in the inland center of China, the Guanzhong Plain urban agglomeration has valuable historical and cultural 
heritage [43].

The Lanzhou–Xining urban agglomeration is located in the inland region of Northwest China. The Lanzhou–Xin-
ing urban agglomeration is centered around Xining and Lanzhou, including five prefecture-level cities, namely, 
Lanzhou, Baiyin, and Dingxi, in Gansu Province and Xining and Haidong in Qinghai Province. The development of 
the Lanzhou–Xining urban agglomeration is significant for supporting homeland and ecological security [44].

The Hohhot–Baotou–Ordos–Yulin urban agglomeration is located in the central and western regions of the Inner 
Mongolia Autonomous Region and centered around Hohhot, including three prefecture-level cities, namely, Bao-
tou, Ordos, and Yulin City, in Shaanxi Province. This region is rich in coal, natural gas, rare earth resources, and other 
resources [45].

Table 1  Overview of urban agglomerations in Western China

Name of urban agglomerations Central cities Proportion of 
land area (%)

Proportion of total 
population (%)

Proportion 
of GDP (%)

Chengdu–Chongqing urban agglomeration Chengdu, Chongqing 1.92 6.80 6.40
Guanzhong Plain urban agglomeration Xi’an 1.12 2.79 2.14
Lanzhou–Xining urban agglomeration Lanzhou, Xining 1.02 0.86 0.66
Hohhot–Baotou–Ordos–Yulin urban agglomeration Hohhot 1.82 0.82 1.91
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3  Methodology and data

This section introduces the indicator selection of the evaluation system, the empirical models and the data sources 
of this paper. This paper mainly includes two empirical models. The panel data entropy method is used to calculate 
the sustainable development level index, and the geographical detector is employed to measure the spatial hetero-
geneity level of the index and detect the factors that influence the spatial heterogeneity of sustainable development 
in Western China’s urban agglomerations.

3.1  Evaluation indicator system

3.1.1  Selection of Indicators

Based on the three dimensions of the triple bottom line [46] for measuring sustainability, namely, economic, social, 
and environmental sustainability; the SDGs; the ISO 37120 indicator system; requirements for urban sustainability 
in underdeveloped areas [47], and the development indicators of “innovation, coordination, openness, greenness, 
and sharing” suitable for the development of Chinese cities [48], this study posits that urban sustainability can be 
evaluated from three categories and eight aspects, specifically, economic growth, economic structure optimization, 
urban innovation environment, urban construction, residents’ quality, coordinated urban–rural development, human 
settlement, energy conservation and emissions reduction and living environment.

Fig. 1  Schematic diagram of the spatial distribution of the Western China urban agglomerations
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3.1.1.1 Economic growth This paper selects Growth Regional Product (GRP)/resident population ( X
1
 ) to reflect the value 

creation of economic growth, as expressed in SDGs 1 and 8; selects total investment in fixed assets/GRP ( X
2
 ) to reflect 

urban investment efficiency, the lower it is, the higher investment efficiency is, which is a negative indicator, which 
reflects SDGs 8; selects the total retail sales of consumer goods/total population ( X

3
 ) to reflect cities’ consumption level, 

as highlighted in SDGs 8 and 12; selects the general public budget revenue/total population ( X
4
 ) and disposable income 

of households/total population ( X
5
 ) to reflect the degree of economic achievements sharing. Meanwhile, X

4
 is contained 

in SDGs 3, 8 and 10, and X
5
 is contained in SDGs 1, 8, and 10. Since the central transfer income accounts for a large pro-

portion of the public budget revenue in the western region, the per capita public budget income is added together with 
the per capita disposable income as an indicator to measure the degree of economic achievement sharing.

3.1.1.2 Industrial structure optimization This paper selects the added value of the tertiary industry/GRP ( X
6
 ) and the 

number of employed persons in tertiary industry/number of employed persons in urban units ( X
7
 ) to reflect the quality 

of the industrial structure. They both are expressed in SDGs 9 and 12.

3.1.1.3 Urban innovation environment This paper uses expenditure for science and technology/general public budget 
expenditure ( X

8
 ) and number of employed persons in scientific research and technical service/number of employed per-

sons in urban units ( X
9
 ) to reflect urban innovation input. The number of Patent Applications Granted/total population 

( X
10

 ) is used to reflect the level of urban innovation ability. They three are specified in SDGs 9.

