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Abstract

:

Sustainable urban development requires the coordinated development of economic, social, and environmental subsystems. Evaluating the coordination degree of different urban subsystems is of great significance to supporting sustainable urban development. This study explores the method of combining a scenario analysis with the coupling coordination degree model, proposing a new approach to measure the correlation between the level of urban sustainable development and the coupling coordination degree of urban subsystems. This method is used to analyze the correlation between the sustainable development level of 11 district-level and county-level administrative regions in Chengde City and the coupling coordination degree under different scenarios. The evaluation results show that, under different scenarios, the coupling coordination degree of the 11 administrative regions in Chengde City is at three levels: imminent imbalance, near coordination, and primary coordination. Compared with the business-as-usual scenario, the changes in the coupling coordination degree of all administrative regions in Chengde City under the economic-led scenario, social-led scenario, and environment-led scenario are in line with the level of sustainable development evaluation outcomes. The results confirm that there is a correlation between the level of urban sustainable development and the coupling coordination degree in different scenarios.
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1. Introduction


The United Nations’ 2030 Sustainable Development Agenda proposes 17 Sustainable Development Goals (SDGs) and 169 targets, including an urban-specific goal (Goal 11): “Make cities inclusive, safe, resilient and sustainable” [1]. The third United Nations Conference on Housing and Sustainable Urban Development in 2016 released the New Urban Agenda, which is a framework document to guide urban development over the next two decades [2], reflecting the importance of sustainable urban development to the realization of global sustainable development [3]. At present, most studies related to urban sustainable development focus on three aspects. One is to qualitatively study the overall idea of sustainable development at the urban level [4,5]. The second is to evaluate the level of urban sustainable development by constructing an index system. In this regard, the DPSIR (Driver–Pressure–State–Impact–Response) model [6,7] and MCDM (multicriteria decision making) method [8,9,10,11,12,13] are widely used for the evaluation of the urban sustainable development level. Based on the evaluation results, researchers can find the constraints of urban development and make suggestions for urban sustainable development. The third is to propose solutions to problems related to urban sustainable development from different fields, such as urban transport [14,15], urban disaster resilience [16,17], and public green spaces [18,19]. In the process of urban construction, urban sustainable development evaluation can help city managers to clearly understand the current level of sustainable development of the city, so as to make reasonable development plans, which is also increasingly recognized for its effectiveness in assisting decision making [8,20,21,22]. Therefore, urban sustainable development evaluation is an important tool to support urban planning and management and plays a crucial role in the decision-making process related to sustainable development.



Due to the increasing rate of economic globalization and urbanization, the contradiction between economic growth and environmental development has become more acute [23,24,25], and the rapid population concentration in the process of urban expansion has also brought about public health problems, unemployment, and other social issues [26,27]. Economy, society, and environment, as the three important subsystems of a city, are interrelated and interact with each other. Realizing the coordinated development of these three subsystems is the premise of sustainable urban development. Therefore, it is of great significance to evaluate the interaction between urban subsystems and study the coordination between different urban subsystems to support sustainable urban development. Coupling originates from physics and has been widely introduced in the field of social sciences. The coupling degree can evaluate the interaction relationship of multiple subsystems, and, on this basis, a “coupling coordination” analysis method is formed to evaluate the degree of coordinated development of various subsystems [28]. In recent years, the coupling coordination degree model (CCDM) has been widely used to evaluate the degree of coordinated development among urban subsystems [29,30,31,32,33,34], and the CCDM is also considered to be an effective tool to reveal the degree of coordination among different urban subsystems. In the process of rapid urban expansion, changes in external situations, such as opportunities and challenges, make urban development scenarios uncertain. How to evaluate the coordinated development of the economy, society, and the environment in the urbanization process under different urban development scenarios is an urgent problem to be solved. At present, some studies use the method of combining a scenario analysis and CCDM to evaluate the Coupling Coordination Degree (CCD) of various urban subsystems under different scenarios [35,36,37]. However, under different scenarios, the correlation between the level of urban sustainable development and the CCD of urban economic, social, and environmental subsystems has not been well studied. Zhang and Chen [38] used the CCDM to study the CCD between environmentally sustainable development and its subsystems in 17 cities in Shandong Province, China, and found that urban environmentally sustainable development is highly correlated with coordinated development among different subsystems, but their results did not involve different scenarios in cities.



