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Abstract


Sustainability development is a core issue and policy-priority in China to meet the long-term ecological civilization and economic growth. In this paper, the sustainability of the 31 Chinese provincial-level administrative regions (provinces for short) was investigated using a composite sustainability indicator (CSI). The CSI was constructed by aggregating thirty sustainability indicators involving economic, social, and environmental dimensions hierarchically. Moreover, a piecewise mean range normalization method was developed for weakening the impact of outlier(s). The results indicate that further improvement of the provinces’ sustainability is needed, since only three provinces (accounting for 9.68%) showed better performance and development momentum, simultaneously. However, over half of the provinces showed comparatively optimistic sustainability prospect, indicating a possibility of further sustainability improvement in China under a positive and effective guidance. In terms of the individual provinces, the decline of the sustainability of Liaoning and Tianjin was significant whereas Anhui, Hunan, and Hubei showed more optimistic development prospects. For the four regions, Middle China was on the rise, the decline of Northeastern China was serious, and East China and West China showed better development, but they should also keep vigilance on the possible decline because of the decline of competitive advantages.
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1. Introduction


The assessment of sustainability is now a major concern for national governments and international organizations. Improving sustainability of the provincial-level administrative regions (provinces for short) in mainland China has become a core issue and policy-priority for the Chinese government to meet the long-term ecological civilization and achieve economic growth goals. Sustainability assessment is becoming an increasingly important instrument for policy dialogue and governance given the need to tackle the trade-offs between the economy and the environment. A widely accepted definition of sustainability as given by Brundtland [1] is “development that meets the needs of the present without compromising the ability of future generations to meet their own needs”. The research of sustainability development has become popular for scholars and researchers in various fields [2,3,4,5,6,7,8,9,10,11]. As the differences of the geographical locations, natural resources, population, economic foundation, and others are significant for the 31 provinces in mainland China, it is necessary to investigate sustainability development to provide reference for strategic planning and natural resource management [12].



Sustainability assessment plays an essential role in implementing sustainability since it can act as a framework for better decision-making on all undertakings, such as policies, plans, and programs as well as physical undertakings that may have lasting effects [13]. Various frameworks and models have been developed for sustainability assessment by involving a number of sustainability criteria [9]. The selection of sustainability criteria is a key factor that exercises a great influence on the performance of provinces’ sustainability. A widely accepted approach is represented as a 3-pole or 3-pillar model [14,15,16], either explicitly or tacitly bringing together the environment, economy, and society dimensions [17]. Raveta developed an integrated assessment framework by considering the index factors of environment, economy, and society used for the investigation of integrated planning for long-term sustainable development in Greater Manchester, UK [18]. Krajnc and Glavič built a composite sustainable development index (ICSD) by integrating the information on economic, environmental, and social performance to monitor Henkel company sustainability [19]. Lozano analyzed the complex and dynamic equilibria among economic, environmental, and social aspects and the short-, long- and longer-term perspectives [20]. Bibri and Krogstie adopted an analytical and philosophical framework of STS to demonstrate that the success and expansion of smart sustainable cities stems from the transformational power, knowledge/power relation, productive and constitutive force [8]. Garcia and Davide disclosed useful techniques and strategies, aiming to integrate social aspects, green architecture designs and traditional ecological issues [10]. In addition, more models introduced other dimensions as additional pillars [17], such as natural resources [21], culture [22,23], tourism [11] and others [24,25].



Since the number of the sustainability criteria is large and the criteria are often from different dimensions, such as the environmental, economic, and social dimensions, it is necessary to integrate them into a composite indicator (CI) so as to provide comprehensive information for assessing provinces’ sustainable performances. The CI can be defined as an aggregation of different indicators according to a well-developed and pre-determined methodology [26,27]. The framework used for constructing a CI generally includes the procedures of selecting relevant indicators and data, inputting missing data, normalizing the selected indicators, weighting, and aggregating [28]. Even though all of the steps are essential for the validity of the final CI, the normalizing, weighting and aggregating steps seem to have the greatest impact [27].



Normalization approaches are used for scaling the criteria values down to a unified scale and rendering the units of measurement dimensionless [29,30]. A great many normalization approaches have been developed in the literature, including the mean range normalization, frequency normalization, maximize normalization, rational normalization, statistical normalization, ordinal normalization, and others [31,32].



For a number of sustainability criteria, it is necessary to rank their importance before aggregating them [33]. Therefore, the weight of each criterion is needed. The analytical hierarchy process (AHP) method [34], Shannon’s entropy [35], and the equal weighting method are three types of common techniques used for calculating criteria weight in applications. It is known that the AHP method determines criteria weights subjectively, which integrates individual judgments of experts to determine priority scales through pair-wise comparison matrices [36]. Hu et al. applied the AHP method to determine the relative weightings of the criteria, which were used for evaluating the quality and the contents of the voluntary information disclosure of sustainability reports in Taiwan [37]. Lee and Chan used the AHP to work out the most sustainable design proposal for an area undergoing urban renewal such as Hong Kong [38]. The entropy technique is an objective weighting method. It suggests that the weight assigned to a certain criterion should be larger when the alternatives show greater differences between the values of the associated criteria [39]. Zinatizadeh et al. used the entropy to get the criteria weights when constructing the composite indicator for sustainable development in different urban areas of Kermanshah city [40]. Yan et al. adopted the entropy weight to evaluate the sustainability development of machining process based on extension theory [41]. Peng et al. developed a general decision-making framework for dynamic monitoring the sustainability of urban regeneration, where the entropy method was used to determine the weight of critical measurement indicator [42]. In addition, the equal weighting method is popular in most of the composite indicators that assign all the criteria the same weight [43,44,45].



