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Abstract

:

Ecological environment evaluation is of great significance to achieve the Sustainable Development Goals (SDGs) and promote the harmonious development of economy, society, and environment. To evaluate environmental SDGs, single environmental indicators have been analyzed at national or large regional scale in some literature, while the urban integrated environment is ignored. Therefore, it is necessary to systematically and quantically evaluate the sustainability of ecological environment integrating the water, soil, and air environment at the urban scale. This study aims to construct the Integrated Perception Ecological Environment Indicator (IPEEI) based on the Driver-Pressure-State-Impact-Response (DPSIR) framework to solve the above-mentioned problems. The IPEEI model was proposed based on the three-level association mechanism of the Domain-Theme-Element, and the DPSIR framework conforming to the relevant standards for indicator determination. Moreover, the multi-dimensional, multi-thematic, and multi-urban quantitative evaluations were conducted using the entropy weight method, and the comprehensive evaluation grades by the Jenks natural breaks classification method of the geospatial analysis. Nine cities in the Wuhan Metropolitan Area were selected as the experimental areas. The results were consistent with the Ecological Index and local government’s planning and measures, which demonstrated that IPEEI can be effectively verified and applied for the evaluation of urban ecological environment sustainability.
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1. Introduction


From the perspective of ecological environment, urban sustainability is more related to the effective use of natural resources and the changing status of ecological environment according to the specific requirements of human beings. The sustainability of smart cities in the ecological environment field is to meet people’s current and future needs of water, soil, and air environment, etc. Ecological environment problems brought about by rapid social development and economic growth are specifically manifested in the contradiction among the environment resource, environment pollution, and environment deterioration [1,2,3]. Nowadays, the Chinese government has made many efforts to improve energy efficiency and reduce pollution emissions, and promote the transformation of enterprises into green and low-carbon modes through technological progress and the increasing of the expenditure on environmental protection projects. Thus, it is also necessary to consider the impact of green and sustainable development policies of the local government for the energy conservation and emission reduction. Compared to the concept of smart city, smart sustainable city, defined by the Telecommunication Standardization Sector of the International Telecommunication Union (ITU-T) Focus Group on Smart Sustainable Cities (FG-SSC), is more concerned about the sustainability aspect, with the aim of ensuring the improvement of the quality of life, the efficiency of urban operation and services, the competitiveness, and the needs of present and future generations with respect to economic, social, and cultural aspects [4,5,6]. However, there is still no consensus on the main factors which can make a city more sustainable [7].



To evaluate the performances of smart sustainable cities, many indices and frameworks of smart cities have been proposed for supporting policy-making of the local governments at urban level. Yigitcanlar et al. [8,9] proposed a large flexible smart city index based on the smart cities framework and local circumstances and characteristics, which can provide a quantitative evaluation of the smartness of urban regions through the index that is specifically tailored for each comparative case study, such as various local government areas in Australia. Lombardi et al. [10] developed a novel framework for classifying smart city performance indicators and identified the interrelations between smart city components, which can offer a truthful and realistic indicator model representation in the field of smart cities’ evaluation, but measuring what options exist to improve urban performance is still needed. Bhattacharyaa et al. [11] provided a smart sustainable city development index to evaluate the urban sustainable development performances for developing countries. Carli et al. [12] proposed a multi-criteria decision making technique to assess the sustainable development of metropolitan areas. However, with the limitation of a relatively subjective evaluation of the analytic hierarchy process [11,12], it is necessary to develop an objective indicator framework to measure the smartness and sustainability of smart sustainable cities for decision-making.



For the better evaluation of the cities’ development progress towards the Sustainable Development Goals (SDGs), many international standards have been proposed based on the actual situation of local urban development, such as the International Organization for Standardization (ISO) 37120:2014 [13], ISO 37120:2018 [14], ITU-T Y.4901/L.1601 [15], ITU-T Y.4902/L.1602 [16], ITU-T Y.4903/L.1603 [17], and the evaluation indicators for new-type smart cities of China (GB/T 33356-2016) [18]. With a consistent and standard method of the measure for sustainable progress, relevant indicators of smart sustainable cities have been defined in those standards. The comparison of the indicator system defined in the above mentioned six standards is shown in Table 1.



All six standards classified the indicators, including core indicators and optional indicators, but only the standard of GB/T 33356-2016 assigned weights to the indicators. Although the grade division of the indicator are all performed in the six standards, the divisions of dimensions are different, among which the ISO standards provide the most complete details. Each of these dimensions provides a separate view of progress for smart sustainable cities, and sub-dimensions that focus on more specific areas are used to refine them. For example, indicators in the ITU standards form various parts of a city’s performance in different dimensions, including the economy, environment, society and culture. In general, the indicators in the six standards all provide the means for self-assessments towards the sustainability of cities for the criteria establishment. However, some standards lack specific descriptions of indicator definitions and calculation. In addition, for the indicators in the environment area, the six standards all include water, soil, and air environment, but they are not comprehensive. Therefore, there is a lack of unified indicator definition and assessment for integrated perception of ecological environment.



Previous works on the sustainability of smart cities include China’s national plan on implementation of the 2030 agenda for sustainable development [19], SDGs knowledge service system of Deqing County in China [20], and the big earth data in support of the SDGs [21], etc. Based on statistics and geographic information data of Deqing County since 2014, Chen et al. [20,22,23] developed the Deqing County’s sustainable development knowledge service system by using SDGs indicator model, knowledge map, Geographic Information System (GIS), data cleaning and processing, analysis and calculation, custom assembly, and visual display technologies. However, the sustainable assessment of Deqing County is carried out through interdisciplinary and multi-agency communication and coordination, which does not apply to the calculation of indicators in most urban scale studies, especially in terms of data access. Zhang et al. [21] realized the construction of big earth data support the SDGs indicator system and integration from the perspective of the earth system to study the relationship and coupling between the five SDGs, including the zero hunger, clean water and sanitation, sustainable cities and communities, life below water, and land life on land. However, most application cases are targeted at a single environmental indicator and are carried out at the provincial and national scales. Therefore, the existing researches have many problems on the sustainable development indicator system, such as the single indicator and coarser spatial scale for the evaluation in environment areas.



