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Abstract

:

The essence of sustainable urbanization is to take a holistic approach to the harmonious development of economic, social, cultural and environmental protection. This paper applies the urban sustainability assessment system to analyze the characteristics of indicators related to the quality of the built environment and environmental pressure of 91 cities in four major megalopolises in China from 2010 to 2018. It also combines statistical methods to summarize the general features of urban development through a comprehensive urban performance evaluation by comparative and classification analysis for the purpose of scientific guidance on sustainable urbanization. The comparative results showed that in terms of urban sustainability, the Yangtze River Delta performed best, followed by JingJinJi, Pearl River Delta and Shandong Peninsula. Of which, the quality of built environment in JingJinJi and the environment pressure in the Shandong Peninsula require particular attention to improve and decrease, respectively. Moreover, cities can be grouped into six development types through performance clustering including three positive and three negative types. The characteristics of all types are summarized, and the performance of the specific indicators are detailed compared to serve as a guiding basis for making generic recommendations of sustainable urbanization.
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1. Introduction


The urbanization trend is a consensus that is a precondition for development in the developing world [1]. By 2015, 16 of the world’s 24 megacities (cities with more than 10 million people) had located in Asia [2]. Twelve of the world’s twenty-one megacities (with more than 10 million people) are in the Asian region and are still expanding [3]. These highly urbanized areas have not only attracted significant investment but have also developed into economic centers. They have even become attractive cultural complexes with a good infrastructure and resource, making for a dynamic and diverse urban environment with potential for development [4]. However, in recent decades, the pace of population decline is faster in the rest of Asia, and growth led by a booming population is coming to an end [5,6,7]. In China, urban shrinkage has gradually become an emerging phenomenon in recent years. The research on the Chinese context is not yet comprehensive, but the existing reports show that cities in some regions are experiencing population decline, particularly in the less developed cities and border areas, and even in the most developed coastal regions [8,9,10,11,12]. Moreover, Japan, a developed country, is also experiencing significant population decline in its cities and generating many urban problems, especially in economic downturns and increased employment pressures. The population of less urbanized Southeast Asian cities, such as Thailand and Vietnam, are also likely to start decreasing earlier than expected [13]. So, many experts [8,9,10,11,13] argue that developing countries in Asia are probably going to face a longer period of lower population growth than Japan in the coming period, unless sustainable levels of urban development can be improved through effective approaches.



Since the 21st century, China has been experiencing the fastest urbanization rate in the world. The urbanization rate increased from 10.64% in 1949 to 59.58% in 2018, with an average annual growth rate of over 0.7% [14,15]. Although researchers hold different opinions on the beginning and specific stages of China’s urbanization process, most can agree that the adoption of the reform and opening-up policy and China’s urban population exceeding half of the country’s population nearly a decade ago were two important turning points in the process [16,17,18]. The period from 2010 to the present can be considered a period of accelerated urbanization due to the urbanization rate has not exceeded 70% with the possibility of further development [18]. Some urbanization responses have misled developing countries to think that they should shift most of their traditional rural population to cities, or they have over-emphasized massive investment in urban infrastructure and the development of land to build housing to accommodate more people, etc. These actions seem to have transformed the appearance of cities in a short period of time [19,20].



The superposition of various urban environmental problems is complicated and the distribution differences between regions are significant. The layout and environmental governance of megalopolises to promote urbanization, however, has become the focus of the government and researchers [21,22]. Therefore, making a coordinated plan for the larger agglomeration faces huge challenges. Effective quantitative assessment is critical for finding coping strategies in areas with complex urban environments such as China. Sustainable urbanization does not only emphasize the dynamic balance of the quality of the built environment and its environmental pressure during urbanization [23,24,25]. It goes beyond the narrow scope of urban areas into individual sustainable cities—and beyond that into the development of each megalopolis. It aims to bring about the harmonious development of different regions in the whole country. China’s large population base, its high speed of economic growth, its energy shortage and its fragile environment are key factors that must be taken into account when establishing a sustainable urbanization model with Chinese characteristics [26]. It is clear that sustainable urbanization must adhere to the national policy based of coordinated development between all parties in China.



Therefore, based on a detailed understanding of the sustainable development of the four major megalopolises, it is possible to compare and discuss the universal development characteristics of cities throughout the country so as to achieve the ultimate goal of providing a basis for decision makers to plan a national sustainable urbanization path. For this, we need a detailed understanding of the current urban performance of cities in the four megalopolises through the application of urban sustainability assessment system. Comparative and categorical analyses were conducted to extract general performance patterns for different types of cities and to make targeted recommendations. We expect that the research process and results of this study will not only provide reference for the future development of Chinese cities but can also be applied to the study of sustainable urbanization in other developing countries at the same stage.




2. Materials and Methods


2.1. Study Area


The Yangtze River Delta, Pearl River Delta, JingJinJi and Shandong Peninsula are four of 11 megalopolises that have approved Chinese government plans since 2015 (Figure 1) [27]. Among them, the first three megalopolises have gained consensus from many parties and are considered to be pioneering regions in China to promote economic, social and regional integration with strong development momentum [28,29,30]. The Shandong Peninsula has also attracted domestic and overseas attention both in terms of its international location relations and its own comprehensive strength. It is the fourth largest megalopolis in China with the most development potential after the above three megalopolises [21].



