

  sustainability-11-03160




sustainability-11-03160







Sustainability 2019, 11(11), 3160; doi:10.3390/su11113160




Article



Assessing the Regional Sustainability of the Beijing-Tianjin-Hebei Urban Agglomeration from 2000 to 2015 Using the Human Sustainable Development Index



Shiyin Chen 1,2, Qingxu Huang 1,3,*[image: Orcid], Ziwen Liu 1,3, Shiting Meng 1,3, Dan Yin 1,3, Lei Zhu 1,2 and Chunyang He 1,3





1



Center for Human-Environment System Sustainability (CHESS), State Key Laboratory of Earth Surface Processes and Resource Ecology (ESPRE), Beijing Normal University, Beijing 100089, China






2



Faculty of Geographical Science, Beijing Normal University, Beijing 100089, China






3



School of Natural Resources, Faculty of Geographical Science, Beijing Normal University, Beijing 100089, China









*



Correspondence: qxhuang@bnu.edu.cn; Tel.: +86-010-58800258







Received: 13 May 2019 / Accepted: 30 May 2019 / Published: 5 June 2019



Abstract

:

Sustainability assessment can analyze the challenges of regional development from societal, economic, and environmental dimensions and provide an important baseline for regional planning. Recently, the rapid socio-economic development of the Beijing-Tianjin-Hebei (BTH) urban agglomeration has inflicted great pressure on the regional environment. Therefore, this paper evaluated the sustainability dynamics of the BTH urban agglomeration from 2000 to 2015 at the city scale using the Human Sustainable Development Index (HSDI) and discussed the major drivers of the changes in regional sustainability. The results showed that the overall sustainability of the BTH urban agglomeration increased from 2000 to 2015, with the HSDI increasing by 10%. Among the three dimensions, the economic sustainability indicators grew the fastest, with a growth rate of 42%, while the environmental sustainability indicators declined by 8%. The decline of environmental sustainability played an important role in limiting regional sustainable development. Specifically, the optimization of the energy structure in six cities, e.g., Tangshan, Langfang and Cangzhou, was relatively weaker than that in the remaining seven cities. In the future, the BTH urban agglomeration must further optimize the energy structure to build a resource-saving and environmentally friendly society.
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1. Introduction


The quantitative assessment of regional sustainability can evaluate the sustainability of complex nature-society systems at a variety of temporal and spatial scales [1,2]. These assessments can help policymakers to understand the complex relationship among various components of regional sustainable development and provide effective guidance for policy-making [3,4]. The sustainability assessment of a region needs to not only focus on the overall sustainability state, but also to examine the differences in social, economic, and ecological development within the region [5]. This dual focus will contribute to future regional planning and decision-making, facilitating the further exploration of potential factors that affect regional sustainable development [6,7]. Two perspectives existed in previous studies, strong and weak sustainability [3,8]. Strong sustainability assumes that socioeconomic development (or human-made capital) and environmental integrity (or natural capital) are not alternative [9]. Replacement with human-made capital can be difficult when critical natural capital is damaged; that is, economic development cannot be achieved at the cost of environmental damage [10]. Weak sustainability assumes that human-made capital and natural capital can be substituted, which supports the idea that economic development at the cost of environmental degradation is also sustainable [9,11]. However, weak sustainability is unsustainable in the long term [2,6].



A large number of indicators and indicator systems for sustainability assessment (Table 1) have emerged since the first Earth Summit in 1992, which called for the development of sustainability assessment methods [3,12]. Some methods focus one or two dimensions of sustainability, such as the Human Development Index (HDI) developed by the United Nations Development Programme [13], the Happy Planet Index (HPI) developed by the New Economics Foundation [14], and the Green City Index (GCI), which was developed by the Economic Intelligence Unit and Siemens [15]. Meanwhile, some methods include the above three dimensions, such as the Human Sustainable Development Index (HSDI) developed by Togtokh and Gaffney [16], the City Development Index (CDI), which was developed by the United Nations Human Settlements Programme [17], and the Sustainable Society Index (SSI) developed by the Sustainable Society Foundation [18]. These indicators and indicator systems have been accepted as a tool to guide mankind towards the sustainable development goals, because their calculations are relatively simple [2,19].