Many aggregation methods have been developed for aggregating the criteria weight and the normalized values to a final composite indicator, such as the weighted arithmetic mean (WAM) method [46], the weighted geometric average (WGA) method [33], the hybrid optimization model for electric renewable (HOMER) for estimating and analyzing the economic and technical systems [47], the exponential weighted mean function [48], the technique for order preference by similarity to ideal situation (TOPSIS) method [49,50], and others [51,52]. In applications, the WAM method is one of the most widely used methods for its simplicity, transparency, and easy understanding.



This paper attempts to assess the sustainability of provinces in China using a weak sustainability approach without considering the interaction or interdependence among criteria. The assessment results could provide more reference for the sustainable development of the provinces. A three-level assessment structure including the dimension level, criteria level, and sub-criteria level was used to construct the CSI. In the dimension level, the 3-pillar model, involving the economic, social, and environmental dimensions, was adopted. The rest of the paper is organized as follows. Section 2 proposes the framework for building the CSI and introduces some key methods for calculating the CSI from the weak sustainability aspect. In Section 3, a case study regarding the dynamic assessment of the 31 provinces’ sustainability performances in mainland China is introduced. The assessment results are given in this section. Section 4 presents some discussion. Conclusions and suggestions are outlined in Section 5.




2. Methods


An assessment framework involving the dimension level, criteria level, and sub-criteria level is used for the construction of the CSI in this paper, which is shown in Figure 1.



The CSI is used to measure the sustainable performances of the 31 Chinese provinces over consecutive years in the following section. Therefore, without loss of generality, let    x  i j   ( q , u )   (  t h  )   represent the actual performance value of alternative (province)    a i    with respect to sub-criterion    c j  ( q , u )     in assessment period    t h   , where   i = 1 , 2 , ⋯ , n   indicates  n  alternatives,   q = 1 , 2 , ⋯ , m   indicates  m  dimensions,   u = 1 , 2 , ⋯ ,  z q    indicates    z q    criteria under the qth dimension,   j = 1 , 2 , ⋯ ,  z   q u      indicates    z   q u      sub-criteria under the  u th criteria and the qth dimension, and   h = 1 , 2 , ⋯ , p   indicates  p  assessment periods.



The WAM method is selected for the aggregation of criteria values at different levels. Let    I  i u   ( q )   (  t h  )   represent the aggregation score of alternative    a i    with respect to criterion    c u  ( q )     in assessment period    t h   , then


   I  i u   ( q )   (  t h  ) =   ∑  j = 1    z   q u        w j  ⋅  r  i j   ( q , u )   (  t h  )   ,   i = 1 , 2 , ⋯ , n ;   h = 1 , 2 , ⋯ , p  



(1)




where    r  i j   ( q , u )   (  t h  )   is the normalized value of    x  i j   ( q , u )   (  t h  )  , and    w j    is the equal weight of the associated sub-criterion such that    w j  = 1 /  z   q u     .



Let    I  i q   (  t h  )   represent the aggregation score of alternative    a i    with respect to dimension    c q    in assessment period    t h   , then


   I  i q   (  t h  ) =   ∑  u = 1    z q      w u  ⋅  I  i u   ( q )   (  t h  )   ,  



(2)




where    w u    is the equal weight of criterion    c u  ( q )     such that    w u  = 1 /  z q   .



Let    I i  (  t h  )   represent the final aggregation score (CSI) of alternative    a i    in assessment period    t h   , then


   I i  (  t h  ) =   ∑  f = 1  m    w q  ⋅  I  i q   (  t h  )   ,  



(3)




where    w q  = 1 / m   is the equal weight of dimension    c q   .



Using the    I i  (  t h  )  , it can not only rank alternatives so as to select the optimal alternative(s), but also analyze the alternatives’ development over consecutive assessment periods.



However, when dealing with complex problems, such as provinces’ sustainability assessment, outliers may exist in the actual performance values. For example, the actual performance values of the 31 Chinese provinces on the criterion “water resources per capita” (unit: m3) are shown in Figure 2. It can be seen that there is an outlier among the actual performance values, which is the performance of Tibet autonomous region. The mean range normalization is selected to scale the actual values into the range of [0,1]. The normalized results are shown in Figure 2a. It can be seen that the divergent of the normalized values of the 30 provinces, except for Tibet autonomous region, was narrowed compared with that of the actual performance values because of the existence of the outlier.



To this problem, a new normalization method is proposed based on the mean range method called the piecewise mean range normalization. This method also scales the performance values into the range of [0,1] but weakens the impact of outlier(s) using a piecewise way. Without loss of generality, assume that there are  l  piecewise points in the range of [0,1] that divide the range into   l + 1   piecewise intervals marked as   [  α 0  ,  α 1  ] , (  α 1  ,  α 2  ] , ⋯ , (  α l  ,  α  l + 1   ]  , where    α 0  = 0 ,  α  l + 1   = 1  , and    α 1  , ⋯ ,  α l  ∈ ( 0 , 1 )  . Then, calculate the percentiles of the left/right endpoints of the piecewise intervals according to a set of actual sub-criteria values   {  x  1 j   ( q , u )   (  t h  ) ,  x  2 j   ( q , u )   (  t h  ) , ⋯ ,  x  n j   ( q , u )   (  t h  ) }   on sub-criterion    c j  ( q , u )     in assessment period    t h   , labeled as    β 0  ,  β 1  , ⋯ ,  β l  ,  β  l + 1    , respectively.