These four comparable megalopolises have been chosen as representative for several reasons. Firstly, they have good economic foundations which is an important base for the feasibility of implementation of strategic recommendations, advanced concepts and technologies related to sustainable urbanization. This allows us to apply the results of our evaluation in a practical way. In 2018, the per capita gross domestic product (GDP) of those four regions all exceeded $10,000/person (Figure 2), and their economic strength ranked among the top five in China with the largest increase in 9 years [31,32]. The increase in Shandong Peninsula is much higher than other megalopolises. As a result of this growth, the Chinese National Development and Reform Commission explicitly calls for the promotion of a multi-level, permanent consultation and coordination mechanism for megalopolises from now on [33]. These representative megalopolises, which have entered a phase of rapid urbanization earlier, will provide rich experiences for other megalopolises that are going through or have not yet developed to the same phase. Meanwhile, the future development of these urban agglomerations deserves sufficient attention. Lastly, the locational characteristics of cities in the megalopolises were taken into consideration, leading to the identification of two northern and two southern megalopolises, each of which includes coastal and inland cities, allowing our study to be more extensive and generalized. Along with economic development and social progress, their environmental problems have become increasingly serious. Some cities have long-term pursuits of high GDP growth at the expense of ecological resource protection which has led to significant impact on the environment [34,35]. So, the study of the sustainable urbanization of these typical megalopolises is particularly necessary and valuable for replication in other regions.



All applied databases for cities within these four megalopolises are derived from authoritative government statistics from 2010 to 2018 [36]. This data is available on public platforms for easy access and to allow all parties to replicate and build on their results by referencing our research.




2.2. Urban Sustainability Indicators for Performance Evaluation


To accurately compare the performance of sustainable urbanization in four typical megalopolises in China, our proven assessment system of urban sustainability has been used in this research. In it, urban sustainability is developed in the context of China’s rapid urbanization, based on sustainable development goals (SDGs) and a detailed critical literature review. It involves four dimensions of the sustainability: economic, social, cultural and environmental. This is then summarized into two main focuses, namely quality of built environment (Qu) and environmental pressures (Pu), which are two urgent concerns for achieving sustainable urbanization in China at the current time. The urban sustainability assessment system is positioned as an easy-to-understand evaluation criteria, not only to highlight the importance of these two key dimensions and to facilitate reach consensus. It is expected to be easily applied by all parties and to gain consensus for joint promotion of sustainable urban policies. For this reason, the ratio of these two categories is defined as the urban sustainability (Su), which is inspired by a classic input-output efficiency model of economics [37,38]. This means the criteria by which the degree of sustainability of the city can be measured as follows:


   S U  =    Q U     P U    =     ∑   i = 1  n   Q  Ui       ∑   i = 1  m   P  Ui            



(1)







The selection of evaluation indicators is based on 14 existing reports on sustainable urban assessment tools formulated by the Chinese government and official scientific research institutions from 2000 to the present shown in Table 1. Moreover, several well-known international evaluation systems, such as Leadership in Energy and Environmental Design (LEED), Comprehensive Assessment System for Built Environment Efficiency (CASBEE), the City Development Index (CDI) etc., were used as reference materials for the above 14 assessment tools. Their focus, scoring methods and number of indicators of each evaluation system are different with no uniform standard. The indicator categories mostly focus on economic growth, human settlements, resource utilization, energy conservation, and environmental quality. Based on the above tools, the indicators have been simplified and sorted out as follows: (1) ranking those that appear more frequently and excluding those that appear less than 20% of the time; (2) excluding subjective indicators that cannot be objectively quantified; (3) excluding indicators for which data cannot be obtained from publicly available government platforms; and (4) merging indicators that are repetitive or have co-linearity with others. Through this process, 17 indicators were used in the assessment system of urban sustainability, grouped by subordinate categories and listed in Table 2. The quality of built environment (Qu) consists of urbanization economies (four sub-indicators), infrastructure development (four sub-indicators) and urban attraction (three sub-indicators). Environmental pressures (Pu) consist of resource consumption (two sub-indicators) and environmental pollution (four sub-indicators).




2.3. Weighting Method of Principal Component Analysis (PCA)


Determining weighting criteria is important for scientific evaluation. Most scholars prefer quantitative methods that assign weights after standardizing the statistical values of relevant indicators, which can avoid excessive influence or emphasize individual subjectivity. Principal component analysis (PCA) has proven to be very effective and reasonable in some classic evaluation systems, such as the ecological footprint published by Wackernagel and Rees in 1992 [53], City Development Index published by UN-habitat in 1997 [54], etc. The weights are generally determined in two ways: one is the weight of the indicator that is equal to the weight of the variance contribution of the principal components, and the other is a normalization of the weighted average of the coefficients of the indicator in the linear combination of the principal components [55,56,57]. The application of principal component analysis in this study makes use of the principle of information condensation of data, using the former variance interpretation ratio for the weight calculation. The specific steps are: (1) preparing the standardized data using the min-max scaling method [58]; (2) calculating the principal component scores of the indicator in each category separately; (3) taking the percentage of the scores as the weight of corresponding indicator to represent its contribution to the principal evaluation category. All indicators with weighted scores are shown in Table 2 and are calculated as follows:


   W   (  p / q  )  i   =    |   λ   (   p q   )  i    |      ∑   i = 1    n m     |   λ   (   p q   )  i    |     



(2)






    Q  Ui   =  W   ( q )  i   ×    u   ( q )  i    ′        ;    P  Ui   =  W   ( p )  i   ×    u   ( p )  i    ′    



(3)




where    λ   (   p q   )  i     is the component score coefficient matrix;    W   (  p / q  )  i     is the weight of all representative indicators in each category of Qu and Pu;    u   ( q )  i  ′    o r      u   ( p )  i    ′    is the standardized statistical value of sub-indicators. Further,    Q  Ui     o r      P  Ui     is the weighted score of each indicator.