As the country with the largest population and fastest urbanization in the world, China’s urban and rural construction and development have a profound impact on global sustainable development. In 2016, the Chinese government issued “China’s National Plan on Implementation of the 2030 Agenda for Sustainable Development”, which clearly proposed building the “National Innovation Demonstration Zone for the implementation of the 2030 Agenda for Sustainable Development” as one of the measures to implement the SDGs [39]. At present, the State Council has approved six cities to build National Innovation Demonstration Zones for the implementation of the 2030 Agenda for Sustainable Development. Among them, the city construction theme of Chengde is “sustainable development of water conservation functional zones in urban agglomerations”. As an important water source of Beijing City and Tianjin City, China, Chengde City is faced with economic, social, and environmentally sustainable development problems, such as weak economic development foundation, lagging infrastructure construction, and a fragile ecological environment [40]. Therefore, it is necessary to evaluate the sustainable development level of Chengde City, analyze the changes in the CCD of urban economy, society, and environment under different scenarios, explore the suitable development direction of the city, and provide suggestions and decision support for promoting the sustainable development of Chengde City, which has reference significance for the same type of city.



Taking Chengde City as an example, this study explores a comprehensive evaluation method combining scenario analysis and CCDM. First of all, on the basis of constructing an economy–society–environment index system for Chengde City, this study evaluates the sustainable development level of 11 district-level and county-level administrative regions of Chengde City. Secondly, the CCDM was used to compare the changes of CCD level under the business-as-usual scenario, economic-led scenario, social-led scenario, and environment-led scenario. Thirdly, this study explores the correlation between the level of urban sustainable development and the CCD of urban economic, social, and environmental subsystems under different scenarios, and proposes a reasonable development scenario that matches the city’s sustainable development level.




2. Materials and Methods


2.1. Study Area


Chengde City (115°54′ E–119°15′ E, 40°11′ N–42°40′ N) is located in northeastern China, in northeastern Hebei Province and is adjacent to Beijing City and Tianjin City to the south (Figure 1). It is 225 km from Beijing City and 300 km from Tianjin City. The total area of Chengde City is 39,500 km2, accounting for one-fifth of the total area of Hebei Province. The city’s total population is 3.35 million, of which ethnic minorities account for 46.39%. Chengde City includes 11 district-level and county-level administrative regions, of which Shuangqiao District (SQ), Shuangluan District (SL), and Yingshouyingzi Mining Area (YMA) are district-level administrative regions; the others are county-level administrative regions. Chengde City was approved to establish the National Innovation Demonstration Zone for the implementation of the 2030 Agenda for Sustainable Development in 2019. After more than two years of development, Chengde City has made progress in terms of industrial transformation and upgrading, infrastructure construction, and the sustainable utilization of water resources, and has accumulated experience in the transformation of sustainable development concepts at the city level [41].




2.2. Data Sources


Based on the statistical data of 11 district-level and county-level administrative regions in Chengde City from 2020, this study analyzes the level of sustainable development and the CCD of economic, social, and environmental subsystems in each administrative region. The evaluation indicators are selected from the “Chengde City Sustainable Development Plan (2018–2030)” [42], and the original data for each indicator come from the Chengde Municipal Science and Technology Bureau.




2.3. Methods


2.3.1. Index System


The “Chengde City Sustainable Development Plan (2018–2030)” builds a localized sustainable development index system including 34 indicators from four dimensions: innovation, the environment, economic development, and social progress [42]. The premise of sustainable urban development is to achieve the coordinated development of the three subsystems of the economy, society, and the environment. This paper reclassifies Chengde City’s localized index system from the dimensions of the economy, society, and the environment, and benchmarks against the United Nations’ SDGs. The economic dimension indicators are benchmarked against SDG1 (No Poverty), SDG8 (Decent Work and Economic Growth), and SDG9 (Industry, Innovation, and Infrastructure). The social dimension indicators are benchmarked against SDG3 (Good Health and Well-being), and SDG10 (Reduce Inequalities). The environmental dimension indicators are benchmarked against SDG6 (Clean Water and Sanitation), SDG11 (Sustainable Cities and Communities), SDG12 (Responsible Consumption and Production), and SDG15 (Life on Land). Considering the availability, completeness, correlation, and other characteristics of evaluation indicators, an economy–society–environment (ESE) index system for Chengde City (Table 1) is formed. The whole index system has two levels, in which there are 3 first-level indicators and 24 s-level indicators. These are divided into benefit and cost indicators. A benefit indicator indicates that the indicator has a positive feedback effect on the subsystem, and the higher the value, the stronger the promotion of sustainable development in this dimension. A cost indicator indicates that the indicator has a negative effect on the subsystem, and the higher the value, the more significant the negative effect on sustainable development.