Quantitative evaluation adopts a certain formula or model to calculate the indicator system, and evaluates the indicator according to the size of the calculation results, which can provide information support and a decision-making basis for the ecological environment sustainability. In order to distinguish the importance degree of different indicators on the evaluation, it is necessary to further determine the weight of each indicator. Objective weighting method, in which the weights are obtained from the actual data of indicators, can determine the weight with higher accuracy from the full use of the effective information provided by the original indicator. The entropy weight method [24,25], as one of the objective weighting methods, only depends on the discreteness of the data itself and is suitable for multi-layer structure evaluation. However, the entropy weighting method only provides an objective method to determine the weight to express the importance of each indicator. For the complex environmental issues, it still needs to rely on the multi-level and multi-objective indicators construction to explain the relationship that is deeply interrelated in a systemic way.



The Driver-Pressure-State-Impact-Response (DPSIR) framework is widely used in sustainable development [26,27,28], and is useful for analyzing and identifying solutions to environmental problems [29,30]. DPSIR concept model was first proposed by the Organization of Economic Cooperation and Development [31] in 1993 to revise the Pressure-State-Response model and Driving force-State-Response model, and has gradually become an effective tool to solve the problem of the relationship between environment and social development. Since 2003, some scholars have tried to solve the problems of sustainable development, environmental management with water and soil resources by this framework, and put forward feasible and operable countermeasures and suggestions. At present, the DPSIR framework is mainly applied to the management and protection of water, soil, marine resources, and coastal organisms, as well as the decision-making and implementation of environmental management science.



There are many researches on the ecological environment indicator system based on the DPSIR framework. Apostolaki et al. [32] integrated water resource management concept to ensure sustainable use of water resources for watershed management. Zare et al. [33] proposed quantitative sustainable development models for water resource management to support modelers in identifying and collecting data. Lange et al. [34] proposed a framework for drought analysis by the hydrology, meteorology, and society. Jia et al. [35] developed a model to carry out sustainable application at the national scale for the groundwater resources. Wu et al. [36] aimed at the green development assessment of Beijing by considering resource depletion, environmental damage, and ecological benefits. Wang et al. [37] integrated an environment warning system in water, soil, and atmospheric fields. Jia et al. [38] evaluated the spatial and temporal variation of sustainable utilization of water resources in Henan province, China. Qiao et al. [39] established a co-benefits indicator system to evaluate the co-benefits of city policies for megacities with the entropy method. However, the abovementioned studies mainly focused on the analysis of a single environmental problem, or the comprehensive environmental evaluation based on the relatively subjective prior knowledge from different evaluators. Therefore, in order to overcome the subjectivity in the process of indicator construction and weight determination, the construction and evaluation of ecological environment indicators need to be improved in support of urban sustainability.



To solve the abovementioned problems, including the inconsistency of standard and indicator definitions, single environment analysis, and the insufficient spatial resolution, it is necessary to systematically design the ecological environment indicators, and enhance the indicator evaluation at the urban scale. This study constructs the Integrated Perception Ecological Environment Indicator (IPEEI) based on the DPSIR framework to define more detailed indicators integrating water, soil, and air environment, and provide the quantitative evaluation for the smart sustainable city at the urban scale. Nine cities in the Wuhan Metropolitan Area were selected as the experimental areas for the evaluation of ecological environment sustainability.




2. Methodology


This part is about how the IPEEI model, based on the DPSIR framework, is constructed to integrate the water, soil, and air environment, and the entropy weight method is used to assign the weights of the indicators of the IPEEI model for the indicator evaluation. The construction of the IPEEI model for smart sustainable cities is illustrated in Figure 1. Firstly, by analyzing the system architecture and indicator element of sustainable cities, the three-level association mechanism of the Domain-Theme-Element is built. Secondly, using the DPSIR conceptual framework to explain the causal relationship among the three-level association mechanism, and referring to international standards, SDGs hierarchy, and other relevant studies, the IPEEI model is put forward for the integrated perception. Thirdly, through the weight assignment of the indicators of the IPEEI model with the entropy weight method, further quantitative evaluation for the dimension and theme of IPEEI, and the comprehensive evaluation grade analysis for the urban sustainability, are carried out.



2.1. Three-Level Association Mechanism of the Domain-Theme-Element


The exploitation and utilization of resources in sustainable development are to make them circulate along specific paths by adjusting the process of resource cycle, so as to meet the special needs of different sectors such as society, economy, and ecological environment, and make resources, ecological environment, and social economy coordinate and develop sustainably. By sorting out the common characteristics and specific themes of the ecological environment field, this paper analyzes the integrated perception elements of the ecological environment, and establishes the three-level association mechanism of the Domain-Theme-Element.



As shown in Figure 2, the three-level association mechanism of the Domain-Theme-Element is constructed with the domain focusing on the ecological environment, the themes for the water, soil, and air environment, and the elements including the water resources, water supply, water use, urban landscaping, and air pollution, etc. There are a variety of elements in urban ecological environment. Taking the urban water resources as an example, total water resources include surface water resources and groundwater resources. Urban water supply includes water supply quantity, integrated production capacity of water supply facilities, and density of water supply pipelines in built district, etc. Urban water use is divided into industrial water, domestic water, and ecological environment water. Urban drainage includes wastewater discharge quantity, density of sewers in built district, wastewater treatment rate, and wastewater treated quantity, etc.




2.2. IPEEI Model Construction based on the DPSIR Framework


2.2.1. DPSIR Framework


For the DPSIR framework, driver dimension is stimulated by social, economic, and natural factors, and generally it will not change significantly in a short time, except for emergencies. The pressure dimension includes the special demands, such as the coordination and sustainability of the society, economy, and ecology on environmental resources in different sectors. The state dimension includes the characteristics of physical chemistry and other observed elements for environmental resources, whose dynamic changes are the basis for studying the driver and pressure dimensions, as well as the starting point for analyzing impact and response factors. The impact dimension is the change of state dimension, which is always delayed, and needs to establish the correlation between pressure, state, and impact dimension through the statistical data, such as the impact and constraints of ecological environment on the scale of social and economic development. The response dimension includes the effects of management measures taken and policy makers’ efforts to solve environmental problems, which are generally lagging.