2.4. Hierarchical Clustering for Comparative Analysis of Classifications


Hierarchical clustering, also known as hierarchical cluster analysis, was used to classify 91 cities in the study area for comparative analysis. It is an algorithm that groups similar objects into what are called clusters [59,60]. In theory, hierarchical clustering begins by treating each observation as a separate cluster. Each cluster is different from the others, and the objects in each cluster are roughly similar to each other. The clustering process executes the following two steps in an iterative manner. (1) the identification of the two nearest clusters, and (2) the joining of the two most similar clusters. This process of iteration lasts until all clusters have been grouped into one type. Data for cluster analysis using SPSS should be prepared as follows: (1) the rows are the observations (individuals) and the columns are the variables; (2) all missing values, if any, in the data must be deleted; (3) the data must be standardized to make the variables comparable [61,62,63].


  Δ  (  A , B  )  =   ∑   i ∈ A  ∪  B      |   |   →   x i    −    → m    A  ∪  B    |   |   2  −   ∑   i ∈ A      |   |   →   x i    −    → m   A   |   |   2  −   ∑   i ∈ B      |   |   →   x i    −    → m   B   |   |   2  =    n A   n B     n A  +  n B       |   |     → m   A  −    → m   B   |   |   2   



(4)




where    →   m i      is the center of cluster i, and ni is the number of points. Δ is the combining cost of joining the clusters of A and B.





3. Descriptive Statistics Analysis of Urban Performance Indicators


To understand the development of each of the urban environment indicators before assessment, the most important megalopolises (Yangtze River Delta, Pearl River Delta, JingJinJi and Shandong Peninsula) and the highest administrative level cities in China (Beijing and Shanghai) were extracted and analyzed together with China’s average data (except autonomous regions). All data are the national statistical data from 2010 to 2018, originally collected from the China Statistical Yearbook (2011–2019) and publicly available on government websites.



3.1. Urbanization Economies


Since the establishment of megalopolises in the 2000s, the Pearl River Delta, the Yangtze River Delta and the JingJinJi have grown rapidly in a stable urbanization process since before 2010 (Figure 3). This is the result of guidance from the national authorities and the most developed first-tier cities (Beijing, Shanghai, Guangzhou and Shenzhen), which are densely populated agglomerations with enormous economic and political influence. Although the start time of the Shandong Peninsula’s development is far behind other megalopolises, the growth of the urban population is quite significant after the opening up, especially with the implementation of the outline of urbanization development starting in 2012 [64], and the level of urbanization in the city surged within a year. All four metropolises have reached the upper middle ranking of the world economy since 2014 with a GDP per capita of over $10,000/person. The economic status of Yangtze River Delta and Pearl River Delta cities are relatively better and the GDP per capita, and have been in excess of the average national level for a long time. The economic divide between China’s lagging north and its booming south is rapidly widening, due to rapid gains in export trade and high-tech industries in southern cities during accelerated urbanization [65]. The economic development speed of Shandong Peninsula and JingJinJi are about the same. The slowdown in the growth of the secondary industry and the decline in investment demand caused the overall slowdown of economic growth in China around 2015, then the economy returned to a state of rapid growth. Although the proportion of China’s tertiary industry is increasing year by year and approaching 50%, it still lags behind the world average of 63.0% (statistical value in 2017). The unsatisfactory development of the service sector leads to a lag in the transformation of the employment structure and a low urbanization level [66].




3.2. Infrastructure Development


Over the past 30 years of reform, China’s infrastructure stock has ranked first in the world through moderately advanced large-scale infrastructure construction. In particular, the level of infrastructure development in the four megalopolises is generally higher than China’s average, but in JingJinJi it is relatively insufficient (Figure 4). Despite almost 30% of infrastructure investment being spent on building railroads and highways, urban transit infrastructure is still underdeveloped in many cities of these megalopolises [67]. The area of construction land per capita in China just exceeded the world average in 2014, but there is still a gap of nearly twice as much residential area per capita as in developed countries [68]. With the influx of urban population in a short period of time, a series of problems have emerged, such as insufficient public activity space, inconvenient transport networks, inadequate housing supply, etc. There is a significant decline in GDP shown in the figure at around 2014, especially in the first-tier cities. Moreover, the residential land area has not increased significantly in the past 9 years. According to the 2010 census, the per capita housing area of 55% of Chinese households is less than 30 m2. The per capita housing area in the more developed areas of the southeast coast is relatively low, and the demand for housing improvement is growing stronger. The good phenomenon is that there has been a growing awareness of the ecological and social value of urban green spaces in recent years [69,70]. Despite the fact that cities are still under great pressure from construction, they are attempting to increase green space such as the “plant where possible” policy implemented in Beijing [71]. However, the energy consumption during infrastructure development cannot be ignored for the changing lifestyle expectations and demographic trends, especially the demand for household energy demand.