If    c j  ( q , u )     is a benefit criterion, the normalized value of the sub-criteria value    x  i j   ( q , u )   (  t h  )   (  i ∈ { 1 , 2 , ⋯ , n }  ) is defined as


     r  i j   ( q , u )   (  t h  ) =  α k  + (  α  k + 1   −  α k  )    x  i j   ( q , u )   (  t h  ) −  β k     β  k + 1   −  β k    ,   if      x  i j   ( q , u )   (  t h  ) ∈ [  β k  ,  β  k + 1   ] , k = 0 , 1 , ⋯ , l    



(4)







Whereas, when    c j  ( q , u )     is a cost criterion, the normalized value is calculated by


   r  i j   ( q , u )   (  t h  ) =  α  l − k   + (  α  l + 1 − k   −  α  l − k   )    β  k + 1   −  x  i j   ( q , u )   (  t h  )    β  k + 1   −  β k     



(5)




where    r  i j   ( q , u )   (  t h  ) ∈ [ 0 , 1 ]   is the normalized value of alternative    a i    with respect to sub-criterion    c j  ( q , u )     in assessment period    t h   .



For the example mentioned above, use the piecewise mean range method to normalize the actual values of 31 provinces on the “water resources per capita” according to Equation (4), where the piecewise points are designed as quartiles, such as    α 0  = 0  ,    α 1  = 0.25  ,    α 2  = 0.5  ,    α 3  = 0.75  ,    α 4  = 1  . The normalization results are shown in Figure 2b. Comparing Figure 2b with Figure 2a it can be seen that the differentiation of the normalized values obtained by the piecewise mean range method is improved significantly compared with that by the traditional mean range method.



Example 1

Assume that there are 11 objectives    o 1  , ⋯ ,  o  11     and two dimensions    c 1    and    c 2   .    c 1    has two criteria    c 1 1   ,    c 1 2   , and    c 2    has one criterion    c 2 1   .    c 1 1    has two sub criteria    c 1  11     and    c 1  12    .    c 1 2    has sub criteria    c 1  21     and    c 1  22    .    c 2 1    has two sub criteria    c 2  11     and    c 2  12    . Specially,    c 1  21     is cost indicator while others are benefit indicators. The initial assessment information is as shown in Table 1.





(1) Normalizing



Normalizing the initial information by the method of the piecewise mean range normalization. The indicator    c 2  11     is normalized by the Equation (5) and other indicators by the Equation (4). Then, as    α 0  = 0  ,    α 1  = 0.25  ,    α 2  = 0.5  ,    α 3  = 0.75  , we obtain the normalizing results as shown in Table 2.



(2) The CSI



The weight of each sub-criterion is obtained by the entropy method, and the values of criteria    c 1 1   ,    c 1 2   ,    c 2 1    of each objective are calculated by Equation (1). Then we obtain the result as shown in Table 3.



Then, the weight of each criterion can be obtained by the entropy method, and the values of dimensions    c 1    and    c 2    of each objective are calculated by the Equation (2). The result is shown in Table 4.



Assume that the weight of each dimension is equal weight; then, by the Equation (3), we obtain the final aggregation score (CSI) of each objective. The result is    I 1  = 0.7626  ,    I 2  = 0.6111  ,    I 3  = 0.2373  ,    I 4  = 0.3510  ,    I 5  = 0.5222  ,    I 6  = 0.4602  ,    I 7  = 0.3812  ,    I 8  = 0.2403  ,   I 9  = 0.6741  ,    I  10   = 0.6071  ,    I  11   = 0.6250  , as Table 4 shows.




3. Case Study: Sustainability Assessment of Provincial-Level Regions in China


3.1. Index System


In this section, 31 provinces in mainland China were selected for investigation. Their locations are shown in Figure 3.



In this paper, the matter to be assessed is whether or not a province is progressing in a sustainable manner. Having this in mind, we lead to a discussion about the criteria selection around the following questions:




	(1)

	
What is the priority in the current period from the policy dialogue?




	(2)

	
What dimensions of sustainability should be taken into account?




	(3)

	
Which criteria represent better each dimension at the macro level?









Firstly, the assessment sustainability has different priorities in different periods. China is a developing country, and the authorities take economy development as the primary task in the current circumstances. Secondly, the indicators are classified into three dimensions, economy, society, and environment. The purpose of economic development is to assist people for better living standard, even for survival. Economy is the basis of social development. Then, the environment and the natural resources provide the material basis for economic development. That is the interrelation among the three-pillars. Similarly, Mischen et al. argue that the trade-offs that are inherent in the interrelations between the three pillars of sustainability raise the question of whether it is acceptable to substitute natural capital for other forms of capital [53], such as people’s better living standards. Thirdly, the availability of data was also a criterion for selection. This is why some consistent indicators involving gender issues like water quality or the state of biodiversity have to be excluded from the dataset. We point out that strictly speaking, the selected criteria cannot completely reflect the depth and variety of factors affecting provinces’ sustainability since it should ensure the dada of indicators for all provinces can be available over time.



For provinces sustainability assessment, however, there are no commonly recognized criteria used for measuring sustainable development [54]. A set of 30 sub-criteria have been developed by referring to the relevant literature reviews on sustainability investigation of China’s cities, urban or provinces [9,55,56]. Note that we chose 30 sub-criteria, which strictly speaking are not sufficient for sustainability assessment because we were fettered by the accessibility of criteria data. All the sub-criteria are categorized into 6 criteria under the economic, social and environmental dimensions based on the 3-pillar model, as shown in Table 5.