3.1.1.4 Urban construction We use urban built-up area/total population ( X
11

 ) and urban road area/total population ( X
12

 ) 
to reflect the level of urban infrastructure construction, as expressed in SDGs 9 and 11. In some developed countries and 
China’s developed regions, road areas are no longer considered in the measurement of sustainable development levels. 
However, most cities in western China have relatively low infrastructure construction. Therefore, this paper uses urban 
road area/total population to measure the level of urban infrastructure construction, as shown in SDGs 9 and 11. At the 
same time, this paper selects the Number of Hospitals and Health Centers/total population ( X

13
 ) to reflect the level of 

urban medical and health services, as signified in SDGs 3, 9 and 11. Expenditure of urban maintenance and construction 
fund/GRP ( X

14
 ) is selected to reflect the degree of urban construction investment, which represents SDGs 9 and 11.

3.1.1.5 Residents’ quality This paper selects expenditure for education/general public budget expenditure ( X
15

 ) and 
number of employed persons in education/number of employed persons (X

16
) in urban units to reflect urban education 

investment, Number of Enrollment Undergraduates in Regular Higher Education Institutions/total population (X
17
) to 

reflect the level of urban education, and total collections in public libraries/total population (X
18
) to reflect the degree of 

social education resources sharing. They all express SDGs 4, X
17

 also shows SDGs 8, and X
18

 is also contained in SDGs11.

3.1.1.6 Coordinated development of  urban and  rural areas This paper selects per capita consumption expenditure of 
rural households/per capita consumption expenditure of urban households (X

19
 ), and per capita disposable income of 

rural households/Per Capita Disposable Income of Urban Households ( X
20

 ) to reflect the coordinated development level 
of urban and rural areas, as highlighted in SDGs 10; selects urban population/total population ( X

21
 ) to reflect urbaniza-

tion rate, reflecting SDGs 10 and 11. Because of the large proportion of the rural population in the western cities of China, 
it is necessary to add these three indicators to measure the level of socially harmonious development.

3.1.1.7 Energy conservation and emission reduction Industrial sulfur dioxide emission/GRP ( X
22

 ), industrial waste water 
discharged/GRP ( X

23
 ) and ratio of industrial solid wastes utilized ( X

24
 ) are used to reflect the resource utilization effi-

ciency and environmental protection degree in the process of urban industrial production. Meanwhile, X
22

 highlight 
SDGs 9, 12 and 13, and X

23
 and X

24
 both express SDGs 6, 9 and 12.

3.1.1.8 Living environment This paper uses public buses and trolley buses in operation at year-end/total population 
( X

25
 ) to reflect the traffic convenience of urban residential environment, as shown in SDGs 11 and 13; uses harmless 

treatment rate of municipal waste ( X
26

 ) to reflect the living environment governance level, and urban green area/urban 
built-up area ( X

27
 ) to reflect the urban greening level. X

26
 and X

27
 are specified in SDGs 11 and 12 and SDGs 11 and 15, 

respectively.
According to the selection of the above indicators, this paper constructs an indicator system to measure the level of 

urban agglomeration sustainable development (Table 2).
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3.1.2  Reliability test

In this paper, we use Cronbach’s alpha coefficient to test the reliability of the indicator system. Cronbach’s alpha evalu-
ates whether the indicators measure the same concept, which reflects the internal consistency of the indicators within 
the indicator system.

where, k is the number of evaluation indicators, �2

zj
 is the variance of the j indicator sample, and �2

Z
 is the variance of the 

total sample. According to DeVellis’s research [49] (p.95), 0.65 is the minimum acceptable value of internal reliability; 
0.7–0.8 indicates that the indicator system has a comparable high reliability; and above 0.8 indicates that the indicator 
system has excellent reliability. This paper chooses cities in Western China’s urban agglomerations from 2009 to 2018 as 
samples. According to formula (1), Cronbach’s alpha equals 0.8081, which is greater than 0.8. Therefore, this paper’s 
indicator system has ideal internal consistency and reliability, and its assessment result will have high reliability.