3.3. Urban Attraction


Foreign direct investment (FDI) in a country, attracting high-quality human resources and advanced technologies, is a key indicator that could represent the environmental improvement of the innovation and technology industry to some extent [72,73]. It is pointed out that an attractive investment environment is one of the most essential conditions for the promotion of FDI. With the support of a series of policies to stabilize foreign investment, the four megalopolises have increased their exposure to the world and enhanced their attractiveness to foreign investment and are now all exceeding the Chinese average shown in Figure 5. In particular, the FDI in the Yangtze River Delta is two to four times higher than in other regions in 2018, thanks to the pioneering planning for the international financial center, making a free and convenient environment for investment, trade and transportation [74]. The measures include a further reduction in investment restrictions and continued optimization of the investment conditions. Foreign trade growth has declined or grown slowly, mainly due to two shifts: (1) consumption has transformed from physical to service consumption; (2) attractive products have changed from resource-consuming and sloppy products to technology-intensive and high-performance products since 2015. In 2016, driven by policy measures such as the reform of the commercial system and the reduction in foreign investment restrictions, foreign-invested companies showed a rapid recovery. However, they immediately fell back in JingJinJi and Shandong Peninsula regions mainly due to low income and technological innovation industry trade protections. In addition, investment in tourism is seen as a strategic industry. The extent of its development can directly reflect a city’s potential to shape its cultural identity and the attractiveness of international cooperation.




3.4. Resource Consumption


Figure 6 shows that there is a significant linear relationship between energy consumption and GDP. The Shandong Peninsula is the largest resource consumption megalopolis in China. The intensity of its energy extraction far exceeds that of other regions and the output is already exceeding storage. This kind of massive consumption of resources is a detrimental factor to sustainable urbanization. It is followed by JingJinJi, whose energy intensity is also greater than the average level of China, but it is already being controlled and beginning to decrease. From the national average curve, the value of energy consumption per capita began to decrease when per capita GDP was USD 10,000, similar to the environmental Kuznets curve [75]. The results of the third economic census in 2010 showed that the energy consumption intensity of the transportation, storage and postal industries was 1.35 tons of standard coal per CNY 10,000, which has surpassed other industries to become the sector with the highest energy consumption intensity. Therefore, in the Yangtze River Delta and Pearl River Delta regions where these industries are prominent, their energy intensity continues to rise and even grow faster. In contrast, the pressure on water consumption improves when the GDP reaches USD 7000–10,000 per capita in both China and its four megalopolises. However, the Yangtze River Delta, where high-tech industries are concentrated, is over-intensive in water consumption. Although the efficiency increased, much more water is consumed for economic growth than is saved. Its water stress is extremely higher than other megalopolises. In comparison, the intensity of water resources in the other three megalopolises is lower than or close to the national average due to different industrial structures, lack of water resources or water conservation concerns, etc.




3.5. Environmental Pollution


The enjoyment of a healthy environment has been recognized as a human right by the UN General Assembly in the face of environmental pollution and climate change [76]. The Chinese government’s policy to deal with water quality issues mainly relies on strengthening monitoring capabilities and enforcement mechanisms. As early as 1986, the “Regulations on Technical Policies for the Prevention and Control of Water Pollution” were promulgated. In addition, the “Water Pollution Law,” distributed in 2008, tried to increase the effect of early legislation by increasing penalties [77,78]. When the GDP reaches about USD 10,000/person, wastewater discharge intensity begins to decline in most regions of China (Figure 7). Although the national average wastewater discharge intensity is low, the wastewater discharge intensity remains high in the Yangtze River Delta and the Pearl River Delta, especially in their large coastal cities. The JingJinJi and Shandong Peninsula regions with more inland cities have better sewage control than the national average. Since the Chinese government promulgated “Ten Articles on Air Quality” in 2013, the overall national air quality has been improved [79], especially the air pollution far lower than the domestic average in Yangtze River Delta and Pearl River Delta. Most cities have made active efforts to control emissions of harmful pollutants such as SO2, NOx, soot and dust by upgrading detection and filtration technologies and using clean energy. In Yangtze River Delta and Pearl River Delta, the air pollution is far lower than the domestic average. As the curve shows in Figure 7, SO2 emissions are in a rapid decline across urban agglomerations, with their peak emissions all occurring when the GDP reached about USD 7000/person. From the data released by NASA in 2018 [80], China remains the third largest emitter of SO2 in the world, and environmental pollution still cannot be ignored.





4. Comparative Assessment Results with Classification Analysis


4.1. Assessment Results Analysis among Four Megalopolises


Rapid urbanization makes rapid economic growth in emerging economies and cities play crucial roles in driving megalopolises’ development. In terms of the quality of the built environment (Figure 8 and Table 3), all four megalopolises show continuously positive trends from 2010 to 2018 with a steady growth rate. The Qu score in Pearl River Delta was 0.182 in 2010 and 0.262 in 2018, always staying in the leading position. It is followed by the Yangtze River Delta, Shandong Peninsula, and JingJinJi. Although the ranking of the cities has not changed in 9 years, the growth rates of the Shandong Peninsula and the Yangtze River Delta are relatively fast, as seen from the slopes of their regression lines. Their compound annual growth rate (CAGR) reached 7.31% and 6.04%, respectively. The gap between the top three megalopolises is getting smaller, but the gap between them and JingJinJi (in fourth) is increasing. Geographically, the southern regions of China have generally prospered whereas the northern regions have lagged, and the gap between them will likely continue to increase in the coming years. This is due to the dynamic economic activity in the south, which has created a boost to urban development. However, despite their abundance of resources, the northern regions have been adversely affected by slower fixed investment, transformation, and upgradation. Therefore, it is still necessary to deal with horizontal disparities in domestic regions, as they have huge implications for sustainable growth and the corresponding policymaking.