2.3.2. Evaluation of Urban Sustainable Development Level


This study evaluates the sustainable development level of district and county-level administrative regions in Chengde City based on the comprehensive evaluation index model. In order to transform the actual performance values    x  i j     into a uniform scale, the data were standardized using Equations (1) and (2) for obtaining the normalized indicator values [43].



Benefit indicator:


   y  i j   =    x  i j     max  x  i j        (  0 <  y  i j   ≤ 1  )  .  



(1)







Cost indicator:


   y  i j   =   min  x  i j      x  i j        (  0 <  y  i j   ≤ 1  )  ,  



(2)




where for indicator  j  of administrative region  i ,    y  i j     represents the standardized value of the indicator,    x  i j     represents the original value of the indicator, and    max     x  i j     and    min     x  i j    , respectively, indicate the maximum and minimum value of the indicator for each administrative region.



In the normalization process, the importance of each indicator to the final goal needs to be reflected in the weight. This study uses different weights for two levels of indicators. Among them, the first-level indicators are the economy, society, and the environment. As the 2030 Agenda for Sustainable Development emphasizes that the economy, society, and the environment are indivisible, they play a common role in supporting sustainable development [1]. Therefore, this study considers that the economy, society, and the environment are equally important, and assigns the same weight to the first-level indicators. The number of second-level indicators corresponding to each first-level indicator in the ESE index system of Chengde City constructed in this paper is different. An improvement in each second-level indicator leads to an improvement in the city’s overall situation, and so is mutually substitutable for an improvement in the overall score. In addition, each first-level indicator in this study is benchmarked against multiple SDGs. In order to ensure that all SDGs corresponding to the first-level indicators are treated fairly under the condition of equal weight of the first-level indicators, this study uses the same weight for the second-level indicators under each first-level indicator [44,45,46]. The weights of the three first-level indicators of the economy, society, and the environment are all 1.000. The second-level indicators are given weights under the first-level indicators: the weight    W a    of each second-level indicator under the economic dimension is 0.125, the weight    W b    of each second-level indicator under the social dimension is 0.250, and the weight    W c    of each second-level indicator in the environmental dimension is 0.083.



The comprehensive evaluation index of each dimension can be calculated via Equations (3)–(5), as follows [35]:



Economy dimension:


   U 1  =   ∑   j = 1  n   y  i j    W a     (  0 <  U 1  ≤ 1  )  .  



(3)







Society dimension:


   U 2  =   ∑   j = 1  n   y  i j    W b     (  0 <  U 2  ≤ 1  )  .  



(4)







Environment dimension:


   U 3  =   ∑   j = 1  n   y  i j    W c     (  0 <  U 3  ≤ 1  )  ,  



(5)




where    U 1   ,    U 2   , and    U 3    represent the comprehensive evaluation index of the dimensions of the economy, society, and the environment, respectively;  n  represents the number of indicators in each field; and    y  i j     represents the standardized value of indicator  j  for administrative region  i . When    U 1   ,    U 2   , or    U 3    is larger, it indicates a higher level of sustainable development in this dimension.



Finally, we calculated the ESE system comprehensive evaluation index    R i    using Equation (6) [46]:


   R i  =    (   U 1  ×  U 2  ×  U 3   )   3   (  0 <  R i  ≤ 1  )  ,  



(6)




where    R i    represents the ESE system comprehensive evaluation score of administrative region  i . A larger    R i    indicates a higher comprehensive level of sustainable development in the administrative region.