3.2  Panel data entropy method

In this paper, we use the panel data entropy method to measure the sustainable development level index of urban 
agglomerations in western China from 2009 to 2018. The entropy method explains the importance of each indicator by 
the degree of variation of the indicator. The reason why the entropy method is chosen to measure the sustainable devel-
opment level is that, first, the entropy method is an objective weighting method that avoids the subjectivity caused by 
artificial weighting. Second, the entropy method reflects the effect of each variable in the evaluation indicator system. 
The greater the calculated indicator weight is, the greater the variation degree of the indicator is, the more information 
it provides, and the greater the role it plays in the assessment system. In addition, compared with the traditional cross-
section entropy method, this paper adds a time series to construct the panel data entropy model, which obtains more 
effective sample information and gives a more reasonable and reliable analysis result. The calculation process is as follows:

Step 1:   Standardization of indicators. There are s years, n evaluation objects and m evaluation indicators. This study 
applies the range method to standardize the j indicator Xitj of object i in year t from level III indicators, t = 1, …, 
s, i = 1, …, n, j = 1, …, m. The standardized indicator Zitj is:

  Positive indictors:

  Negative indictors:

Step 2:   Calculate the proportion Pitj of indicator j from region i in year t:

Step 3:   Weight calculation. First, calculate the information entropy Ej of variable j:

  Then, calculate the j variable weight Wj:

(1)� =
k

k−1
×

�

1 −

∑K

j=1
�
2

zj

�
2

Z

�

(2)Zitj =
Xitj−min(X)

max(X)−min(X)

(3)Zitj =
min(X)−Xitj

max (X)−min (X)

(4)Pitj =
Zitj

∑s

t=1

∑n

i=1
Zitj

(5)Ej = −
1

ln(s×n)

s
∑

t=1

n
∑

i=1

Pitj × lnPitj
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Step 4:   Calculate the sustainable development index Sit of region i in year t:

Based on formula (7), Sit is between 0 and 1. The greater Sit is, the better the sustainable development level of urban 
agglomeration i is in year t. By contrast, the smaller the value of Sit is, the worse the sustainable development level of 
urban agglomeration i in year t. We use the level III’s X

1
 to X

27
 to calculate each urban agglomeration’s sustainable devel-

opment scores; use the X
1
 to X

5
 , X

6
 to X

7
 , X

8
 to X

10
 , X

11
 to X

14
 , X

15
 to X

18
 , X

19
 to X

21
 , X

22
 to X

24
 and X

25
 to X

27
 respectively 

to calculate each city group’s development index of level II; use the X
1
 to X

10
 , X

11
 to X

21
 and X

22
 to X

27
 separately to get 

each city group’s development scores of level I. Therefore, the sustainable development level of city groups can be 
ranked according to Sit to analyze the temporal and spatial evolution characteristics of urban agglomerations’ sustain-
able development level in western China.

3.3  Geographical detector model

After calculating the sustainable development index, we use the geographical detector model to calculate the spatial 
heterogeneity level of agglomerations’ sustainable development index. Spatial stratification heterogeneity is a geographi-
cal phenomenon in which the variance within layers (this paper refers to the inner cities of each urban agglomeration) 
is less than that between layers (this paper refers to each urban agglomeration). The geographical detector model is a 
statistical method to detect spatial heterogeneity that can detect the spatial heterogeneity level of single variable Y and 
the influence of dependent variable X on the spatial heterogeneity of Y [50]. The conditions of using the geographical 
detector model are that X is a category variable, Y is a numerical variable, the number of layers is greater than 2, and the 
samples are not required to be adjacent in space [51]. Meanwhile, the geographical detector can detect both numerical 
data and qualitative data and has no multicollinearity, which can avoid the endogeneity problem of independent vari-
ables and dependent variables [51]. Therefore, this paper employs the geographical detector model to study the spatial 
heterogeneity level of the sustainable development index of four urban agglomerations and further detects the factors 
and determinants that affect the spatial heterogeneity of the sustainable development level. In this paper, the spatial 
heterogeneity degree is calculated by the q-statistic of the geographical detector.

where h = 1, …, H, is the stratification of the sustainable development index Si . This paper uses the Jenks natural break 
method to discretize Si , and the number of layers is stratified based on the discretization. Nh is the number of cities within 
the h layer; N is the number of cities within the western region; �2

h
 is the variance of the sustainable development index of 

the h layer; and �2 is the variance of the sustainable development index of all cities. According to the definition, q ∈ [0,1]. 
The closer q is to 1, the more significant the spatial heterogeneity is.