From the comparison of Pu (Figure 8 and Table 3), one can see that the current environmental pressure of the Pearl River Delta megalopolis is the smallest and is significantly better than other megalopolises, followed by JingJinJi, Yangtze River Delta and the Shandong Peninsula in 2018. The U-shaped regression characteristic indicates that the environmental pressures of the four megalopolises increase with time at the initial of the study period, but later these pressures diminish, starting just before 2016. Among them, the upward shift of the JingJinJi and Pearl River Delta regions occurred earlier, probably around 2012. The Yangtze River Delta and the Shandong Peninsula occur relatively late, resulting in a more significant gap between the two sets of regions. From the perspective of environmental pressure alleviation trends, JingJinJi has seen the fastest environmental improvement, with an average annual compound decline rate of 1.4%. Other regions are less than 1%. The regional cooperation in JingJinJi proved to be an efficient governance model for the protection and restoration of ecosystems and the prevention and control of pollution. However, the environmental load of the Shandong Peninsula, which has relied on heavy industry, has increased during this time period. The ranking of the Shandong Peninsula has changed from third to first in 9 years, indicating that its urban environmental problems have become increasingly prominent.




4.2. The Sustainability Performance Clustering Classification


According to sustainability performance analysis, the 91 sample cities are formed into 6 clusters by using the hierarchical clustering of Ward Linkage Method, which was originally presented in 1963 [81]. From the dendrogram, different characteristics of these six clusters of cities emerge, which we could summarize into six different cluster types (Table 4 and Figure 9). Furthermore, when considering the sustainability performance combined with the results in Figure 10, it can be seen that the six types are:




	(1)

	
Advanced positive type: there are seven cities in this type, including Shanghai, Beijing, Shenzhen, Guangzhou, Dongguan, Qingdao and Hangzhou. These cities have advanced economies with high urbanization and high-level administrative division. This cluster has the highest Qu points among all these six types, and the Pu points are relatively low. Therefore, the difference between Qu and Pu is significant and the sustainability performance is remarkable. The reason is that most of China’s mega cities are included in this type, such as Beijing, Shanghai and Shenzhen. Their urban population, GDP and income are incredibly high compared to other cities. The control of SO2 discharge, soot and dust discharge, water and energy consumption is done well, which makes those cities grow efficiently and sustainably. Such cities are on the right track and would likely continue to have high performance in the near future. Cities such as Beijing, Shanghai and Shenzhen are already recognized as international mega cities with world-leading infrastructure and outstanding urban attractiveness, and their aggregation attracts young talent which further improves the GDP and incomes, etc. These cities should be aware, however, of the additional challenges they are about to face, which need to be carefully handled. These challenges include the inadequacy of residential areas, green spaces and infrastructure. For cities such as Hangzhou, Qingdao and Dongguan, industrial upgrading will be a priority, as well as how to increase their GDP and income while effectively controlling their NOx emission and wastewater discharges.




	(2)

	
Coordinated positive type: there are 17 cites in this type, which can be represented by Wenzhou, Zhoushan, Shantou, Liu’an, Maoming, Heyuan and Weifang. These cities are in a well-coordinated but relatively low position in terms of urban quality and environment. It has the lowest Pu value among all six types, even though its Qu value is low, but the combined values are positive and the sustainability performance is remarkable. Most cities in this type are small, or are sub-cities to mega cities with quite a clear function. For this reason, there is not much pressure from political leaders, and the GDP value is low. However, the SO2 discharge, soot and dust discharge are highly controlled, making their sustainability performance outstanding. Most of these cities are non-heavy industry based, for example the modern agriculture industry in Weifang or the world-famous small commodity trading market for Wenzhou, etc. Their reasonable industrial structures make them even more sustainable than most of those larger cities. Despite their low population, GDP and income, they will maintain a high performance in sustainable development if they remain in control of environmental pressures and manage their industrial structure.




	(3)

	
Smart positive type: there are 31 cities in this type (the largest number of cities of any type). Some of the representative cities are Haozhou, Jinhua, Shaoxing, Ningbo, Weihai, Tianjin, Jiaxing, Tai’an, etc. Both Qu and Pu values for this type are at a moderate level, but there are subtle differences between the two dimensions in this type of city, meaning that the sustainable performance of these cities is still in a positive state of development. These cities are steadily improving, with joint implementation of urban construction and environmental control strategies. Most of them are the middle cities of China. Although their statistics values vary, the urban population, GDP, services, and incomes are generally high enough, whereas the SO2 discharge, soot and dust, energy consumption, etc., seem to be well controlled. Their status, however, is still sensitive. Compared to cities in Type I, their Qu values are much lower, and Pu are relatively high. Therefore, cities such as Tai’an and Huangshan should make full use of their tourism resources to develop non-heavy industries and reduce environmental pressures. Some other cities need to focus on controlling environmental pressures, such as Xuzhou, Foshan, Ningbo and Linyi. Other heavy industries, such as Linyi’s building materials and panels industry, need to be upgraded to more green industries such as Ningbo’s petroleum processing and coking industries in order to maintain a more positive sustainability performance.