The DPSIR framework of urban resource information model reveals a causal relationship chain of cause-and-effect relationships between the beginning and the end of urban development. At the early stage of urban development, within the strength of the driver and stress dimensions that carry capacity of resources, resources can meet the requirements of urban development, and play a role of nourishing and supporting the resource system in a stable and orderly state. As shown in Figure 3, the causality chain shows that population, economy, meteorology, and the corresponding environment and energy consumption, produce change as the driver dimension in the development of urbanization, and thus produce pressure dimension on the population, environment, and energy consumption. Some state factors in the environment system with the change of the environment conditions have direct effects on the impact dimension, for example, various energy consumptions. These impacts urge us to ensure the sustainable development of cities in the process of accelerating environment and municipal health development, and further adopt corresponding countermeasures and policies for the positive responses. In turn, response measures act on other dimensions engineered by population, economy, and energy.



Therefore, the organizational structure of the DPSIR framework is clearly defined, and the causal relationship among various factors is very important for the social, economic, and environmental development. It is necessary to find out the interrelationship among various factors in the five dimensions, so as to reflect the internal coordination of urbanization development and play an important role in the environmental sustainability.




2.2.2. IPEEI Model


Referring to the three-level association mechanism of the Domain-Theme-Element and the construction analysis based on the DPSIR framework with the causal relationship chain of five dimensions, the IPEEI model for determining the detailed indicators needs to be developed. Considering the data sources, indicator perception requires not only traditional social and economic statistics data, but also the raw monitoring data obtained by sensor observation and the high-level information from complicated processing and analysis. The IPEEI model is further constructed by focusing on the relevant indicators defined in the sustainability standards of ITU and ISO, as well as the existing literature research on ecological environment.



As shown in Table 2, the driver dimension represents the factors that promote the development and change of resources, and mainly adopts the indicators of ecological environment, population, economy, meteorology, and energy themes. The pressure dimension describes the demand for environment resources in various sectors of social and economic development, and its side effects on the population and energy, mainly the population status and the resource consumption. The state dimension describes the ability of the environment system to meet the production and living needs of human beings and the current development and utilization of resources, which can be represented by the degree of development and utilization, the quality status of ecological environment, the amount of available environment resources, and the capacity of sewage treatment, etc. The impact dimension refers to the final result on the ecological environment, which can reflect more long-term changes than relevant state indicators, especially in the changes of the quantity and the quality of ecological environment resources. The response dimension describes the management measures taken for the vulnerability of environment system, such as the resource comprehensive utilization, pollution treatment and prevention, and municipal public facilities construction, etc.





2.3. Quantitative Evaluation of the Entropy Weight Method


According to the characteristics of entropy, the degree of randomness and dispersion of an indicator, and disorder of an event can be judged by calculating the entropy value. The greater the degree of indicator dispersion, the greater the weight influence on the comprehensive evaluation; otherwise, the same indicator with little data difference in different samples is considered to be of little reference significance. The application of the entropy weight method is to make use of the effective information provided by the original indicator value as much as possible for quantitative evaluation. The calculation of the entropy weight method includes the data normalization, entropy quantification, weight determination, and indicator weighted average [24].



(1) Data normalization



Data normalization differs in formulas for positive and negative indicators, and the formula is as follows:


   r  i j   =  {         x  i j   −   min  j   (   x  i j    )      max  j   (   x  i j    )  −   min  j   (   x  i j    )     if    i    is   a   positive   indicator              max  j   (   x  i j    )  −  x  i j       max  j   (   x  i j    )  −   min  j   (   x  i j    )     if    i    is   a   negative   indicator         



(1)




where    r  i j     is the normalized value of the  i th indicator, and the value range is [0,1].    x  i j     is the original value of the  i th indicator.     max  j   (   x  i j    )    and     min  j   (   x  i j    )    are the maximum and minimum values of the  i th indicator among all samples, respectively.



(2) Entropy quantification



Shannon entropy is used to quantify the information (i.e., disorder) of message, which can be recognized as H as defined in certain formulations of statistical mechanics [40,41]. The formula of the Shannon entropy of the  i th indicator is as follows:


   {       f  i j   =    r  i j       ∑  j = 1  m    r  i j             k = 1 / ln m        H i  = k   ∑  j = 1  m    f  i j   ⋅ ln  1   f  i j              



(2)




where    H i    is the entropy value of the  i th indicator.    f  i j     is the probability parameter of the value of an indicator for one sample to the sum of the values of this indicator for all samples.  k  is a constant calculated from the total number of  m  samples.



(3) Weight determination



The formula of weight determination of the  i th indicator is as follows:


   w i  =  (  1 −  H i   )  /   ∑  i = 1  n    (  1 −  H i   )     



(3)







(4) Indicator weighted average



The evaluation of sustainable development using all indicators by indicator weighted average is as follows:


   F j  =   ∑  i = 1  n    w i  ⋅  r  i j      



(4)







Particularly, for the indicators that with several categories, the evaluation of sustainable development can be calculated for each category    ( φ )   , as follows:


   F  j  ( φ )    =   ∑  i ∈ φ     w i  ⋅  r  i j      



(5)







In addition, due to the different formulas of data normalization for the entropy weight method, it is necessary to distinguish the positive and negative indicators. For the positive indicators, a larger value indicates a better result, and on the contrary, a smaller negative indicator value indicates a better result [25]. Thus, the positive and negative indicator division of the entropy weight method in the IPEEI model is as shown in Table 3.