There are m evaluation indicators, and the influence of indicator j Xj on the spatial heterogeneity of the sustainable 
development index is Qj.

where a = 1, …, L, is the number of layers after discretization of Xj , j = 1, …, m. This paper uses the Jenks natural break 
method to discretize Xj . Na is the number of cities within the a layer; N  is the number of cities in the western urban 
agglomerations; �2

a
 is the variance of the sustainable development index of the a layer; and �2

A
 is the variance of the 

sustainable development index of all layers. According to the definition, Qj ∈ [0,1], the larger Qj is, the greater the impact 
of the indicator on the spatial heterogeneity of sustainable development. If Qj equals 1, Xj has exactly the same spatial 
distribution as Si [51].

Hence, this paper uses a geographical detector model to measure the spatial heterogeneity intensity of the sustainable 
development level of western urban agglomerations and detect the factors and sizes that affect the spatial heterogene-
ity of sustainable development to explore the coordinated development mode of the western urban agglomerations.

(6)Wj =
1−Ej

∑m

i=1 (1−Ej)

(7)Sit =
m
∑

j=1

Wj × Pitj

(8)q = 1 −

∑H

h=1
Nh×�

2

h

N×�2

(9)Qj = 1 −

∑L

a=1
Na×�

2

a

N×�2

A

Administrator
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3.4  Data sources

The research sample comprises 36 prefecture-level cities and municipality included in four national-level urban agglom-
erations in Western China. The research time interval is selected from 2009 to 2018. The data for each indicator are from 
the 2010–2019 China City Statistical Yearbook [52], China Statistical Yearbook [53], China Statistical Yearbook on Environ-
ment [54] and 2009–2018 Statistical Bulletin on National Economic and Social Development [55]. All data are accessible 
at the CEInet Statistics Database, CNKI Statistics Yearbook Database and Qianzhan Database. The data are from districts 
under cities, and the data of each urban agglomeration are the mean value of the urban data within certain urban 
agglomerations. Some missing data are smoothed by linear regression.

4  Results and discussion

Based on the above evaluation indicator system and panel data entropy method, a comprehensive evaluation is con-
ducted on the sustainable development index of 4 urban agglomerations and 36 prefecture-level cities and municipality 
in the western region from 2009 to 2018. The indices are shown in Table 4 and Additional file 1: Appendix. The evaluation 
scores of the level II indicators are shown in Additional file 1: Appendix. The extent of spatial heterogeneity of the sustain-
ability index and the effects on the spatial heterogeneity of the level III indicators are listed in Tables 5 and 6, respectively.

4.1  Indicators’ weight analysis

According to formulas (2) to (6), each indicator’s weight can be calculated (Table 3). From Table 3, general public budget 
revenue/total population ( X

4
 ), Number of Patent Applications Granted/total population ( X

10
 ) and Number of Enrollment 

Table 3  Level III indicators’ 
weight

Indicator Weight Indicator Weight Indicator Weight Indicator Weight Indicator Weight

X
1

0.0368 X
2

0.0075 X
3

0.0542 X
4

0.0941 X
5

0.0153
X
6

0.0380 X
7

0.0288 X
8

0.0627 X
9

0.0665 X
10

0.0922
X
11

0.0282 X
12

0.0260 X
13

0.0241 X
14

0.0683 X
15

0.0146
X
16

0.0254 X
17

0.0861 X
18

0.0658 X
19

0.0108 X
20

0.0228
X
21

0.0283 X
22

0.0060 X
23

0.0062 X
24

0.0126 X
25

0.0604
X
26

0.0101 X
27

0.0082

Table 4  Results of the sustainable development index of urban agglomerations

Chengdu–Chongqing urban 
agglomeration

Lanzhou–Xining urban 
agglomeration

Hohhot–Baotou–Ordos–Yulin 
urban agglomeration

Guanzhong Plain urban 
agglomeration

Index Growth rate (%) Index Growth rate (%) Index Growth rate (%) Index Growth rate (%)

2009 0.16 – 0.22 – 0.49 – 0.14 –
2010 0.16 3.35 0.28 27.69 0.38 − 22.24 0.18 32.56
2011 0.19 14.62 0.28 2.42 0.33 − 14.27 0.20 13.31
2012 0.21 11.12 0.29 3.37 0.33 − 0.59 0.17 − 14.01
2013 0.22 4.15 0.25 − 14.62 0.32 − 0.90 0.21 21.17
2014 0.22 1.76 0.26 5.15 0.28 − 12.72 0.24 11.50
2015 0.22 0.62 0.33 27.60 0.21 − 25.90 0.23 − 0.39
2016 0.24 6.80 0.29 − 13.06 0.20 − 4.74 0.27 16.37
2017 0.27 11.75 0.21 − 29.46 0.21 6.61 0.32 16.34
2018 0.30 12.62 0.26 24.45 0.15 − 30.99 0.30 − 5.67
Average 0.22 7.42 0.27 3.73 0.29 − 11.75 0.23 10.13
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Undergraduates in Regular Higher Education Institutions/total population ( X
17

