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Abstract

:

The sustainable development goals (SDGs) suggest sustainable cities and communities (Goal 11) as inclusive, safe, resilient, and sustainable human settlements. However, existing efforts in urban sustainability have mainly focused on ecological and environmental sustainability, with little attention paid to development, economic, and cultural sustainability. Moreover, a lack of adaptability is a barrier to cross-nation or cross-region implementation of many urban sustainability frameworks due to diverse urban contexts. Furthermore, most studies have developed sustainability frameworks and guides only for one-time assessments and the progress of urban sustainability has been neglected. Improving urban sustainability by considering multiple dimensions and local adaptability through dynamic assessment remains a question. Therefore, this study aims to develop an urban environment examination system (UEES) framework that includes construction, economy and industry, environment and resource, municipal and cultural facilities, and development potential dimensions. The UEES framework consists of 31 indicators associated with critical information (i.e., reported by the statistical yearbooks) from different levels of government in China. An annual update of statistical data ensures the availability of dynamic data, allowing urban managers and decision makers to regularly track urban sustainability. Furthermore, the UEES framework was applied to Qingdao, an urbanizing city in China, to examine the feasibility of the UEES framework. The results indicate that well-urbanized districts could perform better in terms of overall sustainability (e.g., Shinan, Shibei, Laoshan, Chengyang), while districts in suburban and outer suburban areas had lower urban sustainability levels. However, well-urbanized districts could not perform better in all dimensions than suburban and outer suburban districts. Moreover, the transition from less-urbanized to well-urbanized districts could lead to environmental deterioration and economy deceleration (if industries are not well upgraded), but culture and development sustainability can be improved. Overall, this study provides a methodological framework that prioritizes comprehensiveness and local adaptability to perform regular urban environment examinations for urban sustainability in China and provides a reference for urban sustainability improvement by identifying aspects with low scores in Qingdao, China.
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1. Introduction


Cities face severe challenges, such as environmental pollution, heat islands, urban flooding, and greenhouse gas (GHG) emissions, due to urbanization, population increase, and climate change [1,2]. These challenges threaten economic growth, environmental quality, and human wellbeing. However, these challenges will aggregate in the future. Authentic data indicate that the proportion of the global population residing in urban areas is approximately 56.2% in 2021, and this figure will increase to 68.4% by 2050 [3,4]. The population increase implies urban densification and sprawl, and thereby the intensification of heat islands [5], which may synergize with climate-induced heat waves, causing more frequent, intense, and severe hazards and threats to cities and communities [6]. To ensure sustainable development, the United Nations released the sustainable development goals (SDGs) in 2015 to chart a bright and achievable sustainable future.



Cities are the main field of SDG implementation as they are the main settlements of human beings. The goal of sustainable cities and communities (Goal 11) requires the development of inclusive, safe, resilient, and sustainable settlements. This goal is interlinked with many other goals such as good health and well-being (Goal 3), clean water and sanitation (Goal 6), affordable and clean energy (Goal 7), decent work and economic growth (Goal 8), responsible consumption and production (Goal 12), and climate action (Goal 13) [7]. However, numerous pieces of evidence suggest that the implementation of these goals is challenging [8]. To some extent, this suggests that the SDG framework at an international scale presents a low implementation capacity, or at least it is essential to localize the SDGs for higher adaptability and better implementation. Accordingly, one of the major missions of SDG implementation is to overcome the barriers preventing the transformation from a series of goals and targets to actual actions by different stakeholders from various fields, at different levels, and within diverse urban contexts.



Along with urbanization, the concept of urban sustainability has evolved, becoming increasingly comprehensive to coordinate more than one dimension [9]. For instance, Goal 11 specifies the requirements for construction, culture, development, economic, and environmental sustainability, with targets for housing, transport systems, urbanization patterns, cultural and natural heritage, natural disaster mitigation and adaptation, and green and public spaces [10]. Nevertheless, all targets and associated dimensions relevant to Goal 11 are contextualized in the urban environment, and a collection of structural and non-structural conditions that exist within a city are fundamental spaces for conducting a series of activities and modifications for sustainability [11]. Structural environments consist of artificial spaces, such as buildings, infrastructure, and public spaces, while natural environments consist of parks, rivers, and green spaces. Non-structural environments are relevant to interactions and dynamics between people and communities within a city [12,13,14].



Actions towards sustainability in the early stages were mainly relevant to urbanization, with the construction of modern buildings, transportation, and water drainage and supply systems proposed for better quality of life. However, this process modified urban natural elements and negatively affected the surrounding geography, (micro)climate, and water sources [15,16]. Furthermore, continuous urbanization has led cities to expand beyond their environmental carrying capacity, resulting in unbearable ecological issues (e.g., global climate change [17], air pollution, water pollution, and urban warming [18,19,20]), which subsequently affect human health [21,22,23,24]. Therefore, to address different challenges in construction, environmental, economic, cultural, and developmental aspects and to support SDG implementation, there is an urgent need to develop a holistic and implementable urban sustainability assessment system.