3. Case Study


3.1. Study Area


The Wuhan Metropolitan Area (WMA) is located in the eastern part of Hubei, China (Figure 4) with a total area of 58,052 km2. The WMA is composed of Wuhan as the center, and eight other cities within 100 km that includes Huangshi, Ezhou, Xiaogan, Huanggang, Xianning, Xiantao, Qianjiang, and Tianmen. The terrain structure of the WMA is high in the northeast and south, low in the middle and west, and broad Jianghan plain in the central and western regions with not much undulating terrain, accounting for about 50% of the total area. WMA has a subtropical monsoon humid climate with four distinct seasons, abundant sunshine, abundant rainfall, and the same season of rain and heat. WMA is rich in water resources due to the highly developed regional water system and numerous rivers and lakes. The WMA is chosen as the typical case of the study, not only because of its role of the first nationwide comprehensive reform experimental area of the resource-saving and environment-friendly society in China [42], but also the factors of its new-type urbanization development, complex shape and local dispersion, and increased ecological environment problems.




3.2. Data Collecting and Processing


Through the Hubei Provincial Bureau of Statistics (http://tjj.hubei.gov.cn), the National Bureau of Statistics (http://www.stats.gov.cn), the Ministry of Housing and Urban-Rural Development of the People’s Republic of China (http://www.mohurd.gov.cn), the Department of Ecology Environment of Hubei Province (http://sthjt.hubei.gov.cn/), the Wuhan Ecology and Environment Bureau (http://hbj.wuhan.gov.cn/), and other relevant departments of each city in the WMA, the data collecting of the 75 indicators of IPEEI in the WMA from 2014 to 2017 is carried out from the following sources: (1) The City Statistical Yearbook of each city in the WMA; (2) the Statistical Communique of Hubei Province on the National Economic and Social Development; (3) the China Statistical Yearbook on Environment; (4) the China City Statistical Yearbook; (5) the Urban Construction Statistical Yearbook; (6) the Environmental Situation Bulletin of each city in the WMA; (7) the Environmental Situation Bulletin of Hubei Province; (8) the City Water Resources Bulletin of each city in the WMA; and (9) the Water Resources Bulletin of Hubei Province.



For the data processing of the collected indicator data, it is mainly to calculate the data normalization of the entropy weight method as mentioned in part 2.3 for the next entropy quantification, weight determination, and indicator weighted average in the WMA.




3.3. Results


3.3.1. IPEEI Weight Assignment of the WMA


The weight assignment, namely the weight determination coefficient, of all the 75 indicators for the IPEEI model from 2014 to 2017 in the WMA is shown in Table 4. The weight assignment of IPEEI takes the indicator with the most positive impact on the urban ecological environment sustainability as 1 as a reference. According to the weight determination of the entropy weight method, the sum of the values of all the 75 indicators for the IPEEI model in the same year is 1. The size of the weights of IPEEI can be used to distinguish the importance degree of different indicators on the sustainability evaluation.



Taking the result of 2014 as an example, the indicators of the top ten of the weight rankings are the R14, R7, R11, R12, R3, I8, S12, R13, R1, and D10; and the indicators of the bottom ten of the weight rankings are the D13, I7, S6, P3, I10, I5, P11, P10, P2, and I11. The results reflect most indicators of response dimension, such as the annual construction funds of municipal public facilities (R14), wastewater treated quantity (R7), domestic waste collected and transported amount (R11), and harmless treatment capacity of domestic waste (R3), making great positive contributions to the sustainable development of urban ecological environment. On the other hand, some indicators of other dimensions, such as the area of urban construction land (D13), quantity of water for household use (I7), water supply loss (S6), and population with access to gas (P3), may hinder the sustainable development of urban ecological environment. For the other three years from 2015 to 2017, the results are similar to that of 2014 with slight differences in weights of specific indicators.




3.3.2. Dimension and Theme Evaluation of IPEEI


For the five dimensions of drivers, pressures, states, impacts, and responses of IPEEI, the indicator weighted average and change trend of each dimension from 2014 to 2017 in the WMA are shown in Figure 5. In terms of dimension, the indicator weighted average of each dimension from 2014 to 2017 in the WMA remains relatively stable for the same city; while the indicator weighted average results of the same dimension for the different cities in the WMA are relatively different. For example, the indicator weighted average results of the response dimension for Wuhan from 2014 to 2017 are 0.39, 0.39, 0.41, and 0.38; while the indicator weighted average results of the driver dimension for Huanggang, Wuhan, and Tianmen in 2014 are 0.15, 0.11, and 0.04, respectively. Besides, in terms of cities in the WMA, taking the result of 2014 as an example, the cities with the largest indicator weighted average of the driver, pressure, state, impact, and response dimensions are, respectively, Huanggang, Xianning, Xianning, Tianmen, and Wuhan.



For the themes of water, soil, air environment, and other themes, e.g., population, economy, meteorology, energy, municipal health, of IPEEI, the indicator weighted average and change trend of each theme from 2014 to 2017 in the WMA are shown in Figure 6. In terms of theme, the indicator weighted average of each theme from 2014 to 2017 in the WMA, similar to the results of dimension, remains relatively stable for the same city; while the indicator weighted average results of the same theme for the different cities in the WMA are relatively different. For example, the indicator weighted average results of the water theme for Wuhan from 2014 to 2017 are 0.23, 0.24, 0.24, and 0.23; while the indicator weighted average results of the air theme for Wuhan, Tianmen, and Ezhou in 2014 are 0.13, 0.06, and 0.04, respectively. Besides, in terms of cities in the WMA, taking the result of 2014 as an example, the cities with the largest indicator weighted average of the water, soil, air environment, and other themes are all Wuhan.




3.3.3. Comprehensive Evaluation Grades of the WMA


The comprehensive evaluation grades of the IPEEI model for the cities in the WMA from 2014 to 2017 are realized by means of the indicator weighted average and the GIS technology. The comprehensive evaluation of the indicator weighted average for all 75 indicators of IPEEI, and the time trend of the comprehensive evaluation from 2014 to 2017 in the WMA, are as shown in Figure 7. In terms of comprehensive evaluation, the results of each city from 2014 to 2017 in the WMA remain relatively stable for the same city; while the results of the different cities in the WMA are relatively different. For example, the comprehensive evaluation results of Wuhan from 2014 to 2017 are 67%, 68%, 69%, and 65%, which are all the highest in the WMA; while the comprehensive evaluation results of Wuhan, Xianning, Ezhou, and Xiaogan in 2014 are 67%, 39%, 29%, and 26%, respectively.