Researchers have evaluated the sustainability of the Beijing-Tianjin-Hebei (BTH) urban agglomeration by using different indicators and indicator systems from the dimensions of society, economy, and the environment. In terms of social and economic dimensions, Yang et al. studied the differences in social-economic development among different provinces in China in 2003 and divided the country into four tiers that are based on the human development index (HDI) [20]. They found that Beijing and Tianjin were in the first tier with the highest performance, while Hebei Province was in the third tier with a lower performance. Theng et al. calculated and compared the smart city index of 32 major cities in China in 2011, and found that, in the overall scores of smart city, Beijing and Tianjin ranked fourth and 12th, respectively, while Shijiazhuang, the capital of Hebei province, ranked 29th, out of 32 cities [21]. In terms of the environment dimension, Yu et al. divided China into eight major economic zones, and then calculated and mapped the spatial distributions of the green GDP from 1990 to 2015. The results indicated that the Northern Coastal Economic Zone, which contains Beijing, Tianjin, Hebei, and Shandong, had the highest increase rates of green GDP in all eight zones and the contribution of economic development to green GDP dominated [22]. Sun et al. established the indicator system of green development, analyzed the evolution process of green development, and divided the green development level of 30 Chinese provinces and cities into four levels. Beijing and Tianjin had the highest scores for sustaining input, and Hebei Province was at the lowest level, with a low sustaining input score [23]. Gao et al. studied the status of regional freshwater sustainability in the BTH region by constructing the freshwater ecosystem service footprint model and found that most of the regions in the BTH urban agglomeration were in a sustainable development status, except in the regions around Beijing [24]. Peng et al. divided Beijing into four zones according to the utilization of natural capital. They found that only the second zone did well in balancing efficiency, equity, and ecology, while the other three zones should, in future development, separately emphasize these three aspects [25]. In summary, most of the studies have focused on only the socio-economic dimension or the environmental dimension, and have not fully covered the three dimensions of sustainable development. In addition, due to the large demand for data, few studies have evaluated sustainability at the city scale in urban agglomeration [26].



The Human Sustainable Development Index (HSDI) provides a new way to comprehensively assess the sustainability of the BTH urban agglomeration. First, the HSDI adds the per capita CO2 emissions on the basis of the HDI, which includes environmental factors in the sustainability assessment. This inclusion enables the HSDI to encompass the “three dimensions” of sustainable development, i.e., the environmental, economic, and social dimensions, and it facilitates a comprehensive assessment of regional sustainable development [28,29]. Second, in terms of calculating the HSDI, the demand for data is relatively small and the acquisition of data is relatively easy. Most of the data required to calculate the HSDI can be obtained from the statistical data released by government and international organizations, which lays a foundation for a sustainability assessment at the city scale.



This paper aims to evaluate the regional sustainability of the BTH urban agglomeration from multiple scales for the last 15 years. First, the HSDI values of BTH urban agglomeration were calculated at the provincial and city scales in 2000 and 2015. Subsequently, the dynamics of the HSDI in the BTH urban agglomeration was examined in the past 15 years using the changes in the HSDI and cluster analysis. Finally, the paper discusses the main causes of sustainability changes in the BTH urban agglomeration and provides suggestions for regional sustainable development in the future.




2. Study Area and Data


2.1. Study Area


The BTH urban agglomeration is located between 113.27° E and 119.50° E and between 36.05° N and 42.40° N (Figure 1). It consists of Beijing, Tianjin, and eleven prefectural cities in the neighboring Hebei Province. It is one of the three major national-level urban agglomerations in China [30]. In 2017, the population of the BTH urban agglomeration accounted for 8% of the country’s total population, creating a regional GDP of 8058 billion yuan, which is more than one-tenth of the overall GDP of China [31]. The 13th Five-year Plan for National Economic and Social Development of the People’s Republic of China sets the goal of building the BTH urban agglomeration into a world-class urban agglomeration, with Beijing as the core. In the future, the BTH urban agglomeration will play an important role in establishing national competitiveness, coping with global competition [29], improving the prosperity of the Bohai-rim region, and promoting the development of the northern hinterland. However, during the process of rapid economic development, the BTH urban agglomeration still encountered problems, such as large industrial gas emissions and urban effluent discharge [32], declining in biological carrying capacity along with socio-economic development [33], and an imbalance in regional development [29].