 ) are ranked the top three. Among the 
top 10 weighted indicators, there are two indicators used to measure economic growth, three indicators from the urban 
innovation environment, two measures of residents’ quality, and industrial structure optimization. Urban construction 
and living environment each have one in the top 10. This shows that the sustainable development of the western region 
relies mainly on economic development, and economic growth and innovation have a great influence on the sustainable 
development level evaluation indicator system.

The weights of total investment in fixed assets/GRP ( X
2
 ), industrial waste water discharged/GRP ( X

23
 ) and industrial 

sulfur dioxide emission/GRP ( X
22

 ) are ranked in the bottom three. This result indicates that urban investment efficiency 
and industrial pollution play little role in the evaluation indicator system. At the same time, the weights of all the indica-
tors in the environmental aspect are low, indicating that the dispersion degree of environmental indicators is small. The 
reason for this phenomenon is not that the environmental development of the western urban agglomeration has reached 
its upper limit but that most western cities are unable to take ecological environmental development into account while 
maintaining economic growth. Therefore, the environmental levels of most western cities are not high, and the differ-
ences in environmental indicators are small.

4.2  Spatial characteristics of sustainable development level

According to formulas (2) to (7), the sustainable development index of urban agglomerations and cities is calculated. From 
the perspective of the sustainable development index of urban agglomerations in 2018 (Table 4), the Guanzhong Plain 
urban agglomeration (0.3000), Chengdu–Chongqing urban agglomeration (0.2986), Lanzhou–Xining urban agglomera-
tion (0.2553), and Hohhot–Baotou–Ordos–Yulin urban agglomeration (0.1461) are ranked from highest to lowest. In terms 
of the eight dimensions of secondary indicators, the Hohhot–Baotou–Ordos–Yulin urban agglomeration’s sustainability 
levels of economic growth and industrial structure optimization over 10 years are much higher than those of the other 
three urban agglomerations, but its urban construction (0.0802), residents’ quality (0.0559), and energy conservation 
and emission reduction (0.0066) are all at the last. Its energy conservation and emissions reduction scores are 58 times 
lower than those of the Lanzhou–Xining urban agglomeration (0.3925). This is because the industrial enterprises in the 
Hohhot–Baotou–Ordos–Yulin urban agglomeration have been mainly engaged in energy and mineral resources and pri-
mary processing for years. Energy and chemical enterprises account for a large proportion of the industrial structure, and 
industrial pollution is serious, indicating that the current economic growth of Hohhot–Baotou–Ordos–Yulin is still at the 
expense of the environment. The economic growth (0.1912) and innovation environment (0.0645) of the Lanzhou–Xining 
urban agglomeration are the lowest among the four urban agglomerations, and its innovation environment is 6 times 
lower than that of the Chengdu–Chongqing urban agglomeration (0.4433), so its innovation environment needs to be 
improved urgently. This shows that the sustainable development of western urban agglomerations should pay more 
attention to increasing innovation capacity, innovation efficiency and the enthusiasm of enterprises, universities and 
research institutes in the city.

From the perspective of the sustainable development level of each city, first, the top five cities in terms of the sus-
tainable development index over the years, except Mianyang and Ordos, are all provincial capitals and the central cities 
of urban clusters. For Chengdu–Chongqing, except Chengdu and Mianyang, other cities are not high in the ranking, 
which also explains why the sustainable development scores of Chengdu–Chongqing are always lower than those of 
the Guanzhong Plain city group. This indicates that the sustainable development level of the western urban agglom-
erations is seriously affected by the administrative scale, and the central cities have stronger development advantages 
compared with the surrounding areas in terms of resource endowment, geographical location, economic structure, and 
development foundation. Meanwhile, provincial capitals and central cities have a certain polarization effect on the sur-
rounding cities. Second, a further comparison of the eight dimensions of the development index shows that cities with 
a high index of economic dimensions do not necessarily have a high level \ in that of the environment. This is because 
the population density of Chengdu, Xi’an and other central cities is large, and the urban environmental pressure is 
also large, which also illustrates that the economic and environmental development in the western region has not yet 
achieved harmonious growth.