The Jenks natural breaks classification method of the geospatial analysis by the ArcGIS software [43] is used for the classification of the comprehensive evaluation of IPEEI for different cities. The Jenks natural breaks classification is based on natural grouping inherited from data with the well grouped of similar values and the maximized differences between classes, and the category boundary value of the method is set according to the position where the difference in data value is relatively large [44]. According to the Jenks natural breaks classification, the spatial distribution maps of the comprehensive evaluation grades for IPEEI from 2014 to 2017 in the WMA are as shown in Figure 8. The results are divided into four grades, and the darker the green, the higher the sustainability. The four types of the comprehensive evaluation grades are excellent, good, general, and poor, and the values are 1, 2, 3, and 4, respectively. The comprehensive evaluation grades vary for different cities from 2014 to 2017 in the WMA, but the grades in 2014 and 2015 are almost the same with slightly different graded boundary values. For example, for the four comprehensive evaluation grades of IPEEI in the WMA from 2014 to 2015, Level 1 city includes Wuhan with excellent sustainability; Level 2 cities include Xianning, Huanggang, and Huangshi with good sustainability; Level 3 cities include Ezhou, Qianjiang, Tianmen, and Xiantao with general sustainability; and Level 4 city includes Xiaogan with poor sustainability.






4. Discussion


4.1. Feasibility and Reliability of the IPEEI


The Ecological Index (EI) is a comprehensive indicator that defined in the standard of the Technical Criterion for Ecosystem Status Evaluation (HJ 192-2015) [45] by the Ministry of Ecology and Environment of the People’s Repub1ic of China, which is used to evaluate the ecological environment status and change trend of county, province, and ecological area. EI is composed of six sub-indexes, including biological richness index, vegetation coverage index, water network denseness index, land stress index, pollution load index, and environmental restriction index. The comprehensive evaluation of EI [45] is further calculated through the weights obtained by expert scoring method, and the formula is as follows:


     Ecological   Index ( EI )                                                          =    0.35  ×  Biological   Richness   Index                                                          +    0.25  ×  Vegetation   Coverage   Index                                                          +    0.15  ×  Water   Network   Denseness   Index                                                          +    0.15  ×  ( 100  −  Land   Stress   Index )                                                          +    0.10  ×  ( 100  −  Pollution   Load   Index )                                                          +    Environmental   Restriction   Index       



(6)







According to the standard of the HJ 192-2015, EI takes the area with the best ecological environment status as 100 as a reference, and the value range is [0,100]. The evaluation descriptions of the ecological environment status for EI [45] is shown in Table 5. The original value of EI for different cities in the WMA from 2014 to 2017 (Figure 9a) can be divided into two grades: Xianning, with an excellent ecological environment status of high vegetation coverage, rich biodiversity, and stable ecosystem; and the other cities, with a good ecological environment status of relatively high vegetation coverage, relatively rich biodiversity, and suitability for life.



Compared to the original value of the EI, the weighted EI results of the entropy weight method for IPEEI in the WMA from 2014 to 2017 (Figure 9b) show that: (1) Xianning with the highest results in different years; (2) the same ranking of all the cities in the same year, which are all consistent with the original value of the EI, which prove the feasibility of IPEEI. Moreover, the change trends of the original EI and the weighted EI in the WMA are inconsistent in 2015 and 2016. For example, the original EI of Xianning in 2015 is lower than that of 2016, but its weighted EI is higher than that of 2016. That is because, unlike the numerical comparison that considers only the indicator of the EI, the weight determination of the weighted EI is according to the numerical comparison of all cities’ indicators of IPEEI in the same year, which is better to rank all cities for the comprehensive evaluation of IPEEI. Meanwhile, the weighted values of EI also retain the relative size of the original value for different cities. The abovementioned results reflect the reliability of the comprehensive evaluation for IPEEI.




4.2. Systematic Analysis of the IPEEI Model


Referring to the sustainability related standards of ISO and ITU [13,14,15,16,17,18], the proposed IPEEI model (Table 2) in this paper covers a comprehensive range, e.g., population, economy, meteorology, energy, municipal health, and ecological environment, and mainly focuses on the fields of water, soil, and air environment to meet the needs of ecological environment sustainability. For ecological environment standards, each organization and department have their own standards respectively, which leads to the insufficient problem of coordination among different standards. With the proposed three-level association mechanism of the Domain-Theme-Element, the IPEEI model is able to avoid the content of repetition, non-compatible and contradictory phenomenon, making the perception and evaluation of ecological environment be effectively applied in practical scenarios.



For the DPSIR framework, compared with the existing indicator research [32,33,34], the IPEEI model is not aimed at a single environmental problem, such as single environmental indicator calculation and risk assessment. The IPEEI model is able to provide the causal relationship chain of the DPSIR framework in ecological environment (Figure 3) for the specific indicator construction in smart sustainable cities. Additionally, the entropy weight method is used to analyze the indicator weight assignment to the sustainability of multi-dimensional (Figure 5) and multi-thematic (Figure 6) quantitative evaluation for the integrated water, soil, and air environment. Besides, relevant studies [35,36,37,38,39] focus on the relationship between urban sustainability and social and economic factors in time series, with less consideration and quantitative analysis of regional differences in sustainability level. For IPEEI, it is applied to the sustainability evaluation grades according to the indicator weighted average and Jenks natural breaks classification of the comprehensive analysis (Figure 7 and Figure 8).