2.2. Data


The socio-economic data that were used in this paper include the per capita GDP, the proportion of illiterate people aged 15 and over, the number of primary, secondary and high school students, and the age structure in each region. The above data were collected from the China City Statistical Yearbook, the Beijing Statistical Yearbook, the Tianjin Statistical Yearbook, and the Hebei Economic Yearbook in 2001 and 2016 [34,35,36,37,38,39,40,41]. China’s implied purchasing power parity conversion rates in 2000 and 2015 were from the World Economic Outlook data website (http://www.econstats.com/weo/V013.htm), which was released by the International Monetary Fund (IMF).



Second, the provincial energy balance tables (EBTs) were all drawn from the China Energy Statistics Yearbook in 2001 and 2016 [42,43]. River, highway, railway, prefecture-level city, and county-center vector data with a scale of 1:4,000,000 were from the National Geographic information public service platform (http://service.tianditu.gov.cn/).





3. Methods


3.1. Calculating the HSDI


The selection of variables for calculating the sustainability indicator or indicator set is strongly limited by data availability and regional context [44]. The variable selected in this study covers all three dimensions of sustainability in order to make the assessment comprehensive and repeatable, while we also considered the difficulty of data acquisition of Chinese prefecture-level cities and used the widely recognized urban indicators [19]. Specifically, we chose the HSDI for the following three reasons. First, HSDI is developed on the basis of HDI, which has become a standard and widely reported indicator in many formal reports and academic publications [3]. Second, HSDI provides a sustainability assessment in the environmental dimension by using per capita CO2 emission, which is a simple but quantifiable indicator for different countries and cities [45]. Third, the variables and data for calculating HSDI is accessible at the prefecture-level city level in China when compared to other sustainability assessment indices (Table 1).



Based on the method of the HSDI calculation that was proposed by Togtokh and Gaffney, as well as the methods of Bravo et al. and Li et al., this study quantified the HSDI at the city scale in 2000 and 2015 [16,28,46]. The HSDI used four different sets of data, including life expectancy at birth, education level, per capita GDP, and per capita CO2 emissions. The specific calculation formula is as follows:


HSDI=LEI×EI×GDPI×EMI4,



(1)




where LEI and EI are the health indicator and education indicator representing social sustainability, and GDPI is a material living standard indicator representing economic sustainability. LEI, EI and GDPI are calculated in the same way as the HDI index developed by the UNDP [13]. The per capita CO2 emission index, EMI, is used to represent environmental sustainability



Specifically, the health indicator LEI focuses on life expectancy at birth (LE), which is derived from data from the fifth and sixth national censuses. The data from 2010 were used in this study to replace the data from 2015, and the average life expectancy of Hebei Province was used for all prefecture-level cities in Hebei due to the limitation of data availability. The calculation formula is as follows:


LEI=LE−2585−25 ,



(2)




where EI quantifies the adult literacy rate (AL) and comprehensive gross enrollment rate (ER) of primary, secondary, and higher education. AL is the proportion of people aged 15 and above who are illiterate. The ER is obtained by dividing the total number of students in primary schools, middle schools, and universities by the number of individuals aged 5–24 in the school-age population. The calculation formula is as follows:


EI=23×AL+13×ER ,



(3)




where GDPI measures China’s GDP per capita adjusted through purchasing power parity, that is, GDPpc, from the economic perspective. GDPpc is calculated by dividing the GDP per capita by the implied purchasing power parity conversion rate that is published by the IMF. The calculation formula is as follows:


GDPI=log2GDPpc−log2100log240,000−log2100,



(4)




where EMI reflects the environmental sustainability via per capita CO2 emissions (EMCO2pc). EMCO2pc is calculated by dividing the total CO2 emissions of the region by the population of the region. The calculation formulas of EMI and EMCO2pc are as follows:


EMI=1−EMCO2pc63.18×Population,



(5)




where EMCO2 is the total regional CO2 emissions. This value is calculated following the 2006 IPCC Guidelines for National Greenhouse Gas Inventories, which involves adopting the energy consumption in the EBTs and the default emission factors for energy activities from the Greenhouse Gas Accounting Tool for Chinese Cities (Pilot Version 1.0), which was released by the World Resources Institute (WRI) (Washington, DC, USA) [47,48]. The specific formula is as follows:


EMCO2=Σ(FC Cityi×Emission Factori),



(6)




where EMCO2 is the CO2 emissions that are generated by energy consumption. FC Cityi is the consumption of the ith energy in the provincial area (104t), and Emission Factori is the CO2 emission factor of the ith energy fuel (104t CO2/104t).



Due to the lack of EBTs for all prefecture-level cities in Hebei Province, the FC Cityi of energy consumption of the ith prefecture-level cities in Hebei Province cannot be directly obtained. This study referred to the method that was proposed by Jing et al. and proportionately allocated the provincial energy consumption of all types to prefecture-level cities [49].


FC Cityi=Σ(Fuel Consumptioni,j×aj),



(7)




where Fuel Consumptioni,j is the total consumption of the jth item of the ith energy in the provincial EBT (104t). aj is the proportion of energy consumption distribution of the jth item in a prefecture-level city and it can be calculated as


aj=Icityk,jIprovince,



(8)




where Icityk is the distribution indicator value of the jth project in the kth city, and Iprovince is the distribution indicator value of the province where the city is located. Table 2 shows the selected results of the distribution indicators. The distribution principle referred to the work by Jing et al., and this approach makes it easy to obtain the selected distribution indicators that fully represent the energy consumption of the item [49].




3.2. Cluster Analysis


We further analyzed the difference in sustainability in the region using the hierarchical cluster analysis. Previous studies suggest that multiple methods can be used to group the regions into clusters, and statistical tests should validate the clustering results [50,51]. Therefore, we conducted the cluster analysis in the following three steps. In the first step, the distance measure was the squared Euclidean distance, which is the most commonly used distance measure for continuous variables and it can obtain differences between the mean profiles of clusters [50,52]. Afterwards, the average linkage between groups was used to determine the number of clusters. Finally, the clustering results were further verified by the non-parametric tests.



In this paper, we conducted two cluster analyses on the sustainable development status and the dynamics of the urban agglomeration, respectively. Specifically, the HSDI, LEI, EI, GDPI, and EMI of the BTH urban agglomeration in 2015 were selected to classify the sustainable status in 2015. In addition, we classified the categories of sustainable change by using the changes in the EMI and GDPI from 2000 to 2015.



Since there are only 13 cities, we chose the non-parametric test to validate the cluster results, because it does not need to meet the assumption of normal distribution of samples [53]. Specially, as the first cluster analysis divided the 13 cities into three categories based on the sustainability status in 2015, the Kruskal-Wallis H test is used to validate the difference. As the second cluster analysis divided the cities into two categories based on the EMI changes and GDPI changes from 2000 to 2015, the Mann–Whitney U test was used to identify whether there were significant differences between the two categories of cities from 2000 to 2015. The three-step cluster analysis was performed while using SPSS 24.0 software (IBM, New York, USA) [54].




3.3. Aanalyzing the Correlation among between Environmental Indicator and HSDI


To explore the contribution of the change in environmental dimension of sustainability to the integrated indicator, HSDI, we conducted the Person correction between EMI and HSDI among the 13 cities in the BTH urban agglomeration. The calculation formula is as follows:


r=∑i=1n(xi−x¯)(yi−y¯)∑i=1n(xi−x¯)2∑i=1n(yi−y¯)2



(9)




where r is the Pearson correlation coefficient; i is the ith city, ranging from 1 to 13; n is the total number of cities; xi is the change of HSDI of the ith city; yi is the change of EMI of the ith city; and, x¯ and y¯ are the mean change of HSDI and mean change of EMI, respectively. The calculation of r and followed t-test are carried out in SPSS 24.0 software [54].