The assessment of sustainability has different priorities in different periods. There is essentially a difference in development stages between developed countries and developing countries. In developed countries, the sustainability discussion focuses on environmental topics largely, while in developing countries the issues of poverty are equally important [64]. Issues of sustainability have been addressed differently in different parts of the world, according to the policymaking and environmental priorities of cities and countries [65]. The authorities in China take economic development as the primary task in the current circumstances, even for future decades. Therefore, economic sustainability serves as the guarantee of provincial sustainability. Motivated by the concept of sustainable consumption and production (SCP) [64], we consider the efficiency of resource use in the production. We construct the criteria of the quantity of economic growth and the quality of economic development to reflect the purpose of keeping the energy, material, and pollution intensity of production and consumption functions within the carrying capacities of natural systems. As one of the important indicators of economic quantity,    c 1  ( 1 , 1 )     directly reflects the economic level of an individual province.    c 2  ( 1 , 1 )     points to the situation of economic growth.    c 3  ( 1 , 1 )     shows the capability of enlarging reproduction and readjusting the economic structure.    c 4  ( 1 , 1 )     was selected to reflect people’s consumption level and purchasing power of social commodities [66].    c 5  ( 1 , 1 )     reflects the economic openness of an individual province.    c 1  ( 1 , 2 )     reveals the development of service industry.    c 2  ( 1 , 2 )    ,    c 3  ( 1 , 2 )    ,    c 4  ( 1 , 2 )    , and    c 5  ( 1 , 2 )     indicate the impact of the economy on the environment, then measure the economic sustainability.



Social sustainability considers the basic demands of contemporary people as well as the development of future generations. It focuses on the population of provinces and their infrastructure and living standard and security as well.    c 1  ( 2 , 1 )     represents the trend of natural population growth, and    c 2  ( 2 , 1 )     reflects the distribution of a province’s population.    c 3  ( 2 , 1 )    ,   c 4  ( 2 , 1 )    ,    c 5  ( 2 , 1 )     reflect the construction of a province’s infrastructure.    c 1  ( 2 , 2 )     was chosen to indicate the state of unemployment and social stability.    c 2  ( 2 , 2 )     measures the living standard of a province’s residents.    c 3  ( 2 , 2 )    ,    c 4  ( 2 , 2 )     indicate the situation of the living security for a province’s residents.    c 5  ( 2 , 2 )     reflects the efforts that the local authorities make to satisfy the people’s demands of basic living.



Environmental sustainability serves as the basis of a province’s sustainability, which primarily pays attention to natural resources, ecosystem, and environmental protection.    c 1  ( 3 , 1 )     shows the possession of water resources within a province.    c 2  ( 3 , 1 )    ,    c 3  ( 3 , 1 )    ,    c 4  ( 3 , 1 )    , and    c 5  ( 3 , 1 )     reveal the situation of green area within a province. The government pays more attention to the environmental investment rather than the environmental incomes due to the current state of technologies and economic development. We chose    c 1  ( 3 , 2 )    ,    c 4  ( 3 , 2 )     to measure the investment that the local authorities put in environmental protection and reflect the importance that a province attaches to environmental protection.    c 2  ( 3 , 2 )    ,    c 3  ( 3 , 2 )    , and    c 5  ( 3 , 2 )     reflect a province’s ability to repair the environment.




3.2. The Implementation of the CSI


The performance values of the sub-criteria in 2011–2016 were collected from the China Statistical Yearbook (2012–2017). The methods introduced in Section 2 were used to obtain the aggregations at criteria level, dimension level, and the final CSI in different assessment years. The process can be summarized as follows.



Step 1: Scale the performance values of the sub-criteria into the range of [0,1] by using Equations (4) and (5).



Step 2: For the normalized sub-criteria values, aggregate them with the equal weight by Equation (1) to get the aggregations of the criteria level.



Step 3: For the aggregations of the criteria level, aggregate them with the associated equal weight by Equation (2) to get the aggregations of the dimension level.



Step 4: The final CSI is received by integrating the aggregations of the dimensions by Equation (3).



Note that the equal weights at different levels are shown in Table 5. By the steps above, the final CSI of 31 provinces from the year 2011 to 2016 is obtained. The results are shown in Table 6.



The average score of Beijing (0.598), for example, is calculated by the formula of (0.565 + 0.590 + 0.609 + 0.605 + 0.588 + 0.634)/6, and the growth rate (2.44%) is calculated by (0.634 − 0.565)/(0.565    ×    5)    ×  100%.





4. Discussion


It can be seen that Beijing had the best performance with the highest average sustainability score. Henan province is comparatively lower, but it showed the largest growth rate (9.30%). All of the provinces, except Tianjin and Liaoning, showed better development momentum with positive growth rates. The rank of the four regions from the best to the worst was as follows: East China, West China, Northeastern China, and Middle China. Although East China had the best performance, its growth rate was the lowest among the four regions. On the contrary, Middle China showed the largest growth rate but its performance was located at the bottom. It indicates that Middle China has better sustainable development potential in the future. Additionally, both the performance and the growth rate of Northeastern China are comparatively lower among the four regions as the lack of development motivation.



Moreover, the 31 provinces were divided into four quadrants, shown in Figure 4, by the midpoints of the average score interval and growth rate interval. Quadrants (I) to (IV) represent higher development, higher growth rate; lower development, higher growth rate; lower development, lower growth rate; higher development, lower growth rate, respectively. Provinces located in the quadrant (I) have better sustainability performance and development momentum. In quadrant (II), although the provinces show poor performance, they have better development momentum. Quadrant (III) indicates poor performance and the lack of development motivation. The provinces in quadrant (IV) show better performance but lack of development motivation.



It can be seen that only three provinces (accounting for 9.68%) located in the quadrant (I). Meanwhile, there were six provinces (accounting for 19.35%) in the quadrant (Ⅲ). It indicates that further improvement of the provinces’ sustainability is necessary. The number of the provinces in the quadrant (Ⅲ) was the same as that in the quadrant (Ⅳ), accounting for 35.48%. Specially, Henan province showed the strongest development momentum, whereas the sustainability decline of Tianjin was significant. More attention should be paid to the sustainability of Liaoning province because of its comparatively poor performance and the lack of development motivation. Since the sub-criteria values in different assessment years are uniformly normalized and the weights of the dimensions, the criteria, and the sub-criteria are the same across different years, it is reasonable to rank 31 provinces overall from the year 2011 to 2016. In this case, the ranking range of the 31 provinces is [1,186] This type of ranking is denoted as dynamic ranking. The absolute development of each province can be analyzed by observing the change of the dynamic ranking in different years. For example, if the ranking is improved in the later years, the province associated can be considered to have better development momentum. The change of the dynamic ranking of the 31 provinces and the four regions is shown in Figure 5.