4.3. Spatio-Temporal Variation of the IPEEI Evaluation


The spatio-temporal variation of the IPEEI comprehensive evaluation is analyzed from the multi-dimensional and multi-thematic aspects in the WMA from 2014 to 2017, as shown in Figure 10. In terms of the spatio-temporal variation, for the same city in different years, the IPEEI evaluation results of each dimension or theme from 2014 to 2017 in the WMA all remain relatively stable; while for different cities in the same year, the results are relatively different. In terms of the cities, for the driver, pressure, state, impact, and response dimensions, the representative cities with great influence are, respectively, Huanggang, Xianning, Xianning, Tianmen, and Wuhan; for the water, soil, air environment, and other themes, the representative cities with great influence are all Wuhan. Besides, given the trends of the comprehensive evaluation grades of IPEEI in the WMA from 2014 to 2017 (Figure 8), the relatively stable cities include Wuhan of Level 1, Xianning of Level 2, Qianjiang of Level 3, and Xiaogan of Level 4; the cities with declining trends include Huanggang and Huangshi from Level 2 to 3, and Tianmen from Level 3 to 4; and the cities with recovering trends include Xiantao and Ezhou from Level 4 to 3.



Moreover, considering the dimensions (Figure 5), water, soil, air (Figure 6), and other themes of population, economy, meteorology, energy, and municipal health of IPEEI (Figure 11), the spatio-temporal variation of multi-urban comprehensive evaluation in the WMA is analyzed. Wuhan is the typical city with the perfect response, the significant ecological environment proportion, and the excellent comprehensive evaluation grade in the WMA, which is benefited from its construction of municipal public facilities (e.g., R14), resource conservation (e.g., R1 and D10), pollution control (e.g., R7, R11, and R3), and urban landscaping (e.g., I8 and S12), etc. In spite of the heavy population pressure (e.g., P1, P4, P2, and P3), Xianning has the best environmental status, especially the highest EI (S1), under the environment-friendly economic development (e.g., D7, D4, and D5), which conforms to its “eco-city” position. Similar to Xianning, Qianjiang and Xiaogan also have greater population pressure, but the tertiary industry accounts for a lower proportion of GDP (D7) in their respective economic development structures, which reduces the sustainability of their urban development. While Xiaogan’s energy consumption and status (e.g., P16, I13, and I14) are more serious than Qianjiang, leading to its lower sustainable level. Besides, Huanggang, Tianmen, and Xiantao, as the light industrial cities with slight secondary industry development based on processing of agricultural and sideline products, also have high energy consumptions (e.g., P16, I13, and I14), but they are relatively leading, respectively, in economy (e.g., D7, D4, and D5), municipal health (e.g., R14 and R13), and population (e.g., P1, P4, P2 and P3), which also lead to different trends of sustainable comprehensive evaluation. For example, the ascending municipal health of Xiantao promotes its sustainable development, while the per capita regional GDP (e.g., D5) of Huanggang and the population pressure of Tianmen cause their trends to decline. It’s also worth pointing out that compared with Ezhou under the recovering trend of comprehensive evaluation, which is also a new industrial city with the rapid secondary industry development of energy material production, Huangshi should pay attention to environmental protection (e.g., S16, R13, and R14), while developing industry (e.g., D6). In fact, with the severe environmental status (e.g., S7, S13, and R13), the comprehensive evaluation level of Ezhou is low, so it still needs to improve the sustainable development of urban ecological environment. In general, the abovementioned results are relatively consistent with the overall and regional planning of the WMA [46,47] and measures taken by the local government to save energy and reduce emissions, optimize industrial structure, and strengthen infrastructure support.





5. Conclusions


To solve the problems of the inconsistency of standard and indicator definitions, single environment analysis, and the insufficient spatial resolution, considering the indicator construction and sustainability evaluation, IPEEI based on the DPSIR framework was proposed in this study integrating with the water, soil, and air environment. Referring to the sustainability related standards, the IPEEI model covers a comprehensive range, e.g., population, economy, meteorology, energy, municipal health, and ecological environment. In addition, the multi-dimensional, multi-thematic, and multi-urban quantitative evaluations using the entropy weight method, and the comprehensive evaluation grades according to the Jenks natural breaks classification method, were realized for the ecological environment sustainability. Taking the WMA as a case study, the reliability of IPEEI was verified by comparing the results with EI, and the results were also consistent with the planning and measures taken by the local government.



The results of the indicator construction and quantitative evaluation of IPEEI can be used for scenario analysis in the perception and evaluation of the urban ecological environment sustainability. IPEEI can also be adapted to the systematic analysis and spatio-temporal analysis for the sustainability assessment. However, due to the limited data access and spatiotemporal restrictions, some relevant indicators, such as the soil pH and wind speed, are needed for indicator extension in support of more precisely environmental components. This is the deficiency of IPEEI that needs to be improved in the future.
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Figure 1. Construction of the Integrated Perception Ecological Environment Indicator (IPEEI) model for smart sustainable cities. 
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Figure 2. Three-level association mechanism of the Domain-Theme-Element for IPEEI. 
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Figure 3. Causal relationship chain of the Driver-Pressure-State-Impact-Response (DPSIR) framework for ecological environment in smart sustainable cities. 
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Figure 4. Location maps of the Wuhan Metropolitan Area (WMA). 
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Figure 5. Indicator weighted average of each dimension, including drivers, pressures, states, impacts, and responses of IPEEI in (a) 2014, （b) 2015, (c) 2016, and (d) 2017 in the WMA. 
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Figure 6. Indicator weighted average of each theme, including water, soil, air environment, and other themes of IPEEI in (a) 2014, (b) 2015, (c) 2016, and (d) 2017 in the . 
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Figure 7. Comprehensive evaluation and the time trend of IPEEI from 2014 to 2017 in the WMA: (a) Comprehensive evaluation of the indicator weighted average for all 75 indicators of IPEEI; (b) time trend of the comprehensive evaluation. 
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Figure 8. Spatial distribution maps of the comprehensive evaluation grades for IPEEI in (a) 2014, (b) 2015, (c) 2016, and (d) 2017 in the WMA. 
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Figure 9. Comparison between the original value of Ecological Index (EI) and the weighted EI of the entropy weight method for IPEEI in the WMA: (a) Original value of EI; (b) weighted El. 
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Figure 10. Spatio-temporal distribution maps of the variation analysis for IPEEI from 2014 to 2017 in the WMA: (a) Dimension evaluations from 2014 to 2017 with the comprehensive evaluation grade in 2017; (b) theme evaluations from 2014 to 2017 with the comprehensive evaluation grade in 2017. 
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Figure 11. Indicator weighted average of other themes, including population, economy, meteorology, energy, and municipal health of IPEEI in (a) 2014, (b)2015, (c) 2016, and (d) 2017 in the WMA. 
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Table 1. Standards and indicator system for smart sustainable cities.
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Indicator System