4. Results


4.1. Regional Sustainable Development Status of the BTH Urban Agglomeration in 2015


The regional sustainability of the BTH urban agglomeration was above the average level. The HSDI of the BTH urban agglomeration was 0.85 in 2015, a value that was higher than the average HSDI of China in 2010, which was 0.83 [28]. Within the urban agglomeration, there was a large disparity in the HSDI among the Beijing, Tianjin, and Hebei provinces, and smaller differences were found among prefecture-level cities in Hebei Province. Beijing had the highest HSDI of 0.89 (Figure 2), which was 5.06% higher than that of Tianjin and 7.86% higher than that of Hebei Province. The HSDI of all prefecture-level cities in Hebei Province was greater than 0.80, and the discrepancies between prefecture-level cities were relatively small. The highest HSDI of 0.84 was in Qinhuangdao, which was only 3.58% higher than that in Hengshui.



Cluster analysis showed that the 13 cities in the BTH urban agglomeration in 2015 could be classified into three categories (Figure 3). The Kruskal–Wallis H test supported that the clustering results were reliable (Table 3). In terms of LEI, GDPI, EMI, and HSDI, the three categories of cities were significantly different. The differences in LEI and GDPI were significant at the 0.01 level, and the p values of EMI and HSDI were less than 0.05. In terms of EI, the p value was 0.077, which suggested that it passed the significance test at the 0.1 level.



Among the three categories of cities, the first category of cities, which included Beijing and Tianjin, had the highest level of overall sustainability, economic sustainability, and healthy sustainability. The average HSDI, GDPI and LEI values for the cities in the first category were 0.87, 0.92 and 0.91, respectively. In terms of environmental sustainability, cities in the first category were at an intermediate level, and the EMI of these cities was 0.839, which was slightly higher than that of cities in the second category (i.e., 0.81) and smaller than that of cities in the third category (i.e., 0.91). For educational sustainability, the cities in the first category showed the lowest EI, which was 0.82.



The second category (i.e., Shijiazhuang, Langfang, Cangzhou and Tangshan) included the cities with an intermediate overall sustainability level and a low environmental sustainability level. The average HSDI of these cities was 0.83. The environmental sustainability level of this category was the lowest among the three categories, and the EMI was only 0.81, which was 12.50% lower than that of the third category. In terms of the educational sustainability level, the second category of cities had the highest EI, which was 0.86.



The third category consisted of the cities with a high level of environmental sustainability but low levels of overall sustainability and economic sustainability. Those cites included Qinhuangdao, Chengde, Handan, Hengshui, Xingtai, Zhangjiakou, and Baoding, in which the highest EMI was 0.91, the lowest HSDI was 0.82. Among these cities, the GDPI was significantly different from that of the other two categories. The GDPI in the third category was 22.17% and 11.74% lower than those in the first and second categories, respectively.




4.2. Regional Sustainable Development Dynamics of the BTH Urban Agglomeration from 2000 to 2015


From 2000 to 2015, the regional sustainability of the BTH urban agglomeration showed an overall increasing trend (Figure 4). The HSDI increased from 0.772 to 0.849, with an increase of 0.078 and a growth rate of 10.1%. From the perspective of the three dimensions of sustainability, the levels of economic and social sustainability of BTH urban agglomeration increased, and the level of environmental sustainability decreased from 2000 to 2015. The GDPI, which represented economic sustainability, increased from 0.584 to 0.830, with an increase of 0.246 and a growth rate of 42.0%. The LEI and EI, representing social sustainability, increased from 0.804 and 0.807 to 0.859 and 0.844, with growth rates of 6.8% and 4.6%, respectively. The EMI, which represents environmental sustainability, decreased from 0.935 to 0.864, with a decrease of 0.071 and a change rate of −7.6%. Among the changes in the three dimensions, the change rate of economic sustainability was the largest. The variation in GDPI was 5.00, 6.25, and 3.57 times the variation in LEI, EI, and EMI, respectively.



The 13 cities in the BTH urban agglomeration can be divided into two categories, according to the changes of EMI and GDPI (Table 4, Figure 5). The Mann–Whitney U test results showed that the clustering results were also reliable (Table 5). In terms of the changes of GDPI and EMI, the two categories of cities are significantly different, and they passed the significance test at the 0.01 level.