It can be seen that the rankings of the provinces, except Liaoning and Tianjin, showed increase to some extent. It indicates that these provinces had better development momentum, which is consistent with the judgment mentioned above. In terms of the four regions, Middle China showed the highest average annual increase. The optimal performances of the provinces in the four regions are: Beijing (1), East China; Chongqing (5), West China; Anhui (20), Middle China; Jilin (73), Northeastern China, respectively, where the value in the parentheses represents the optimal ranking of the province associated. In addition, it can be seen that Northeastern China ranks at the bottom and has the lowest increase. As typical examples, Beijing, Hainan and Tibet perform well. By analyzing the actual data, the outstanding performance of the economy of Beijing compensates for the weakness of environment performance. For similar reasons, Tibet and Hainan have abundant natural resources and relatively good environment that compensate for the low-level economy.



Moreover, the provinces can be ranked within a single year. In this case, the ranking scores of the 31 provinces range in [1,31]. Using the single year ranking across different years, the provinces’ relative (or competitive) development can be further discussed. The change of the single year rankings of the provinces is shown in Figure 6.



From Figure 6, it is shown that most provinces showed a decline with respect to the single year ranking compared with the dynamic ranking shown in Figure 5. For the four regions, only Middle China had a positive growth rate (3.9%). The decline of Northeastern China was significant, especially Liaoning province at the bottom among the 31 provinces in 2016. The optimal rankings of the provinces in the four regions are Beijing (1), East China; Tibet (3), West China; Anhui (9), Middle China; Liaoning (12), Northeastern China, respectively.



The provinces’ sustainability prospect in the future is discussed further by comparing the growth rate of the dynamic ranking and the single year ranking. For example, if both types of growth rates are positive, it indicates that the province associated has better development prospects. On the contrary, if the province has negative growth rates, it means that the province may be outperformed in the future. While for the province with positive growth rate in the dynamic ranking and negative growth rate in the single year ranking, even though it may not loss its edge in the short-term, it should be aware of the decline in absolute development because of the decrease of relative (or competitive) advantage in the future. Figure 7 shows the classification of the provinces.



In Figure 7 the x-axis represents the growth rate of the dynamic ranking, and the y-axis represents the growth rate of the single year ranking. It can be seen that there were 16 provinces (accounting for 51.6%) with positive growth rates of the dynamic ranking and the single year ranking, among which Anhui, Hunan, and Hubei had more optimistic development prospects. Eleven provinces (accounting for 35.5%) showed a positive growth rate of the dynamic ranking and negative growth rate of the single year ranking. The provinces with the decrease in competitive advantage, such as Gansu, Tibet, and Yunnan, should keep vigilance on the possible decline of sustainability in the future. The sustainability of the two provinces, Liaoning and Tianjin, may still present decrease in future. Beijing ranks at the top and had a better development prospect. Whereas Jiangsu showed lower competitiveness as the growth rate of the single year ranking was zero.



Figure 8 shows the performance of three pillars of the four regions. In Figure 8 East China performed best at Economic sustainability (3.6189) and social sustainability (3.4583), while the environmental sustainability had the lowest value (2.5520). However, West China, which showed a contrary performance compared to East China, had better environmental sustainability (3.4229), followed by economic sustainability (2.6690), and social sustainability (2.8136). The performance of Middle China was not very prominent on economic sustainability (2.6775), social sustainability (2.7355), and environmental sustainability (2.6765). Northeastern China performed moderately in all dimensions and the score of economic sustainability was 3.0312, social sustainability was 2.3467, and environmental sustainability was 2.8654.




5. Conclusions and Suggestion


In this paper, the sustainability of the 31 provincial-level regions in mainland China was assessed. Thirty sustainability indicators involving economy, society, and environment were constructed to obtain the CSI. In this process, the piecewise mean range normalization method was developed to weaken the impact of outlier(s).



Generally, the assessment results indicate that further improvement of the provinces’ sustainability is needed in mainland China as only three provinces (accounting for 9.68%) had better performance and development momentum, simultaneously. In terms of absolute sustainability development, almost all the provinces, except for Liaoning and Tianjin, showed increase to some extent. It indicates that most of the provinces in China had better development momentum. Thirteen provinces (accounting for 41.9%) presented a decline trend on relative (or competitive) development. Especially, the decline rates of Liaoning and Tianjin were over 10%. The provinces’ sustainability prospect was discussed by comparing the growth rate of the dynamic ranking and the single year ranking. It is found that the sustainability prospect in mainland China is comparatively optimistic, with about 18 provinces (accounting for 58.1%) showing non-negative growth rates of the dynamic ranking and the single year ranking.



More specifically, we suggest that all the provinces should pay more attention to the environmental sustainability. The local authorities of the provinces in Middle China, Northeastern China, especially the East China should invest more in environmental protection, such as Beijing. The local government can perfect the legal system to punish the behaviors that pollute the environment and destroy the ecosystem. There are also policy incentives for environmentalists. Moreover, the government should increase publicity efforts to raise the residents’ awareness of resource conservation and environmental protection. The West China can seek overall economic and social and progress based on the sustainable utilization of resources and good ecological environment. Although the Middle China shows better development momentum, the subordinate provinces should make efforts to develop all the dimensions. Similarly, we suggest that the Northeastern China improve social and environmental sustainability on the premise of maintaining current levels of economic sustainability.