	(4)

	
Transitional negative type: there are 10 cities in this type, include Nanjing, Suzhou, Changzhou, Hefei, Jinan, Wuxi, Zibo, and Dongying, etc. These cities are in the process of industrial transformation and upgrading but are relatively developed. They have very high Qu values, but at the same time have a significantly high value of Pu. The absolute value of Qu is not enough to cover the Pu value, which makes its sustainability performance low. Most of the cities in this type are heavy industry cities, such as Suzhou, Zibo, Dongying, etc. Although their positive efforts to contribute to the city’s GDP have resulted in a relatively good population, income and road infrastructure, the problems of environmental pollution caused by heavy industry are significant. This is especially true for excessive emissions of Nox and excessive energy consumption, which have resulted in these cities having higher Pu values than Qu values. For this type of city, a heavy industry is a double-edged sword for their sustainability performance. On the one hand, the industries have created more income and jobs and given the cities a higher Qu value. On the other hand, they have had a huge negative impact on the environment. Based on this, their priority should be to focus on the control of environmental pressure. For example, Zibo and Dongying require comprehensive industrial restructuring and upgrading, including reduction in the traditional fossil energy consumption and actively laying out new energy sources such as wind and solar power, etc.




	(5)

	
Lagging negative type: there are 19 cities in this type, including Shaoguan, Shijiazhuang, Huaibei, Heze, Xingtai, etc. The sustainability performance of this type of city is relevantly low, with the lowest Qu values and slightly higher Pu values than other types. These cities are mostly small or middle-sized cities and have for a long time lagged behind in their environmental governance capacity. They particularly lack urban attractiveness and infrastructure development, although the cities are of medium population, GDP and income. These cities also have high environmental pressures from Nox emissions and energy consumption, causing their future sustainable development to be of concern. As a result, cities with medium amounts of urban development have faced the same situation as some negative mega cities. They have similar Qu values to some positive cities, but it is not well controlled enough to combat the high Pu values that make their sustainability performance overall negative. Therefore, the suggested solution would be to make proper policy for their city’s industrial development, especially the heavy industry-based cities such as Shijiazhuang and Handan. It is heartening to see that some cities are embarking on more green industries, such as the city of Dezhou which has been working hard to develop the largest solar industry in recent years. This is the beginning of a good trend that will help turn negative performance into positive performance in the near future.




	(6)

	
Purely negative type: there are seven cities in this type including Tongling, Tangshan, Ma’anshan, Rizhao, Binzhou, Yancheng and Chengde. These cities have the highest Pu values and relatively low Qu values among all six types of cities, showing a remarkable state of unsustainable development. It can be found that most of these cities are heavy industrial cities with high energy consumption and high pollution. To produce higher GDP, urban population and income, they consume overly large amounts of energy, causing much higher Nox discharge and many other environmental problems. For the cities in this type, most of them rely on heavy-industry and natural resource consumption, such as Tongling, Tangshan, Ma’anshan and Binzhou. The coal industry and petroleum industry are the mainstay of their economies. However, they should be aware that once urban resources are depleted, they cannot be repaired, even at great cost. Therefore, a strict policy of energy saving, consumption reduction and tighter control of environmental pressures will work best for these cities. This will take sustained patience over several years to gradually transform into positive sustainability performance.











5. Conclusions


By comparing the sustainability performance results of four major Chinese megacities, the following main conclusions are obtained:



From the comparative analysis of the data from 2010 to 2018, (1) all four megalopolises show continuously positive trends in terms of the quality of the built environment with a steady growth rate. The Pearl River Delta has the highest Qu score, followed by the Yangtze River Delta, Shandong Peninsula and JingJinJi. (2) Environmental pressure first experienced an upward and then a downward trend. The Pearl River Delta megalopolis has the least environmental pressure, followed by JingJinJi, Yangtze River Delta and the Shandong Peninsula in 2018. Comprehensively, (3) the Pearl River Delta has the highest level of sustainable development, ranking at the top for nine consecutive years. It is followed by JingJinJi, Yangtze River Delta and Shandong Peninsula. Additionally, the JingJinJi megalopolis has the fastest improvement of urban sustainability. In general, (1) the sustainability of each megalopolis is showing a positive trend of improvement (2) but due to the different speed of improvement, the gap between the urban agglomerations could potentially widen, which may cause imbalanced development of the entire country and is not conducive to the coordinated development in the future.



Based on the sustainability performance clustering, cities can be classified into six types. The cities of advanced positive, coordinated positive and smart positive type have an overall positive sustainability performance, whereas the remaining three types of transitional negative, lagging negative and purely negative type have negative sustainability performance with different degrees of environmental pressure. The corresponding characteristics and implications of the different types of cities mentioned above provide a reference for cities in similar situations. These cities can be informed by indicators that they need to pay more attention to in order to avoid unsustainable risks.