4.3  Chronology evolution of sustainable development level

From Fig. 2, it can be found that the sustainable development levels of the four urban agglomerations have different 
trends over time. In Table 4, the Chengdu–Chongqing urban agglomeration shows a positive growth rate from 2009 to 
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2018, and its sustainable development level has been rising year by year, with excellent performance. In 2010 and 2011, 
the sustainable development scores of the Chengdu–Chongqing urban agglomeration ranked last, but its sustainable 
development continued to rise. By 2018, it is only 0.0048 times lower than the Guanzhong Plain urban agglomeration 
(0.3000), ranking first. From the perspective of the eight dimensions, the two dimensions of Urban Innovation Environ-
ment and Energy Conservation and Emission Reduction have the best performance. In terms of the innovation dimension, 
they are first place except for 2016 and 2017. In addition to 2009 and 2010, the index of energy conservation and emission 
reduction is also ranked first. This is because in the Chengdu–Chongqing urban agglomeration, Chengdu, as the seat of 
China’s top universities such as Sichuan University, University of Electronic Science and Technology, and Southwestern 
University of Finance and Economics, has a large number of urban innovation subjects, and the university town support-
ing industrial park is also mature, so the city has strong innovation ability. Mianyang, China’s science and technology city 
known as the "Silicon Valley of the West", is also a major research and development base for China’s defense technology 
and electronics industry. As the main research and development production base of China’s equipment manufacturing 
industry, Deyang has a very high innovation capacity in the whole western city cluster and even the whole of China. 
They have all made great contributions to the improvement of the innovation environment and innovation potential 
of the Chengdu–Chongqing urban agglomeration. This shows that the Chengdu–Chongqing urban agglomeration has 
a high capacity for innovation, which can not only maintain economic growth but also improve the innovation capac-
ity of enterprises, universities and research institutes, carry out research and development of pollution prevention and 
control technologies, and improve the pollution treatment rate of industrial industries. The growth rate of the other six 
dimensions is positive in most years. Therefore, the sustainable development index of the Chengdu–Chongqing urban 
agglomeration has an obvious rising trend in the time dimension, and the sustainable development level is relatively high.

The sustainable development level of the Guanzhong Plain urban agglomeration is similar to that of the 
Chengdu–Chongqing urban agglomeration in time, rising from last place in 2009 to first place in 2018. From 2009 to 
2011, the sustainable development level of the Guanzhong Plain urban agglomeration is greatly improved, and it falls 
back to some extent in 2012. After 2013, it entered a significant rising period. In 2015, it decreases slightly, and in 2016 
and 2017, it rises to first place, while in 2018, it still remains first place, although there is a slight fall again. Compared 
with the Chengdu–Chongqing urban agglomeration, the sustainable development level of the Guanzhong Plain urban 
agglomeration and the exponential change in eight dimensions are not stable enough. From the perspective of the time 
dimension, the sustainable development level of the Guanzhong Plain is not as good as that of the Chengdu–Chongqing 
city group.

The sustainable development index of the Lanzhou–Xining urban agglomeration shows a rising trend from 2010 to 
2012, decreases in 2013, increases in 2014 and 2015, decreased significantly from 2016 to 2017, and increased again 
in 2018. The ranking of the sustainable development level of the Lanzhou–Xining urban agglomeration dropped from 

Fig. 2  Sustainable develop-
ment index of urban agglom-
erations
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second place in 2009 to third place in 2018. From the perspective of economy, society and economy, the economic index 
of the Lanzhou–Xining urban agglomeration shows a significant downward trend from 2009 to 2018. This is because 
Haidong city and Qingyang city both have a high proportion of the public ownership economy, lack of natural resources, 
and poor economic foundation, so the overall performance of the economic sustainability of the Lanzhou–Xining urban 
agglomeration is poor [56]. From the perspective of the eight dimensions, only the energy conservation and emission 
reduction scores have a small change range. There have been sharp declines in economic transformation, urban inno-
vation environment, urban construction, residents’ quality and coordinated development of urban and rural areas in 
2017. Both the economic growth index and the living environment index dropped significantly in 2018. In general, the 
sustainable development index of the Lanzhou–Xining urban agglomeration fluctuates greatly. From the perspective 
of the time dimension, its sustainable development level shows a downward trend, and sustainable development at the 
economic level needs to be given more attention in the future.