2.3.3. Urban Development Scenario


The National Innovation Demonstration Zone for the implementation of the 2030 Agenda for Sustainable Development is a main action from China to promote sustainable urban development. The “Chengde City Sustainable Development Plan (2018–2030)” clearly states: “by 2030, provide access to adequate, affordable, accessible basic public services for all, improving urban environment, with special attention to social harmony, and build as a model area for living and working around Beijing City and Tianjin City” [40]. The economy, society, and the environment are the three pillars of sustainable development. The “Chengde City Sustainable Development Plan (2018–2030)” clarifies the value orientation of “economic and social development” and “environmental governance”, which are closely related to “Chengde City National Economic and Social Development Fourteenth Five-Year Plan and 2035 Vision Outline”, and in line with the future urban development goals of Chengde City [47]. Based on the urban development goals of Chengde City, this study sets up four development scenarios and analyzes the CCD under different development scenarios. The business-as-usual scenario refers to the CCD of urban development without SDGs intervention. The economic-led scenario refers to the impact on the CCD of the various administrative regions of Chengde City when the three goals of SDG1, SDG8, and SDG9 are emphasized. The social-led scenario refers to the changes in the CCD among the administrative regions of Chengde City when the two goals of SDG3 and SDG10 that focus on social development are emphasized. The environment-led scenario refers to the impact on the CCD of the various administrative regions when the four goals of SDG6, SDG11, SDG12, and SDG15 that focus on environmental protection are emphasized.




2.3.4. Evaluation of Coupling Coordination Degree


This study uses the coupling degree model to reflect the trend of the subsystems of the economy, society, and the environment from disorder to order in the process of urban development. Through the comprehensive evaluation index of the dimensions of the economy, society, and the environment calculated above, the coupling degree of an ESE system can be defined as in Equation (7) [28]:


  C = 3 ×    [     U 1  ×  U 2  ×  U 3       (   U 1  +  U 2  +  U 3   )   3     ]     1 3     (  0 ≤ C ≤ 1  )  ,  



(7)




where  C  represents the degree of coupling. When   C = 0  , the coupling degree is the lowest, indicating that the subsystems are in a disordered state. When   C = 1  , the coupling degree is the highest, indicating that the subsystems develop in an orderly manner and reach a high level of coupling.



The coupling degree model only reflects the coupling state from order to disorder between the economy, society, and the environment, but cannot reflect the coordination degree of each subsystem. To solve the above problems, a CCDM is introduced, which is defined as follows [36]:


  T = α  U 1  + β  U 2  + γ  U 3   



(8)






  D =   C × T   .  



(9)







In the above equations,  T  represents the comprehensive evaluation index of the ESE system and  D  is the degree of coupling coordination.  α ,  β , and  γ  are weights to be determined. The weights reflect the importance of each subsystem in the overall system. The more important the role of the subsystem, the higher the weights to be determined correspondingly, and the sum of all weights is 1. In the system coupling, the contribution of other subsystems cannot be ignored too much. When there are multiple subsystems, the weights to be determined of a single subsystem can take the highest value of 0.5. According to the four urban development scenarios set up above, the weights to be determined are selected through the expert evaluation method. Four scenarios are compared in the model:



(1) Under the “business-as-usual scenario”,   α = β = γ = 1 / 3  , (2) under the “economic-led scenario”,   α = 1 / 2  ,   β = γ = 1 / 4  , (3) under the “social-led scenario”,   α = γ = 1 / 4  ,   β = 1 / 2  , (4) under the “environment-led scenario”,   α = β = 1 / 4  ,   γ = 1 / 2  . In this study, the coordinated development of urban ESE systems is divided into 10 levels, half coordinated and half unbalanced [38,48,49] (Table 2).






3. Results


3.1. Results of Urban Sustainable Development Evaluation


According to Equations (1)–(4), the comprehensive evaluation index of the dimensions of the economy, society, and the environment, and the ESE system comprehensive evaluation index in 11 district-level and county-level administrative regions of Chengde City, are calculated. The calculation results are shown in Table 3, and the evaluation results are illustrated in Figure 2.



As shown in Table 3, in the evaluation results of the ESE system comprehensive evaluation index of 11 administrative regions in Chengde City, XL and KMA achieved the best performance with the highest score (0.66). On the contrary, YMA, CD, and FMA were the three worst-performing administrative regions, with an evaluation score of 0.51. There was a large difference in the evaluation results of the economic and environmental dimensions of 11 administrative regions. In the evaluation results of the economic dimension, KMA obtained the highest value of 0.70 and YMA had the worst performance, with a value half that of KMA. In the evaluation results of the environmental dimension, XL and LH achieved the best performance with the highest value of 0.74, while SQ had the worst performance with an evaluation score of 0.39. The social dimension evaluation results of the 11 administrative regions had smaller differences, and the scores were higher compared with the economic and environmental dimensions. In the evaluation results of the social dimension, SL, SQ, LP, and XL achieved better performance and the evaluation value fluctuated approximately within a range 0.70–0.77. FMA had the worst performance, with the lowest point of 0.55.