There is an urgent need to further expand the scope of urban sustainable development research to gradually cover more regions all over the world in the future, for example, by establishing interconnections between cities based on their complementarity. A visual diagnostic and evaluation system can also be established for each city to facilitate real-time self-examination and provide decision aids for city policymakers. In the next stage, as developing countries are prepared to enter a new status of deceleration stage or terminal stage, the evaluation systems need to be optimized and enriched as well. All of the above are prospects for our future research.
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Figure 1. The location of study areas in China. 
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Figure 2. Comparative analysis of GDP and Urbanization rate among 11 megalopolises in China from 2010 to 2018. (Data source: China Statistical Yearbook 2011–2019 [36]). 
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Figure 3. The trend of urbanization economies in China from 2010 to 2018. (Data source: China Statistical Yearbook 2011–2019 [36]). 






Figure 3. The trend of urbanization economies in China from 2010 to 2018. (Data source: China Statistical Yearbook 2011–2019 [36]).



[image: Buildings 12 01422 g003]







[image: Buildings 12 01422 g004 550] 





Figure 4. The trend of infrastructure development in China from 2010 to 2018. (Data source: China Statistical Yearbook 2011–2019 [36]). 
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Figure 5. The trend of urban attraction in China from 2010 to 2018. (Data source: China Statistical Yearbook 2011–2019 [36]). 
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Figure 6. The trend of resource consumption in China (each point represents an average value of the variable for the cities in that group for each year in the data set from 2010 to 2018). (Data source: China Statistical Yearbook 2011–2019 [36]). 
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Figure 7. The trend of environmental pollution in China (each point represents an average value of the variable for the cities in that group for each year in the data set). (Data source: China Statistical Yearbook 2011–2019 [36]). 
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Figure 8. Data comparative analysis of Qu and Pu among four megalopolises. 
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Figure 9. Result of hierarchical Clustering and comparison of the mean evaluation scores of each indicator categories among six types of cities in 2018. 
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Figure 10. Comparison of the mean evaluation scores among six types of cities in 2018. 
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Table 1. The general list of 14 Chinese urban sustainability assessment tools.
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	No.
	Assessment Tools of City Scale by Chinese Authority Agencies
	Version Year
	Scoring Methods
	Indicator Categories
	Number of Indicators





	1
	Ecological Counties, Ecological Cities Construction Evaluation System [39]
	2003 (Trial version)
	Summation of scores achieved
	Economic development; Environmental protection; Social progress
	219



	2
	China’s Livable Cities Scientific Evaluation Standards [40]
	2007
	Weighted standardized values summation
	Social civilization; Economic prosperity; Beautiful environment; Resource carrying; Convenience of life; Public safety
	83



	3
	Low-carbon City Evaluation System of China [41]
	2011
	Standardized values summation
	Economy; Energy; Infrastructure; Environment; Society
	15



	4
	Green and Low-carbon Cities Evaluation Indicators [42]
	2011 (Trial version)
	Summation of scores achieved
	Social economy; Planning management; Construction land; Resources and environment; Energy conservation and emission reduction; Infrastructure and greening; Public services; Urban characteristics
	62



	5
	National Environmental Protection Model City Assessment Index and Implementation Rules [43]
	2011
	Summation of scores achieved
	Economic society; Environmental quality; Environmental construction; Environmental management
	24



	6
	National Ecological Civilization Pilot Policy Evaluation System [44]
	2013 (Trial version)
	Summation of scores achieved
	Economy; Natural Environment; Built environment; Regulations; Culture
	30



	7
	Technical Criterion for Ecosystem Status Evaluation [45]
	2015 (Draft)
	Weighted standardized values summation
	Environmental quality; Pollution load; Ecological construction
	18



	8
	Evaluation System for the Construction of National Ecological Civilization Model City [46]
	2016 (Trial version)
	Summation of scores achieved
	Space; Economy; Environment; Life; Regulations; Culture
	35



	9
	China Green Development Index System [47]
	2016
	Weighted standardized values summation
	Resource utilization; Environmental governance; Environmental quality; Ecological protection; Growth quality; Green life; Public satisfaction
	56



	10
	Evaluation System for Ecological Civilization Construction [48]
	2016
	Summation of scores achieved
	Resource utilization; Environmental protection; Annual evaluation results; Public satisfaction; Environmental incidents
	23



	11
	Evaluation indicators for green cities [49]
	2017 (Trial version)
	Weighted standardized values summation
	Green production; Green life; environmental quality
	67



	12
	Evaluation System of the Construction Target of the National Ecological Civilization Pilot Zone [50]
	2018
	Summation of scores achieved
	Economic quality; Resource and energy conservation and utilization; Ecological construction and environmental protection; Ecological culture cultivation; Mechanism construction
	49



	13
	Indicators for City Services and Quality of Life [51]
	2019
	Weighted standardized values summation
	Economy; Education; Energy; Environment; Finance; Fire and emergency response; Governance; Health; Leisure; Safety; Shelter; Solid waste; Communication and innovation; Transportation; Urban planning; Wastewater; water and sanitation
	100



	14
	New-type Urbanization-Evaluation Index System of New Urbanization Quality City [52]
	2020 (Trial version)
	Weighted standardized values summation
	Economic development; Social culture; Ecological environment; Public services; Residents’ lives; Reward indicators
	76
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Table 2. List of indicators and their weights.
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Basic

	
Label

	
Description of Indicators

	
Weight (%)