Although the Hohhot–Baotou–Ordos–Yulin urban agglomeration ranks first from 2009 to 2014, its growth rate of 
the sustainable development level is negative except for a slight increase in 2017. By 2018, its sustainable development 
level drops to the bottom, indicating that its sustainable development situation is not optimistic. For the Hohhot–Bao-
tou–Ordos–Yulin urban agglomeration, the main drivers of urban development are the stockbreeding and mining indus-
tries. The main industries are the upstream industries of manufacturing, with high pollution, high energy consumption 
and low scientific and technological content. However, at the 17th National Congress of the Communist Party of China 
in 2008, the party stressed the need to conserve resources and protect the environment. In 2012, the 18th National Con-
gress of the Communist Party of China, the construction of ecological civilization as the future development of China’s 
strategic policy, and put forward to build a high content of science and technology, less resource consumption, less envi-
ronmental pollution of new industrialization industry, as well as to the future development of China’s major innovation as 
a driving force of decision, therefore, economic, social and environmental index of Hohhot–Baotou–Ordos–Yulin urban 
agglomeration are in declining trends. In general, the sustainable development level of the Hohhot–Baotou–Ordos–Yulin 
urban agglomeration is still relatively low, and its model of driving urban development solely by economic growth is 
not sustainable.

4.4  Spatial heterogeneity of sustainable development level

It can be seen from the spatial feature map of the sustainable development index of western China urban agglom-
erations in 2009, 2012, 2015 and 2018 (Fig. 3), urban agglomerations show similar sustainable development level, 
Hohhot–Baotou–Ordos–Yulin urban agglomeration gradual homogeneity is the most obvious manifestation, this is 
because Hohhot–Baotou–Ordos–Yulin urban agglomeration contains less cities, and three of the cities are in Inner Mon-
golia, so the development level is relatively close to. It can also be seen that although qingyang, Pingliang and Tianhui 
city belong to the Guanzhong Plain, their sustainable development index is significantly closer to Dingxi and Baiying 
because the space of the urban sustainable development level index of similarity is mainly based on geographical 
boundaries as a division, indicating that the sustainable development of Western China cities does not take the urban 
agglomeration where they are located as the development community but still takes the province where they are located 
as the main common development unit. The spillover effect of central cities in the western urban agglomeration needs 
to be further improved.

To further analyze the specific degree of heterogeneity among cities in western urban agglomerations, this paper 
uses a geographical detector model. We employ the Jenks natural breaks to discretize the index of urban sustainable 
development level Si into five layers. After that, according to formula (8), the extents of spatial heterogeneity q are cal-
culated (Table 5). The q values from 2009 to 2018 are very close to 1, which demonstrates that the spatial heterogeneity 
of the sustainable development index of the cities in the four urban agglomerations is at a high level. Moreover, the 
degree of heterogeneity increased slightly from 2009 to 2018. Although the four urban agglomerations belong to the 
western region and are geographically close to each other, the differences in the level of sustainable development are 
obvious due to the different provinces in which they are located, which indicates that the spatial interaction of the level 
of sustainable development of cities in the western urban agglomerations is not strong.

In addition, a geographical detector is applied to detect which indicator affects heterogeneity. In this paper, natural 
breaks are used to layer level III’s X

1
 to X

27
 in 2018. The number of layers is kept consistent with the number of layers 

of S. Then, we adjust Xj into category variables from grade 1 to grade 5. According to formula (9), the influence Qj of 
each indicator on the spatial heterogeneity of the sustainable development index of 2018 is calculated (Table 6). From 
Table 6, GRP/resident population ( X

1
 ), total retail sales of consumer goods/total population ( X

3
 ) and Number of Patent 
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Fig. 3  Schematic diagram of spatial heterogeneity of sustainable development index
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Applications Granted/total population ( X
10

 ) have relatively great effects on the spatial heterogeneity of sustainability 
in Western China. X

1
 and X

3
 explain the spatial heterogeneity to degrees of 65.05% and 60.91%, respectively, under the 

significance level of 5%. At the 10% significance level, the spatial heterogeneity of the sustainable development level is 
explained by X

10
 to an extent of 64.19%. These results indicate that the main factors influencing the spatial heterogeneity 

of the sustainable development level are GRP/resident population, total retail sales of consumer goods/total population 
and Number of Patent Applications Granted/total population. Thus, the economic growth rate, consumption level and 
innovation capacity decide the sustainable development level to a certain extent in Western China urban agglomera-
tions. This study also finds that the top five factors affecting spatial heterogeneity are all economic variables. Therefore, 
to achieve coordinated and shared sustainable development in the future, the cities in Western China’s urban agglom-
erations need to enhance the innovation spillover among cities, drive the urban agglomerations to realize innovation-
driven development, narrow the economic gap between cities, and improve the economic growth rate of poorer cities.