The first category included cities with rapid growth in economic sustainability and a salient decline in environmental sustainability; these cities included Tianjin, Shijiazhuang, Tangshan, Chengde, Cangzhou, and Langfang. The average change in the GDPI (which represents economic sustainability) of such cities was 0.255, with an average increase of 45.1%. The EMI, which represents environmental sustainability, decreased by 0.111, which was a 12.0% decline. Among them, Tangshan is an example of a city that had relatively slow economic development as environmental sustainability declined. From 2000 to 2015, the economic sustainability growth of Tangshan only ranked seventh in the BTH urban agglomeration, but its environmental sustainability exhibited the greatest decline. During 2000–2015, the GDPI in Tangshan increased by 41.1%, which was smaller than the overall change in GDPI in Hebei Province (41.8%) and the overall growth of the GDPI in the BTH urban agglomeration (42.0%). Meanwhile, the reduction rate of the EMI in Tangshan was the largest among the 13 cities in the BTH urban agglomeration, accounting for 17.5%, which was 2.32 times the value of the EMI reduction rate (7.6%) in the BTH urban agglomeration.



The second category of cities has a low degree of environmental degradation with economic development. The cities included Beijing, Qinhuangdao, Hengshui, Baoding, Xingtai, Handan, and Zhangjiakou. These cities had a small decline in the EMI as the GDPI increased. Beijing and Zhangjiakou are examples of cities with rapid economic growth and a low degree of environmental degradation. Among them, Beijing had the smallest degree of environmental deterioration with economic growth. The EMI in Beijing decreased by only 0.8% between 2000 and 2015, which was much lower than the overall EMI declining rate of 7.6% in the BTH urban agglomeration; the value for Beijing also represented the best value in the BTH urban agglomeration. From 2000 to 2015, the growth rate of GDPI in Zhangjiakou was 52.2%, ranking third among the 13 cities in the BTH urban agglomeration, and the EMI reduction rate was 3.2%, being second only to Beijing.




4.3. The Correlation between Evnrionmental Sustainability and HSDI


The decline of environmental sustainability in the BTH urban agglomeration has played an important role in inhibiting regional sustainable development (Figure 6). The changes in the regional EMI were positively correlated with the changes in the HSDI, with a Pearson correlation coefficient of 0.50 (p < 0.1). This result implied that the cities with a higher degree of decline in environmental sustainability in this urban agglomeration were accompanied by a smaller increase in overall sustainability. Additionally, the Pearson correlation coefficients between the increase of the HSDI and the increase of the LEI, EI and GDPI were 0.10 (p = 0.739), 0.42 (p = 0.155), and 0.45 (p = 0.126), respectively. The result suggested that an increase in social or economic sustainability in the region did not necessarily lead to an increase in overall sustainability.



Among the 13 cities in the BTH urban agglomeration, Tangshan was the representative city of the regional sustainable development restricted by the decline in environmental sustainability. Tangshan had the smallest increase in overall sustainability and the largest decrease in environmental sustainability. From 2000 to 2015, the HSDI of Tangshan increased by 0.056, which was the lowest rate of increase among all cities. The EMI reduction in Tangshan was the greatest, with a decrease of 0.159. In contrast, Beijing and Zhangjiakou were representative cities in which the decline of environmental sustainability had less impact on regional sustainable development. The overall sustainability of these cities significantly increased, while the environmental sustainability decreased slightly. From 2000 to 2015, the increase of the HSDI in Beijing was relatively large, with an increase of 0.085, ranking the third in the BTH urban agglomeration. Meanwhile, its EMI reduction was the smallest among the 13 cities in the BTH urban agglomeration, decreasing by only 0.007. From 2000 to 2015, the HSDI in Zhangjiakou increased by 0.103, ranking the second in the BTH urban agglomeration. The reduction of environmental sustainability was small and the EMI decreased by 0.030, a value that was only higher than that of Beijing.





5. Discussion


5.1. Optimization of Energy Structure Played an Important Role in Urban Sustainability Change


We further analyzed the changes in the energy structure at the city scale to explain the changes in the environmental sustainability indicator (EMI) to understand the restricting effect of environmental sustainability changes on regional overall sustainability. Specifically, we investigated the changes in the proportions of three major fossil energy consumptions, i.e., coal, oil, and natural gas, at the city scale [55]. The reduced coal consumption and increased oil and gas consumption were beneficial for reducing CO2 emissions.