As shown in Figure 2, among the 11 district-level and county-level administrative regions of Chengde City, except for KMA and SQ, the economic dimension evaluation results of the remaining administrative regions were significantly lower than their social and environmental dimension evaluation results. The social dimension evaluation results of SQ, SL, YMA, CD, PQ, and LP occupied a dominant position in the evaluation results of its three dimensions. The environmental dimension evaluation results of XL, LH, FMA, and WMMA were slightly higher than their economic and social dimension evaluation results.



The evaluation results of the social dimension of district-level administrative regions were significantly higher than in county-level administrative regions, but the difference between their evaluation results for the social dimension and the economic and environmental dimensions was also significantly larger than that of county-level administrative regions. Among the county-level administrative regions, PQ, FMA, KMA, and WMMA had smaller differences in the evaluation results of different dimensions.




3.2. Results of Coupling Coordination Degree Evaluation


Through Equations (5)–(7), the coupling degree in 11 administrative regions of Chengde City, as well as the CCD of the business-as-usual scenario, the economic-led scenario, the social-led scenario, and the environment-led scenario are calculated. The calculation results are shown in Table 4, and the evaluation results are illustrated in Figure 3.



As shown in Table 4 and Figure 3, the coupling degree of 11 administrative regions of Chengde City reached above 0.96, which were in the high-level coupling state. Overall, under the four scenarios, the CCD of the 11 administrative regions of Chengde City can be classified as among the three types of imminent imbalance, near coordination, and primary coordination. Compared with the business-as-usual scenario, the levels of CCD of 11 administrative regions under the economic-led scenario decreased significantly, and there was no significant difference in the levels of CCD in all administrative regions under the social-led and environment-led scenarios.



Specifically, under the business-as-usual scenario, the CCD of XL, PQ, LP, LH, and KMA reached the Primary Coordination level. Under the economic-led scenario, XL, LP, and KMA maintained the Primary Coordination level. Compared with the business-as-usual scenario, the CCD level of five administrative regions changed under the economic-led scenario. The level of CCD in YMA, CD, PQ, LH, and FMA decreased by one level. Among them, the CCD of YMA, CD, and FMA decreased from the near coordination level to the imminent imbalance level. PQ and LH decreased from the primary coordination level to the near coordination level. Under the social-led and environment-led scenarios, there was no change in the level of CCD in XL, PQ, LP, LH, and KMA, the same as the business-as-usual scenario. Compared with the business-as-usual scenario, only the CCD level of SL changed under the social-led scenario, transforming from near coordination level to primary coordination level. The level of CCD in the three administrative regions changed under the environment-led scenario compared with the business-as-usual scenario. Among them, the level of CCD in SL and WMMA increased from near coordination level to primary coordination level, and the CCD level of SQ decreased from near coordination level to imminent imbalance level.




3.3. Correlation between Urban Sustainable Development and Coupling Coordination Degree


Figure 4 illustrates the correlation between the level of urban sustainable development in different dimensions and the CCD under the four scenarios in 11 administrative regions of Chengde City. The figure combines Table 3 and Table 4, respectively, reporting the evaluation values.



As shown in Figure 4, XL, LP, and KMA reached the Primary Coordination level under the four scenarios. Combined with the evaluation results of the sustainable development level, the ESE system comprehensive evaluation index of XL, KMA, and LP was over 0.60, and in the sustainable development level of the economic, social, and environmental dimensions, the evaluation results of these administrative regions reached 0.60 or more in at least two dimensions. The CCD of the remaining administrative regions under the four scenarios fluctuated between two levels. The ESE system comprehensive evaluation index of these administrative regions fluctuated within a range 0.51–0.61, and there was a general difference between the three dimensions of sustainable development evaluation results.