5  Conclusion

This paper takes four state-level city clusters in western China as the research object. The evaluation indicator system of 
sustainable development is constructed from eight dimensions of Economic Growth, Industrial Structure Optimization, 
Urban Innovation Environment, Urban Construction, Residents’ Quality, Coordinated Development of Urban and Rural 
Areas, Energy Conservation and Emission Reduction, and Living Environment, using the panel entropy value method, 
estimates the 2009–2018 sustainable development index of urban agglomeration in the west of China. This paper studies 
the sustainable development level of urban agglomerations and their inner cities in Western China from two angles of 
time and space and analyzes the spatial heterogeneity of the sustainable development level among urban agglomera-
tions. The main conclusions are as follows.

First, the innovation environment and economic growth are the core factors influencing the sustainable develop-
ment level of urban agglomerations and cities. At present, western urban agglomerations can no longer maintain a high 
level of long-term sustainable development through a single economic growth. Therefore, the western region should 
improve the overall sustainable development of the region by enhancing the urban innovation environment. Western 
cities should promote the continuous transformation of industry to technology-intensive and environment-friendly, 
encourage enterprises to carry out green technology innovation to improve urban innovation capacity, and improve 
urban energy conservation and emission reduction to make innovation the main driving force for sustainable develop-
ment of western urban agglomerations.

Second, the differences in the sustainable development levels of cities in the western urban agglomerations are 
influenced by the administrative rank of cities. The sustainable development index of urban agglomerations shows that 

Table 5  The degree of 
spatial heterogeneity of the 
sustainable development 
index

Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

q 0.9665 0.9353 0.9688 0.9596 0.9761 0.9615 0.9698 0.9710 0.9754 0.9805

Table 6  Detection results of 
influencing factors of spatial 
heterogeneity of sustainable 
development index in 2018

***, **, and * are significant at the level of 1%, 5%, and 10% respectively

Xj Qj Xj Qj Xj Qj

X
1

0.6505** X
11

0.4637 X
21

0.2355
X
2

0.1182 X
12

0.4040 X
22

0.0536
X
3

0.6091** X
13

0.0151 X
23

0.0240
X
4

0.4268 X
14

0.1800 X
24

0.0329
X
5

0.2185 X
15

0.0550 X
25

0.4768
X
6

0.0830 X
16

0.0700 X
26

0.1565
X
7
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cities with higher sustainable development levels are mainly provincial capitals. The measurement results show that the 
central cities have a certain polarization effect on the surrounding areas. In the future, the radiation-driving effect of the 
central cities on the urban agglomerations should be enhanced so that the central cities and the neighboring cities can 
develop in a coordinated manner and a reasonable hierarchical system and a coordination mechanism of urban com-
munities with complementary functions can be formed as soon as possible.

Third, in terms of time, the sustainable development levels of the Chengdu–Chongqing urban agglomeration and 
the Guanzhong Plain urban agglomeration show an upward trend in general; the sustainable development levels of the 
Lanzhou–Xining urban agglomeration fluctuate more, and the sustainable development of its economic aspect is not 
stable. The sustainable development level of the Hohhot–Baotou–Erdos–Yulin urban agglomeration decreases year by 
year, and the development model of relying only on economic growth to maintain the sustainable development index 
has failed. Therefore, it is necessary to improve the innovation ability of cities, carry out industrial upgrading and explore 
green development models.

Finally, the spatial heterogeneity of the sustainable development of urban agglomerations is relatively high. The 
results of the geographic detector q-statistic measurement indicate that there is a large extent of spatial heterogeneity 
in the sustainable development of western urban agglomerations in China. Moreover, the GRP/resident population, total 
retail sales of consumer goods/total population and number of patent applications granted/total population are main 
factors affecting the spatial heterogeneity. It should promote exchanges and cooperation between the various urban 
agglomerations, lessen the level of economic development between cities, reduce the spatial heterogeneity sustain-
able development levels of the western urban agglomerations, strengthen the urban agglomeration spatial interaction, 
break the administrative barriers, and promote the flow of resources so that the western region achieves coordinated 
sustainable development.
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