The results showed that the fossil energy structure of the BTH urban agglomeration was optimized from 2000 to 2015. During this period, the CO2 emissions that were generated by coal use in the BTH urban agglomeration accounted for a major proportion of the total CO2 emissions and showed a downward trend. The share of CO2 emissions from oil and gas use has increased overall. Specifically, the proportion of CO2 emissions that were generated by coal use in the BTH urban agglomeration was 88.7% in 2000 and 81.8% in 2015, representing a decrease of 6.9%. Meanwhile, the share of CO2 emissions from oil use increased from 10.1% to 11.4%, i.e., an increase of 1.2%. The share of natural gas increased from 6.8% to 11.2%, i.e., an increase of 5.6%.



Tianjin, Tangshan, and four other cities with a large decline in environmental sustainability performed worse in terms of the optimization of the fossil energy structure (Table 6). The average proportion of CO2 emissions from coal in these six cities decreased by only 1.8%, which was smaller than the average decline in the proportion of CO2 emissions from coal use in the BTH urban agglomeration (6.9%). Except for Chengde, the proportion of CO2 emissions that were generated by the oil use of the six cities declined by 0.3%-4.6%. In contrast, the same proportion increased by 1.2% in the urban agglomerations as a whole. The proportion of CO2 emissions that were generated by the natural gas use in these six cities increased by an average of only 2.6%, while the overall proportion of the BTH urban agglomeration increased by 5.6%.



In contrast, the proportion of CO2 emissions generated by coal use in Beijing, Handan, and the other five cities with lower environmental sustainability levels decreased by 12.0%, and the proportion of CO2 emissions generated by oil and natural gas use increased by 5.7% and 6.3%, respectively (Table 6). It can be seen that the decline of a city’s environmental sustainability was smaller when the performance of the optimization of the fossil energy structure was better. Using Beijing and Tianjin as the examples, the optimization of the energy structure of the former was far better than that of the latter. In 2000, the proportions of CO2 emissions that were generated by coal use in Beijing and Tianjin were 80.2% and 77.7%, respectively, i.e., they were basically at the same level. However, the proportion of CO2 emissions that were generated by coal use in 2005 in Beijing dropped to 25.7%, representing a decline of 54.5%, while the proportion of that in Tianjin dropped to 74.5%, representing a decline of 3.1%. In terms of the change in the proportion of CO2 emissions generated by natural gas use, Beijing increased by 31.7%, which was also much greater than that in Tianjin (7.7%). Therefore, Beijing, with a higher degree of optimization of the fossil energy structure, had a smaller decline in environmental sustainability than Tianjin.



Optimizing the energy structure is one of the key factors in transforming the BTH urban agglomeration from a state of weak sustainability to a state of strong sustainability. The BTH agglomeration should focus on how to optimize the energy structure, improve the energy utilization efficiency, increase the proportion of clean energy, and adjust the industrial structure in terms of future emission reduction strategies [56]. At the same time, the government should buttress local low-carbon development, build specific guidelines and policy evaluation systems, summarize the practical experience, and share it [57].




5.2. Future Perspectives


This study evaluated the sustainability dynamics of 13 cities in the BTH urban agglomeration in the past 15 years from the three dimensions of society, economy, and the environment at the city scale. However, the study has some limitations. First, the accessibility of data limits the ability to calculate the HSDI at the city scale. We used the average life expectancy of Hebei Province instead of the actual data for each city when we calculated the LEI. Second, because the average life expectancy data for 2010 were used to replace the required data for 2015, the LEI values for 2015 might be smaller than the actual values.



In addition, the HSDI is still a weak sustainability index which does not consider the non-compensability and thresholds of each indicator [58]. Positive changes in the social and economic dimensions of sustainability can offset the degradation of the environmental dimension, which conforms to the belief that economic development at the cost of environmental degradation is sustainable [6]. In the future, a more comprehensive study regarding regional sustainability can be conducted by using both strong and weak sustainability indicators.