Comparing the CCD of the 11 administrative regions under four scenarios, we see that they cannot achieve their best coordinated performance under the business-as-usual scenario. Under the economic-led scenario, the CCD of KMA was slightly higher than that of other scenarios, and KMA had a slightly better performance in economic sustainable development than in the social and environmental dimensions. Under the social-led scenario, the CCD of SQ, SL, YMA, CD, and PQ was the highest among the four scenarios. These administrative regions achieved significantly better performance in evaluation results for the social dimension than the economic and environmental dimensions. Under the environment-led scenario, the CCD of XL, LH, and WMMA was higher than for other scenarios, and these administrative regions achieved a significantly better performance in the environmental dimension than in the economic and social dimensions. LP and FMA reached the same CCD under the social-led scenario and environment-led scenario, and the two administrative regions had more similar sustainable development evaluation results in terms of the social and environmental dimensions.





4. Discussion and Conclusions


This study proposes an innovative method to measure the level of urban sustainable development and the CCD of urban subsystems under different scenarios by exploring the comprehensive evaluation method combining a scenario analysis and the CCDM. This method clarifies the correlation between the level of urban sustainable development and the CCD under different scenarios. The evaluation results can provide suggestions and decision support for exploring suitable urban development directions and promoting sustainable urban development.



The evaluation results show the following:




	(1)

	
There was no significant difference in the evaluation results of the ESE system comprehensive evaluation index in 11 administrative regions of Chengde City. Comparing the different dimensions among the 11 administrative regions, there was a gap between the evaluation results of the economic dimension and the environmental dimension, and a small gap in the evaluation results of the social dimension. The evaluation results of the social dimension of district-level administrative regions were significantly higher than in county-level administrative regions, but the difference between their evaluation results for the social dimension and the economic and environmental dimensions was also significantly larger than that of county-level administrative regions.




	(2)

	
The CCD of 11 administrative regions in Chengde City was at the three levels of imminent imbalance, near coordination, and primary coordination under the four scenarios. Compared with the business-as-usual scenario, the CCD level of all administrative regions in Chengde City decreased significantly under the economic-led scenario, while there was no significant change in the level of CCD under the social-led scenario and environment-led scenario. For different types of administrative regions, under different scenarios, there is no significant correlation between the coupling coordination degree of each administrative region and the spatial differences in administrative regions.




	(3)

	
Under the four scenarios, the CCD of three administrative regions of Chengde City reached the primary coordination level. These administrative regions obtained much higher scores in the evaluation results of the ESE system comprehensive evaluation index and achieved better performance in at least two dimensions. Under the business-as-usual scenario, the 11 administrative regions of Chengde City cannot achieve their best coordinated performance. Compared with the business-as-usual scenario, the changes in the CCD of all administrative regions under the remaining scenarios were positively correlated with the results of the sustainable development evaluation of the corresponding dimension.









It was found that the evaluation results of the economic dimension in the 11 administrative regions of Chengde City were generally lower than the evaluation results of the social and environmental dimensions in the evaluation process, especially in SL, YMA, XL, and XL. Among the four administrative regions, the evaluation score of YMA in the economic dimension was nearly half that of the social and environmental dimensions. The gap between the sustainable development level of the economic dimension and the social and environmental dimensions of Chengde City reflects the fact that, although all the administrative regions of Chengde City reached China’s poverty-eradication standard, restrictive factors, such as a weak development foundation, small economic aggregate, and lack of human resources, cannot be fundamentally changed in the short term [47]. Economic development is the driving force of sustainable development, but the administrative regions of Chengde City should avoid excessive promotion of urban economic development in the near future, give priority to promoting the transformation and upgrading of dominant industries, establish a talent introduction mechanism, enhance enterprise innovation capabilities, and promote industrial technological innovation. In addition, each administrative region can choose the corresponding dominant development scenario to improve the CCD level according to the level of sustainable development in the economic, social, and environmental dimensions. By giving play to comparative advantages, the dominant development scenario with a higher level of sustainable development is selected as the key development direction for the city.