	
Dimensions






	
Qu

Quality of built environment

	
Qu1

	
Urbanization economies




	
q1

	
Urban population percentage (% of total population)

	
8.56




	
q2

	
GDP per capita ($/person)

	
8.52




	
q3

	
Services value added (% of GDP)

	
8.51




	
q4

	
Income per capita ($/person)

	
7.74




	
Qu2

	
Infrastructure development




	
q5

	
Construction land per capita (m2/person)

	
9.30




	
q6

	
Residential area per capita (m2/person)

	
9.00




	
q7

	
Green area per capita (m2/person)

	
9.01




	
q8

	
Road area per capita (m2/person)

	
6.02




	
Qu3

	
Urban attraction




	
q9

	
Number of tourists (1000 person)

	
10.99




	
q10

	
Foreign direct investment ($106)

	
10.09




	
q11

	
Export volume of trade ($106)

	
12.25




	
Pu

Environmental pressure

	
Pu1

	
Resource consumption




	
p1

	
Energy consumption per capita (GJ/person)

	
25.00




	
p2

	
Water consumption per capita (ton/person)

	
25.00




	
Pu2

	
Environmental pollution




	
p3

	
Wastewater discharged per capita (ton/person)

	
10.47




	
p4

	
SO2 emission per capita (kg/person)

	
15.03




	
p5

	
NOx emission per capita (kg/person)

	
9.56




	
p6

	
Soot and dust discharged per capita (kg/person)

	
14.94








Notes: This table is derived from our proven assessment system [25] and have been edited.













[image: Table] 





Table 3. Data comparative analysis among four megalopolises.
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	Yangtze River

Delta
	Pearl River Delta
	Shandong Peninsula
	JingJinJi





	Qu (2010)
	0.157
	0.182
	0.127
	0.122



	Ranking
	2
	1
	3
	4



	Qu (2018)
	0.257
	0.262
	0.239
	0.208



	Ranking
	2
	1
	3
	4



	Mean
	0.21
	0.23
	0.19
	0.17



	CAGR (%)
	5.62
	4.12
	7.31
	6.04



	Pu (2010)
	0.240
	0.185
	0.214
	0.222



	Ranking
	1
	4
	3
	2



	Pu (2018)
	0.238
	0.176
	0.250
	0.195



	Ranking
	2
	4
	1
	3



	Mean
	0.25
	0.19
	0.25
	0.23



	CAGR (%)
	−0.08
	−0.57
	1.74
	−1.40



	Su (2010)
	0.741
	0.953
	0.643
	0.607



	Ranking
	2
	1
	3
	4



	Su (2018)
	1.283
	1.495
	1.067
	1.345



	Ranking
	3
	1
	4
	2



	Mean
	0.97
	1.19
	0.82
	0.89



	CAGR (%)
	6.29
	5.12
	5.79
	9.24







Note: CAGR = Compound annual growth rate.
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Table 4. List of cities by sustainability performance clustering classification.






Table 4. List of cities by sustainability performance clustering classification.





	No.
	City Classification
	Common Characteristics Description
	Level of Urban Sustainability
	List of Cities
	N





	I
	Advanced positive type
	Advanced economic cities with high urbanization and high-level administrative division
	High sustainability with high quality
	Shanghai, Beijing, Shenzhen, Guangzhou, Dongguan, Qingdao, Hangzhou
	7



	II
	Coordinated positive type
	Urban quality and environment are in a well-coordinated but relatively backward cities
	Moderate sustainability with low pressure
	Wenzhou, Zhoushan, Jieyang, Yunfu, Zhanjiang, Chaozhou, Fuyang, Meizhou, Suqian, Weifang, Heyuan, Maoming, Liu’an, Suuzhou, Hengshui, Baoding, Shantou
	17



	III
	Smart positive type
	Steady improvement cities with joint implementation of urban construction and environmental control strategies.
	Basic sustainability with low quality
	Tianjin, Xuzhou, Foshan, Ningbo, Linyi, Langfang, Tai’an, Jiaxing, Zhongshan, Nantong, Yangzhou, Taizhou, Zaozhuang, Lishui, Huai’an, Chuzhou, Shanwei, Anqing, Zhaoqing, Yangliang, Weihai, Huangshan, Zhuhai, Huizhou, Lianyungang, Yantai, Jiangmen, Taizhou, Shaoxing, Jinhua, Haozhou
	31



	IV
	Transitional negative type
	In the process of industrial transformation and upgrading but relatively developed cities
	Slight unsustainability with high quality
	Nanjing, Suzhou, Hefei, Jinan, Wuxi, Changzhou, Zibo, Dongying, Huzhou, Zhenjiang
	10



	V
	Lagging negative type
	Long-term multi-dimensional lagged behind cities with inadequate environmental governance capacity
	Intermediate unsustainability with low quality
	Shijiazhuang, Handan, Chizhou, Shaoguan, Huaibei, Huainan, Wuhu, Qinhuangdao, Quzhou, Cangzhou, Liaocheng, Heze, Bengbu, Dezhou, Qingyuan, Jining, Xuancheng, Zhangjiakou, Xingtai
	19



	VI
	Purely negative type
	Heavy industrial cities with high energy consumption and high pollution
	Severe unsustainability with high pressure
	Tangshan, Tongling, Ma’anshan, Yancheng, Rizhao, Binzhou, Chengde
	7
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