Moreover, carbon emission alone cannot fully capture the environmental dimension of sustainability. Previous studies have used normalized difference vegetation index (NDVI) data to calculate carbon sequestration [59,60]. By referring to the research of Hermosilla et al., high spatial resolution imagery and LiDAR data can be adopted to add street-based or block-based carbon sequestration into the environmental sustainability dimension, so as to measure the environmental sustainability of a city from two aspects of CO2 emission and sequestration, which can better reflect spatial heterogeneity and measure the sustainability differences between or within cities [61].





6. Conclusions


From 2000 to 2015, the overall sustainability of the BTH urban agglomeration showed an increasing trend, with an HSDI growth rate of 10%. Among the three dimensions of sustainability, economic sustainability improved the most, while environmental sustainability declined. The change rates of the GDPI and EMI were 42% and −8%, respectively. The environmental sustainability of six cities, including Tianjin, Shijiazhuang, and Tangshan, decreased by 0.111, which was 56.3% higher than the regional average.



The decline in environmental sustainability became an important factor limiting regional sustainable development. A significant positive correlation was found between changes in the regional EMI and HSDI, and the Pearson correlation coefficient reached 0.50 (p < 0.1). In contrast, the HSDI was not significantly correlated with the LEI, EI, or GDPI. Urban energy structure optimization played an important role in affecting environmental sustainability. Among the six cities with regional average declines in environmental sustainability, the proportion of the CO2 emissions that were generated by coal use in the total CO2 emissions decreased by only 1.8%, which was far smaller than the 12.0% decline that was observed in the other seven cities in the region. In the future, the development of the BTH urban agglomeration should focus on improving environmental sustainability while achieving economic development. Optimizing the energy structure in the region will be a powerful path for building a resource-saving and environmentally friendly society.
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Figure 1. The Beijing-Tianjin-Hebei urban agglomeration. 
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Figure 2. The sustainability level of the Beijing-Tianjin-Hebei (BTH) urban agglomeration in 2015. (Note: the HSDI value was classified by the natural break method). 
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Figure 3. Sustainability classification of the BTH urban agglomeration in 2015. (a) The spatial distribution of the three categories of cities; and, (b) The characteristics of the sustainable indicators of the three categories of cities. 
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Figure 4. The changes in the HSDI of the BTH urban agglomeration from 2000 to 2015. 
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Figure 5. The change rates of economic sustainability indicator (GDPI) and environmental sustainability indicator (EMI) for the BTH urban agglomeration from 2000 to 2015. 
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Figure 6. The relationship between the changes in the HSDI and EMI of the Beijing-Tianjin-Hebei urban agglomeration. 
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Table 1. Widely used sustainability assessment indices.
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	Indices
	Social Dimension
	Economic Dimension
	Environmental Dimension





	Green City Index [15]
	
	
	CO2 emissions, energy, buildings, land use, transport, water and sanitation, waste management, air quality, environmental governance



	Happy Planet Index [14]
	Wellbeing, life expectancy, inequality of outcomes
	
	Ecological Footprint



	HDI (1990–2009) [27]
	Life Expectancy, adult literacy rate and enrollment ratio
	GDP per capita (adjusted for purchasing power parity)
	



	HDI (2010-) [13]
	Life Expectancy, mean years of schooling and expected years of schooling
	GNI per capita (adjusted for purchasing power parity)
	



	City Development Index [17]
	Health (life expectancy and child mortality); Infrastructure (water availability, sewerage, access to electricity, and telephone availability); Education (literacy and school enrollment)
	GDP at the city level
	Waste (wastewater treatment and solid waste disposal)



	HSDI [16]
	Life Expectancy, mean years of schooling and expected years of schooling
	GNI per capita (adjusted for purchasing power parity)
	CO2 emissions per capita



	HSDI [28]
	Life Expectancy, adult literacy rate and enrollment ratio
	GDP per capita (adjusted for purchasing power parity)
	CO2 emissions per capita



	Sustainable Society Index [18]
	Basic needs, Health, and Personal and social development
	Transition and Economy
	Natural resources, and Climate and energy







Note: some explanations and the classification of these indicators were adapted from Huang et al. [19].
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