For the evaluation of urban CCD, if the indicators are compared with consecutive years of data, the changing trends in the data can be better judged. Therefore, with the release of the index system data of Chengde City, the use of multiyear data can more accurately determine the spatiotemporal evolution rule of the urban CCD under different scenarios and predict the trend of the urban CCD, so as to propose the appropriate development direction of the city in a more targeted way, and provide decision support for local government. Second, although this study takes Chengde City as an example, the framework proposed in this study to measure the level of urban sustainable development and the CCD of urban subsystems under different scenarios has proven to be a method that can be generalized to other cities.
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Figure 1. (a) Chengde City’s location in China and (b) the division of Chengde City into district-level and county-level administrative regions (image obtained from China National Platform for Common Geospatial Information Service and processed by the author). Note: SQ, Shuangqiao District; SL, Shuangluan District; YMA, Yingshouyingzi Mining Area; CD, Chengde County; XL, Xinglong County; PQ, Pingquan City; LP, Luanping County; LH, Longhua County; FMA, Fengning Manchu Autonomous County; KMA, Kuancheng Manchu Autonomous County; WMMA, Weichang Manchu and Mongolian Autonomous County. 
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Figure 2. Comparison with evaluation results of urban sustainable development on different dimensions in 11 administrative regions of Chengde City. Note: SQ, Shuangqiao District; SL, Shuangluan District; YMA, Yingshouyingzi Mining Area; CD, Chengde County; XL, Xinglong County; PQ, Pingquan City; LP, Luanping County; LH, Longhua County; FMA, Fengning Manchu Autonomous County; KMA, Kuancheng Manchu Autonomous County; WMMA, Weichang Manchu and Mongolian Autonomous County. 
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Figure 3. CCD under four scenarios in 11 administrative regions of Chengde City (image processed by ArcGIS.). (a) Business-as-usual Scenario; (b) Economic-led Scenario; (c) Social-led Scenario; (d) Environment-led Scenario. Note: SQ, Shuangqiao District; SL, Shuangluan District; YMA, Yingshouyingzi Mining Area; CD, Chengde County; XL, Xinglong County; PQ, Pingquan City; LP, Luanping County; LH, Longhua County; FMA, Fengning Manchu Autonomous County; KMA, Kuancheng Manchu Autonomous County; WMMA, Weichang Manchu and Mongolian Autonomous County. 
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Figure 4. Correlation between the evaluation results of urban sustainable development on different dimensions and CCD under four scenarios in 11 administrative regions of Chengde City. Note: SQ, Shuangqiao District; SL, Shuangluan District; YMA, Yingshouyingzi Mining Area; CD, Chengde County; XL, Xinglong County; PQ, Pingquan City; LP, Luanping County; LH, Longhua County; FMA, Fengning Manchu Autonomous County; KMA, Kuancheng Manchu Autonomous County; WMMA, Weichang Manchu and Mongolian Autonomous County. 
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Table 1. ESE index system of Chengde City.
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Dimension

	
Indicator

	
Unit

	
Property

	
SDG






	
Economy

	
GDP per capita

	
10,000

Chinese Yuan

	
Benefit

	
SDG1




	
Proportion of GDP generated by value-added of service industry

	
%

	
Benefit

	
SDG8




	
Tourism income per capita

	
Chinese Yuan

	
Benefit




	
Water consumption per 10,000 Chinese yuan of GDP

	
m3/10,000

Chinese Yuan

	
Cost




	
Ratio of R&D expenditure in the whole society to GDP

	
%

	
Benefit

	
SDG9




	
Value-added of high-tech industry above designated size accounts for the proportion of value-added of industry

	
%

	
Benefit




	
Contribution rate of scientific and technological progress

	
%

	
Benefit




	
Proportion of citizens with basic scientific quality

	
%

	
Benefit




	
Society

	
Number of hospital beds per 10,000 people

	
Unit

	
Benefit

	
SDG3




	
Number of old-age beds per 1000 elderly population

	
Unit

	
Benefit




	
Per capita disposable income of urban residents

	
Chinese Yuan

	
Benefit

	
SDG10




	
Per capita disposable income of rural residents

	
Chinese Yuan

	
Benefit




	
Environment

	
Amount of groundwater mining per square kilometers

	
100 million m3

	
Cost

	
SDG6




	
Amount of surface water controlling per square kilometers

	
100 million m3

	
Benefit




	
Rate of sewage treatment

	
%

	
Benefit




	
Annual average concentration of PM2.5 in urban areas

	
μg/m3

	
Cost

	
SDG11




	
Annual COD emission decreased by a proportion compared with 2015

	
%

	
Benefit




	
Annual NH3-N emission decreased by a proportion compared with 2015

	
%

	
Benefit




	
Rate of household waste treatment in rural areas

	
%

	
Benefit




	
Resource utilization rate of manure from livestock and poultry farm

	
%

	
Benefit

	
SDG12




	
Amount of fertilizer application

	
kg/667 m2

	
Cost




	
Usage of agrochemical pesticide

	
g/667 m2

	
Cost




	
Rate of forest coverage

	
%

	
Benefit

	
SDG15




	
Rate of water and soil loss controlling

	
%

	
Benefit
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Table 2. Classification criteria of CCD.
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Imbalance Type