Additionally, as one of the main contributions of this study, the various findings can provide meaningful information for planners and policy analysts to take suitable actions to improve the sustainability of the provincial-level regions in China. The methods developed in this paper are also suitable for the investigation of sustainability at different levels, such as city, urban, community, region, country, and others.
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Figure 1. A three-level hierarchy of criteria for sustainability assessment. 
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Figure 2. The actual and normalized values of the 31 provinces on “water resources per capita”. 
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Figure 3. Location of the 31 provinces on the map of China (The standard map of China is downloaded from the website of National Bureau of Surveying and Mapping Geographic Information (http://bzdt.nasg.gov.cn)) 
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Figure 4. Location of the 31 provinces in four quadrants 
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Figure 5. Change of the dynamic ranking of the 31 provinces and four regions in 2011–2016. Note: ① The 31 provinces that are classified into four regions (West China, Middle China, Northeastern China and East China) by their locations as shown in Fig. 3; ② The values on each curve form left to right represent the rankings of the associated province (or region) from the year 2011 to 2016; ③ The average annual growth rate of the four regions represents the increase of the dynamic ranking within the ranking interval, which was calculated by (R(2016) − R(2011))/(186 − 1)/5    ×    100%, where R represents the associated ranking; ④ Each region has a line to show the change of dynamic ranking from 2011 to 2016, and the lined numbers represent the average annual ranking of the subordinate provinces. 
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Figure 6. Change of the single year ranking of the 31 provinces and the four regions in 2011–2016. Note: ① The average annual growth rate of the four regions with respect to the single year ranking was calculated by (R(2016) − R(2011))/(31 − 1)/5    ×    100%, where R represents the associated ranking. ② The values on each curve form left to right represent the rankings of the associated province from the year 2011 to 2016; ③ Each region has a line to show the change of dynamic ranking of the single year, and the lined numbers represent the single year average ranking of the subordinate provinces. 
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Figure 7. Classification of the provinces by the growth rates of the dynamic ranking and the single year ranking. 
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Figure 8. Comparison of the average performance of the three pillars of the four regions. 
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Table 1. The initial data of indicators.
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     c 1     

	
     c 2     




	
     c 1 1     

	
     c 1 2     

	
     c 2 1     




	
     c 1  11      

	
     c 1  12      

	
     c 1  21      

	
     c 1  22      

	
     c 2  11      

	
     c 2  12      






	
    o 1    

	
80494.95

	
0.15

	
0.00315

	
0.51

	
1.4

	
32903.03




	
    o 2    

	
83448.56

	
0.23

	
0.00160

	
0.15

	
3.6

	
26920.86




	
    o 3    

	
33856.87

	
0.20

	
0.00098

	
1.16

	
3.8

	
18292.23




	
    o 4    

	
31276.23

	
0.22

	
0.00090

	
2.13

	
3.5

	
18123.87




	
    o 5    

	
57856.08

	
0.23

	
0.00165

	
47.43

	
3.8

	
20407.57




	
    o 6    

	
50711.16

	
0.20

	
0.00219

	
4.61

	
3.7

	
20466.84




	
    o 7    

	
38446.09

	
0.22

	
0.00141

	
30.71

	
3.7

	
17796.57




	
    o 8    

	
32816.90

	
0.21

	
0.00188

	
39.67

	
4.1

	
15696.18




	
    o 9    

	
81788.20

	
0.12

	
0.00521

	
0.04

	
3.5

	
36230.48




	
    o  10     

	
62172.77

	
0.19

	
0.00301

	
0.44

	
3.2

	
26340.73




	
    o  11     

	
59159.53

	
0.17

	
0.00193

	
3.15

	
3.1

	
30970.68











 





Table 2. Normalizing results.
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     c 1     

	
     c 2     




	
     c 1 1     

	
     c 1 2     

	
     c 2 1     




	
     c 1  11      

	
     c 1  12      

	
     c 1  21      

	
     c 1  22      

	
     c 2  11      

	
     c 2  12      






	
    o 1    

	
0.9390

	
0.1449

	
0.8025

	
0.2554

	
1

	
0.8858




	
    o 2    

	
1

	
0.8869

	
0.3146

	
0.0595

	
0.5000

	
0.6903




	
    o 3    

	
0.1323

	
0.4813

	
0.0320

	
0.3528

	
0.2143

	
0.2593




	
    o 4    

	
0

	
0.7753

	
0

	
0.5000

	
0.6000

	
0.2416




	
    o 5    

	
0.5000

	
1

	
0.3484

	
1

	
0.2143

	
0.4934




	
    o 6    

	
0.4177

	
0.5000

	
0.6073

	
0.5400

	
0.3333

	
0.5000




	
    o 7    

	
0.2764

	
0.7344

	
0.2096

	
0.8596

	
0.3333

	
0.2090




	
    o 8    

	
0.0790

	
0.6433

	
0.5000

	
0.9349

	
0

	
0




	
    o 9    

	
0.9657

	
0

	
1

	
0

	
0.6000

	
1




	
    o  10     

	
0.5801

	
0.3362

	
0.7891

	
0.2296

	
0.7692

	
0.6732




	
    o  11     

	
0.5242

	
0.2071

	
0.5152

	
0.5165

	
0.7821

	
0.8195











 