	
Standards




	
ISO 37120:2014

	
ISO 37120:2018

	
ITU-T Y.4901/L.1601

	
ITU-T Y.4902/L.1602

	
ITU-T Y.4903/L.1603

	
GB/T 33356-2016






	
Classification

	
Core/Supporting

	
Core/Supporting

	
Core/Additional

	
Core/Additional

	
Core/Additional

	
×




	
Type Level

	
√

	
√

	
√

	
√

	
√

	
√




	
Dimension

	
Economy, education, energy, environment, finance, fire and emergency response, governance, health, recreation, safety, shelter, solid waste, telecommunication and innovation, transportation, urban planning, wastewater, water and sanitation

	
Economy, education, energy, environment and climate change, finance, governance, health, housing, population and social conditions, recreation, safety, solid waste, sport and culture, telecommunication, transportation, urban/local agriculture and food security, urban planning, wastewater, water

	
Information and communication technology, environmental sustainability, productivity,

quality of life, equity and social inclusion, physical infrastructure

	
Economy, environment, society and culture

	
Benefit the people service, accurate governance, ecological livable, intelligent facilities, information resources, network security, reform and innovation, citizen experience




	
Environment

	
√

	
√

	
√

	
√

	
√

	
√




	
Water

	
○

	
○

	
○

	
○

	
○

	
○




	
Soil

	
○

	
○

	
×

	
○

	
○

	
○




	
Air

	
○

	
○

	
○

	
○

	
○

	
○




	
Definition

	
√

	
√

	
√

	
√

	
√

	
○




	
Calculation

	
√

	
√

	
×

	
×

	
○

	
○




	
Data Source

	
○

	
○

	
×

	
×

	
○

	
○




	
Weight

	
×

	
×

	
×

	
×

	
×

	
√








1 √ Full Support; ○ Partial Support; × No Support.
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Table 2. Integrated Perception Ecological Environment Indicator (IPEEI) model based on the Driver-Pressure-State-Impact-Response (DPSIR) framework.
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Integrated Perception Ecological Environment Indicator (IPEEI) Model




	
Dimension

	
Ecological Environment

	
Other Themes




	
Water

	
Soil

	
Air

	
Population, Economy, Meteorology, Energy, Municipal Health






	
Drivers

	
Surface water resources (D10), groundwater resources (D11), water production modulus (D12)

	
Area of urban construction land (D13)

	
/

	
Population of permanent residents at year end (D1), natural population growth rate (D2), urbanization rate(D3), per capita disposable income of urban and rural residents (D4), per capita regional Gross Domestic Product (GDP) (D5), secondary industry as percentage to GDP (D6), tertiary industry as percentage to GDP (D7), regional GDP growth rate (D8), growth rate of industrial added value (comparable price) (D9), annual precipitation (D14), energy consumption per unit of GDP decline (D15)




	
Pressures

	
Water consumption per capita (P5), water consumption per Mu of farmland irrigation (P6), water consumption per ten thousand yuan of GDP (including primary industry) (P7), water consumption per ten thousand yuan of industrial added value (P8), total water consumption (P9), annual quantity of wastewater discharged (P10)

	
Industrial land area (P11), road surface area per capita (P12), public recreational green space per capita (P13)

	
Quantity sold of gas (P14), quantity sold of liquefied petroleum gas (LPG) (P15)

	
Urban population density (P1), population with access to water supply (P2), population with access to gas (P3), population with access to LPG (P4), annual electricity consumption (P16)




	
States

	
Ecological Index (EI) (S1)

	
/




	
Average per capita total water resources (S2), average per Mu total water resources (S3), surface water supply quantity (S4), groundwater supply quantity (S5), water supply loss (S6), per capita water consumption of urban residents (S7), urban residential sewage discharge (S8), secondary industry sewage discharge (S9), tertiary industry sewage discharge (S10), sewage discharge into the river (S11)

	
Green area of built district (S12), green space rate of built district (S13)

	
Annual average concentration of SO2 (S14), annual average concentration of NO2 (S15), annual average concentration of PM10 (S16)




	
Impacts

	
Daily water consumption per capita (I1), industrial water consumption (I2), agricultural water consumption (I3), domestic water consumption (I4), urban water supply quantity (including self-built facilities) (I5), quantity of water for production and operation (I6), quantity of water for household use (I7)

	
Green coverage area of built district (I8)

	
Excellence rate of air quality (I9), household gas quantity (I10), gas-powered automobiles gas quantity (I11), household fuel quantity (I12)

	
Industrial electricity consumption (I13), electricity consumption of urban and rural residents (I14)




	
Responses

	
Ecological water use rate (R1), water coverage rate (R2), integrated production capacity of water supply (R3), density of water supply pipelines in built district (R4), density of sewers in built district (R5), wastewater treatment rate (R6), wastewater treated quantity (R7)

	
Green coverage rate of built district (R8)

	
Gas coverage rate (R9), ratio of common industrial solid wastes comprehensively utilized (R10), domestic waste collected and transported amount (R11), harmless treatment capacity of domestic waste (R12)

	
Number of latrines (R13), annual construction funds of municipal public facilities (R14)
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Table 4. Weight assignment of all the 75 indicators for IPEEI from 2014 to 2017 in the Wuhan Metropolitan Area (WMA) (unit: %).
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	D1
	D2
	D3
	D4
	D5
	D6
	D7
	D8
	D9
	D10
	D11
	D12
	D13
	D14
	D15
	P1
	P2
	P3
	P4
	P5
	P6
	P7
	P8
	P9
	P10