	
Coordination Type






	
   0.00 ≤ D < 0.10   

	
Extreme imbalance

	
   0.50 ≤ D < 0.60   

	
Near Coordination




	
   0.10 ≤ D < 0.20   

	
Serious imbalance

	
   0.60 ≤ D < 0.70   

	
Primary Coordination




	
   0.20 ≤ D < 0.30   

	
Moderate imbalance

	
   0.70 ≤ D < 0.80   

	
Moderate Coordination




	
   0.30 ≤ D < 0.40   

	
Mild imbalance

	
   0.80 ≤ D < 0.90   

	
Good Coordination




	
   0.40 ≤ D < 0.50   

	
Imminent Imbalance

	
   0.90 ≤ D ≤ 1.00   

	
Extreme Coordination
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Table 3. The evaluation results of urban sustainable development of 11 administrative regions of Chengde City in different dimensions.






Table 3. The evaluation results of urban sustainable development of 11 administrative regions of Chengde City in different dimensions.





	Administrative Regions
	ESE System
	Economy Dimension
	Society Dimension
	Environment Dimension





	Shuangqiao District (SQ)
	0.53
	0.51
	0.74
	0.39



	Shuangluan District (SL)
	0.59
	0.43
	0.77
	0.64



	Yingshouyingzi

Mining Area (YMA)
	0.51
	0.35
	0.66
	0.59



	Chengde County (CD)
	0.51
	0.44
	0.63
	0.48



	Xinglong County (XL)
	0.66
	0.54
	0.70
	0.74



	Pingquan City (PQ)
	0.61
	0.54
	0.67
	0.64



	Luanping County (LP)
	0.63
	0.51
	0.72
	0.69



	Longhua County (LH)
	0.61
	0.51
	0.62
	0.74



	Fengning Manchu Autonomous County (FMA)
	0.51
	0.42
	0.55
	0.57



	Kuancheng Manchu Autonomous County (KMA)
	0.66
	0.70
	0.67
	0.60



	Weichang Manchu and Mongolian Autonomous County (WMMA)
	0.58
	0.50
	0.62
	0.65
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Table 4. The coupling degree and CCD under four scenarios in 11 administrative regions of Chengde City.
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Administrative Regions

	
Coupling Degree

	
Coupling Coordination Degree




	
Business-as-Usual Scenario

	
Economic-Led Scenario

	
Social-Led Scenarios

	
Environment-Led Scenarios






	
Shuangqiao District (SQ)

	
0.96

	
0.53

	
0.52

	
0.58

	
0.49




	
Shuangluan District (SL)

	
0.97

	
0.59

	
0.55

	
0.63

	
0.60




	
Yingshouyingzi

Mining Area (YMA)

	
0.96

	
0.51

	
0.47

	
0.54

	
0.53




	
Chengde County (CD)

	
0.99

	
0.51

	
0.49

	
0.54

	
0.50




	
Xinglong County (XL)

	
0.99

	
0.66

	
0.63

	
0.67

	
0.68




	
Pingquan City (PQ)

	
0.99

	
0.61

	
0.59

	
0.63

	
0.62




	
Luanping County (LP)

	
0.99

	
0.63

	
0.60

	
0.65

	
0.65




	
Longhua County (LH)

	
0.99

	
0.61

	
0.59

	
0.61

	
0.64




	
Fengning Manchu Autonomous County (FMA)

	
0.99

	
0.51

	
0.49

	
0.52

	
0.52




	
Kuancheng Manchu Autonomous County (KMA)

	
0.99

	
0.66

	
0.67

	
0.66

	
0.64




	
Weichang Manchu and Mongolian Autonomous County (WMMA)

	
0.99

	
0.58

	
0.56

	
0.59

	
0.60
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