Table 3. The results of criteria level.
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     c 1     

	
     c 2     




	
     c 1 1     

	
     c 1 2     

	
     c 2 1     






	
    o 1    

	
0.6256

	
0.5260

	
0.9423




	
    o 2    

	
0.9554

	
0.1857

	
0.5962




	
    o 3    

	
0.2701

	
0.1942

	
0.2370




	
    o 4    

	
0.3059

	
0.2528

	
0.4188




	
    o 5    

	
0.6973

	
0.6778

	
0.3554




	
    o 6    

	
0.4502

	
0.5733

	
0.4176




	
    o 7    

	
0.4572

	
0.5382

	
0.2705




	
    o 8    

	
0.3017

	
0.7198

	
0.0000




	
    o 9    

	
0.5846

	
0.4945

	
0.8022




	
    o  10     

	
0.4838

	
0.5063

	
0.7207




	
    o  11     

	
0.3991

	
0.5158

	
0.8010











 





Table 4. The results of dimension level and the CSI
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	     c 1     
	     c 2     
	    CSI   (  I i  )    





	    o 1    
	0.5830
	0.9423
	0.7626



	    o 2    
	0.6259
	0.5962
	0.6111



	    o 3    
	0.2376
	0.2370
	0.2373



	    o 4    
	0.2832
	0.4188
	0.3510



	    o 5    
	0.6889
	0.3554
	0.5222



	    o 6    
	0.5029
	0.4176
	0.4602



	    o 7    
	0.4918
	0.2705
	0.3812



	    o 8    
	0.4807
	0.0000
	0.2403



	    o 9    
	0.5460
	0.8022
	0.6741



	    o  10     
	0.4934
	0.7207
	0.6071



	    o  11     
	0.4490
	0.8010
	0.6250










 





Table 5. Criteria for provinces sustainability performance assessment.
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Dimension

	
Criteria

	
Sub-Criteria

	
Unit

	
Property

	
References






	
Economic

(   c 1   ) (0.33)③

	
Economic quantity (   c 1  ( 1 )    ) (0.5)②

	
GDP per capita (   c 1  ( 1 , 1 )    ) (0.2)①

	
Yuan

	
Benefit

	
[9,54,57,58,59,60,61]




	
Growth rate of GDP (   c 2  ( 1 , 1 )    ) (0.2)

	
%

	
Benefit

	
[9,54,57,58,59,60,61]




	
Investment in fixed assets per capita (   c 3  ( 1 , 1 )    ) (0.2)

	
Yuan

	
Benefit

	
[9,54,57,61]




	
Growth rate of consumer goods’ retail sales (   c 4  ( 1 , 1 )    ) (0.2)

	
%

	
Benefit

	
[54,60,61]




	
Total export-import volume per capita (   c 5  ( 1 , 1 )    ) (0.2)

	
USD

	
Benefit

	
[9,54,57,58,59,60]




	
Economic quality (   c 2  ( 1 )    ) (0.5)

	
Proportion of GDP generated by the service industry (   c 1  ( 1 , 2 )    ) (0.2)

	
%

	
Benefit

	
[9,54,57,58,59,60,61]




	
Wastewater discharged amount per unit of GDP (   c 2  ( 1 , 2 )    ) (0.2)

	
Ton

	
Cost

	
[56,62]




	
Power consumption amount per unit of GDP (   c 3  ( 1 , 2 )    ) (0.2)

	
Kilowatt-hour

	
Cost

	
[56,57,62]




	
Industrial SO2 emissions per industrial added value (   c 4  ( 1 , 2 )    ) (0.2)

	
Ton

	
Cost

	
[56,62]




	
Industrial smoke and dust emissions per industrial added value (   c 5  ( 1 , 2 )    ) (0.2)

	
Ton

	
Cost

	
[56,62]




	
Social

(   c 2   ) (0.33)

	
Population & infrastructure (   c 1  ( 2 )    ) (0.5)

	
Natural growth rate of population (   c 1  ( 2 , 1 )    ) (0.2)

	
%

	
Benefit

	
[9,54,57,60,63]




	
Population density (   c 2  ( 2 , 1 )    ) (0.2)

	
Person/Km2

	
Cost

	
[56,63]




	
Per capita area of paved roads (   c 3  ( 2 , 1 )    ) (0.2)

	
m2

	
Benefit

	
[56,60]




	
Number of public transportation vehicles per 10000 population (   c 4  ( 2 , 1 )    ) (0.2)

	
unit

	
Benefit

	
[56]




	
Coverage rate of Urban population with access to tap water (   c 5  ( 2 , 1 )    ) (0.2)

	
%

	
Benefit

	
[56,63]




	
Living & security (   c 2  ( 2 )    ) (0.5)

	
Registered urban unemployment rate (   c 1  ( 2 , 2 )    ) (0.2)

	
%

	
Cost

	
[9,54,57,58,59,60,61]




	
Per capita disposable income (   c 2  ( 2 , 2 )    ) (0.2)

	
Yuan

	
Benefit

	
[9,54,57,58,59,60]




	
Coverage rate of basic person insurance (   c 3  ( 2 , 2 )    ) (0.2)

	
%

	
Benefit

	
[55,57,60]




	
Medical technical personnel per 1000 persons (   c 4  ( 2 , 2 )    ) (0.2)

	
Person

	
Benefit

	
[56,60]




	
Investment in social safety and employment as a proportion of GDP (   c 5  ( 2 , 2 )    ) (0.2)

	
%

	
Benefit

	
[56]




	
Environmental (   c 3   ) (0.33)

	
Resources & ecosystems (   c 1  ( 3 )    ) (0.5)

	
Water resources per capita (   c 1  ( 3 , 1 )    ) (0.2)

	
m3

	
Benefit

	
[9,54,56,57,58,59,60]




	
Arable land per capita (   c 2  ( 3 , 1 )    ) (0.2)

	
Acre

	
Benefit

	
[56,63]




	
Ratio green coverage of built up areas (   c 3  ( 3 , 1 )    ) (0.2)