	2014
	0.57
	0.63
	1.11
	1.70
	1.45
	1.66
	2.37
	0.46
	0.53
	2.54
	2.28
	1.45
	0.45
	2.42
	1.05
	0.77
	0.45
	0.45
	0.47
	0.57
	0.70
	0.86
	0.60
	0.87
	0.45



	2015
	0.55
	0.46
	1.05
	1.64
	1.43
	1.10
	1.97
	0.54
	0.57
	2.38
	2.21
	0.80
	0.44
	2.12
	1.30
	0.96
	0.44
	0.44
	0.47
	0.53
	0.96
	1.44
	0.78
	0.91
	0.44



	2016
	0.52
	0.48
	1.16
	1.59
	1.37
	1.37
	3.04
	0.58
	0.50
	2.04
	2.25
	1.03
	0.42
	2.14
	1.95
	0.80
	0.42
	0.42
	0.44
	0.52
	1.33
	1.30
	0.69
	0.44
	0.42



	2017
	0.53
	1.25
	0.95
	1.44
	1.40
	0.95
	2.51
	0.71
	0.55
	2.54
	2.15
	1.75
	0.42
	2.02
	0.53
	1.03
	0.42
	0.42
	0.43
	0.61
	1.47
	1.00
	0.63
	0.74
	0.42



	
	P11
	P12
	P13
	P14
	P15
	P16
	S1
	S2
	S3
	S4
	S5
	S6
	S7
	S8
	S9
	S10
	S11
	S12
	S13
	S14
	S15
	S16
	I1
	I2
	I3



	2014
	0.45
	0.73
	1.59
	0.45
	0.45
	0.46
	1.95
	2.06
	1.67
	0.66
	0.46
	0.45
	1.01
	0.48
	1.22
	0.46
	0.51
	4.45
	0.61
	0.64
	0.79
	1.09
	0.57
	0.62
	0.71



	2015
	0.45
	0.56
	1.66
	0.45
	0.45
	0.46
	2.20
	1.39
	1.58
	0.69
	0.45
	0.44
	1.11
	0.48
	1.07
	0.50
	0.53
	4.38
	0.59
	1.85
	0.51
	0.99
	0.62
	0.63
	0.73



	2016
	0.43
	0.55
	1.55
	0.42
	0.43
	0.43
	1.84
	1.10
	1.75
	0.61
	0.42
	0.42
	0.86
	0.92
	0.79
	0.45
	0.49
	4.09
	0.52
	1.07
	0.61
	1.04
	0.61
	0.61
	0.53



	2017
	0.42
	1.01
	1.87
	0.43
	0.43
	0.44
	1.61
	1.94
	2.06
	0.66
	0.43
	0.42
	0.93
	0.46
	0.91
	0.47
	0.50
	4.19
	0.59
	0.76
	0.61
	1.90
	0.64
	0.56
	0.62



	
	I4
	I5
	I6
	I7
	I8
	I9
	I10
	I11
	I12
	I13
	I14
	R1
	R2
	R3
	R4
	R5
	R6
	R7
	R8
	R9
	R10
	R11
	R12
	R13
	R14



	2014
	0.57
	0.45
	0.45
	0.45
	4.53
	0.48
	0.45
	0.45
	0.47
	0.48
	0.46
	2.79
	0.45
	5.17
	0.99
	0.76
	1.21
	5.55
	0.72
	0.55
	0.72
	5.52
	5.31
	3.27
	6.36



	2015
	0.58
	0.44
	0.44
	0.44
	4.46
	0.52
	0.44
	0.44
	0.46
	0.47
	0.47
	2.29
	0.44
	5.46
	1.08
	0.78
	1.06
	5.61
	0.74
	0.83
	0.58
	6.08
	4.86
	3.63
	6.65



	2016
	0.54
	0.42
	0.42
	0.42
	4.20
	0.94
	0.42
	0.42
	0.44
	0.45
	0.44
	1.66
	0.42
	5.43
	1.29
	0.75
	0.84
	5.27
	0.70
	0.76
	0.76
	6.36
	6.30
	3.53
	7.03



	2017
	0.59
	0.42
	0.42
	0.42
	4.17
	1.03
	0.42
	0.43
	0.44
	0.46
	0.44
	2.52
	0.42
	5.24
	0.75
	1.07
	0.63
	5.49
	0.94
	0.43
	0.53
	6.21
	5.39
	2.91
	6.46
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Table 5. Evaluation descriptions of the ecological environment status for the Ecological Index (EI).






Table 5. Evaluation descriptions of the ecological environment status for the Ecological Index (EI).





	Indicator
	EI ≥ 75
	55 ≤ EI<75
	35 ≤ EI < 55
	20 ≤ EI < 35
	EI < 20





	Description
	High vegetation coverage,

rich biodiversity, and stable ecosystem
	Relatively high vegetation coverage, relatively rich biodiversity, and suitable for life
	Medium vegetation coverage, average biodiversity, more suitable for human life, and some restrictive factors that are not suitable for human life
	Poor vegetation coverage, severe drought and less rainfall, fewer species, and obvious factors that restrict human life
	Bad conditions, and restricted human life
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Table 3. Positive and negative indicator division of the entropy weight method in the IPEEI model.






Table 3. Positive and negative indicator division of the entropy weight method in the IPEEI model.









	
	Classification Code of the Indicator in the IPEEI Model





	Positive Indicator
	D3, D4, D5, D7, D8, D9, D10, D11, D12, D14, D15

P13

S1, S2, S3, S12, S13

I8, I9

R1, R2, R3, R4, R5, R6, R7, R8, R9, R10, R11, R12, R13, R14



	Negative Indicator
	D1, D2, D6, D13

P1, P2, P3, P4, P5, P6, P7, P8, P9, P10, P11, P12, P14, P15, P16

S4, S5, S6, S7, S8, S9, S10, S11, S14, S15, S16

I1, I2, I3, I4, I5, I6, I7, I10, I11, I12, I13, I14











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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