	
%

	
Benefit

	
[56,60,61]




	
Per capita green area (   c 4  ( 3 , 1 )    ) (0.2)

	
m2

	
Benefit

	
[9,53,57,58,59,60,61]




	
Per capita stock volume of forest (   c 5  ( 3 , 1 )    ) (0.2)

	
Hectare

	
Benefit

	
[56,60,63]




	
Environmental protection (   c 2  ( 3 )    ) (0.5)

	
Investment in environmental protection as a proportion of GDP (   c 1  ( 3 , 2 )    ) (0.2)

	
%

	
Benefit

	
[9,53,57,58,59,60]




	
Treatment rate of consumption wastes (   c 2  ( 3 , 2 )    ) (0.2)

	
%

	
Benefit

	
[56,60,62]




	
Ratio of industrial solid wastes utilized (   c 3  ( 3 , 2 )    ) (0.2)

	
%

	
Benefit

	
[9,53,57,58,59,60]




	
Investment completed in the treatment of industrial pollution as a proportion of GDP (   c 4  ( 3 , 2 )    ) (0.2)

	
%

	
Benefit

	
[56,62]




	
Per capita afforestation area (   c 5  ( 3 , 2 )    ) (0.2)

	
Hectare

	
Benefit

	
[56,62]








Note: ① The equal weights of the sub-criteria; ② The equal weights of the criteria; ③ The equal weights of the dimensions. Additionally, the sources that we used to collect data are China City Statistical Yearbook (2012–2017), China Statistical Yearbook (2012–2017), China Statistical Yearbook on Environment (2012–2017), and China Health Statistics Yearbook (2012–2017).













 





Table 6. The aggregation scores and average annual growth rates of the 31 provinces and the four regions in 2011–2016.






Table 6. The aggregation scores and average annual growth rates of the 31 provinces and the four regions in 2011–2016.





	

	
The Composite Sustainability Indicator (CSI)

	
Average Score①

	
Growth Rate②




	
2011

	
2012

	
2013

	
2014

	
2015

	
2016






	
Beijing

Tianjin

Hebei

Shanxi

Inner Mongolia

Liaoning

Jilin

Heilongjiang

Shanghai

Jiangsu

Zhejiang

Anhui

Fujian

Jiangxi

Shandong

Henan

Hubei

Hunan

Guangdong

Guangxi

Hainan

Chongqing

Sichuan

Guizhou

Yunnan

Tibet

Shaanxi

Gansu

Qinghai

Ningxia

Xinjiang

East China③

Middle China

West China

Northeastern China

	
0.565

0.562

0.403

0.407

0.522

0.474

0.406

0.393

0.450

0.530

0.534

0.412

0.487

0.403

0.537

0.330

0.421

0.398

0.474

0.415

0.547

0.496

0.388

0.393

0.427

0.534

0.483

0.421

0.476

0.457

0.500

0.509

0.395

0.459

0.424

	
0.590

0.555

0.401

0.419

0.523

0.486

0.442

0.397

0.455

0.517

0.545

0.430

0.525

0.420

0.537

0.337

0.446

0.431

0.451

0.431

0.596

0.531

0.401

0.427

0.432

0.550

0.521

0.429

0.485

0.481

0.494

0.517

0.414

0.475

0.442

	
0.609

0.553

0.414

0.442

0.532

0.515

0.455

0.432

0.449

0.555

0.576

0.503

0.537

0.450

0.572

0.351

0.458

0.433

0.482

0.436

0.595

0.541

0.407

0.422

0.446

0.560

0.532

0.442

0.490

0.501

0.498

0.534

0.439

0.484

0.467

	
0.605

0.513

0.426

0.434

0.556

0.509

0.466

0.431

0.477

0.547

0.588

0.483

0.547

0.423

0.574

0.382

0.501

0.464

0.471

0.443

0.585

0.571

0.417

0.452

0.457

0.582

0.526

0.442

0.504

0.512

0.515

0.533

0.448

0.498

0.469

	
0.588

0.522

0.467

0.437

0.558

0.509

0.467

0.432

0.496

0.566

0.594

0.510

0.574

0.450

0.561

0.402

0.518

0.508

0.514

0.477

0.569

0.572

0.460

0.473

0.449

0.582

0.545

0.430

0.502

0.503

0.546

0.545

0.471

0.508

0.469

	
0.634

0.515

0.503

0.482

0.598

0.453

0.517

0.460

0.556

0.586

0.613

0.582

0.586

0.507

0.588

0.484

0.574

0.551

0.534

0.522

0.598

0.604

0.512

0.518

0.504

0.558

0.568

0.474

0.549

0.551

0.567

0.571

0.530

0.544

0.477

	
0.598

0.537

0.436

0.437

0.548

0.491

0.459

0.424

0.480

0.550

0.575

0.486

0.543

0.442

0.561

0.381

0.486

0.464

0.488

0.454

0.582

0.553

0.431

0.448

0.452

0.561

0.529

0.440

0.501

0.501

0.520

0.535

0.449

0.495

0.458

	
2.44%

−1.66%

4.93%

3.70%

2.89%

−0.91%

5.46%

3.42%

4.69%

2.11%

2.96%

8.25%

4.03%

5.20%

1.90%

9.30%

7.27%

7.70%

2.54%

5.18%

1.87%

4.36%

6.41%

6.35%

3.58%

0.92%

3.53%

2.49%

3.06%

4.15%

2.68%

2.45%

6.83%

3.68%

2.46%








Note: ① Average score represents the average of the sustainability scores in 2011–2016; ② Growth rate is the average annual growth rate calculated by (Ii(2016) − Ii(2011))/Ii(2011)/5    ×    100%; ③ regional score was calculated by the average of the sustainability scores of the cities located in the region associated.
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