Beyond a purely novel assessment system development, the system is expected to examine and monitor the progress of urban sustainability annually so that urban managers and decision makers can opportunely capture the status, strength, drawbacks, and future directions of the sustainability initiative. There have been many failed cases, especially in cities with high urbanization rates, owing to the lack of timely assessments, supervision, and corrections However, dynamic monitoring is often limited by the availability of data that are relevant to urban sustainability. This challenge is more prominent when pursuing multiple sustainability goals in construction, environmental, economic, cultural, and developmental dimensions. Ready-to-update datasets can overcome this problem. Otherwise, extensive efforts should be made to collect, calculate, or simulate the data required for assessment.



To address these research gaps, this study aimed to develop a holistic urban environment examination system (UEES) to comprehensively promote urban sustainability. To overcome the challenges of data unavailability, this study links the UEES framework to the critical concerns of different levels of government where relevant data are annually and seasonally reported and updated by the statistical yearbooks. Overall, this study provides urban managers and decision makers with a sound understanding of urban environment examinations, particularly considering the multiple dimensions of sustainability and the local adaptability of the assessment system. Meanwhile, the availability of dynamic data enables city administrators to make timely decisions regarding modifications and refinements for sustainable development. The UEES framework development was tailored to a Chinese context, as China is a typical developing country with more challenges than many other countries in terms of urbanization, population, and development [25]. Many megacities (e.g., Beijing, Shanghai, Shenzhen, Guangzhou, and Chongqing) and urban agglomerations (e.g., Beijing–Tianjin–Hebei, the Yangtze Delta Region, and the Pearl Delta Region) [26,27,28]. Nevertheless, the achievement of a high urbanization rate associated with unsustainable planning, design, construction, and operation patterns has resulted in many long-lasting, unexpected, and negative impacts on cities and their surroundings [29]. Therefore, to ensure the sustainable development of Chinese cities, it is necessary to upgrade and refine urban development models to cope with unexpected consequences. There is a great need for an assessment system, such as the UEES framework, for timely monitoring of urban sustainable development. Using Qingdao City as an example, this study also demonstrates the application of the UEES framework and identifies challenges in the urban sustainability of Qingdao, China.




2. An Overview of Urban Sustainability Assessment Tools and Frameworks


This section presents an overview of China’s efforts towards environmental, ecological, economic, and cultural sustainability, after which the existing urban sustainability guides and standards are analyzed.



2.1. An Overview of Efforts for Urban Sustainability in China


Since the 1990s, China has been focusing on urban ecological and environmental sustainability. Governments and industries have developed a series of sustainability initiatives tailored to specific urban contexts and development patterns. There are concepts and sustainability frameworks of “ecological cities”, “low-carbon cities”, and “organic cities”. Central and national governments have enacted various regulations and well-specified procedures relevant to sustainable development [30]. For instance, the MOHURD launched an urban physical environment examination to identify and rectify the shortcomings and vulnerabilities in urban planning, design, construction, and operation. This initiative strengthened the capacity to mitigate urban environmental problems and associated threats to comfort, health, safety, and well-being, thereby enhancing evidence-based decision making and allocating resources effectively [31]. In 2023, the central government issued a notice calling for all cities across the country to examine the urban physical environment.



Subsequently, visions of holistic urban sustainability were highlighted, where the key contents of relevant sustainable development plans encompassing the reduction of energy and resource consumption, preservation of ecological environment, and attainment of sustainable development were delineated. For instance, the work “Opinions on Promoting Green Development in Urban and Rural Construction” presented a series of emerging requirements such as enhancing urban functions, expanding public activity spaces, creating art parks, improving facilities for culture and tourism, and promoting new urban styles [32]. Cultural facilities and services, while modernizing cities, are becoming increasingly important in maintaining cultural and heritage preservation. In 2022, the “14th Five-Year Plan for Cultural Development” was released, with requirements for maximizing public cultural resources, building various public cultural facilities at all levels, and encouraging free access to public cultural venues (e.g., libraries, cultural centers, art galleries, and museums). Overall, different levels of government expect to make it easier for public cultural services to operate professionally and to increase the availability and accessibility of these facilities and services [33].




2.2. Assessment Standards and Guides for Urban Sustainability


Urban sustainability assessment is regarded as a method of process control [34], and suitable and tangible assessment standards and guidelines are needed [35,36,37]. Initially, the assessment system focused on assessing the sustainability of a single building. Nevertheless, cities are more complex than buildings, and buildings constitute only one aspect of an urban physical environment. Accordingly, many tools for community-, neighborhood-, and city-scale sustainability assessments were developed. Many studies have examined and proposed recommendations to refine and improve existing tools because existing systems and tools contain constraints and shortcomings. For instance, Sharifi and Murayama [38] reviewed existing urban sustainability assessment systems, such as LEED Neighborhood Development and the BREEAM Community, concluding that existing systems inadequately considered social, economic, cultural, artistic, and institutional dimensions with ambiguous weighting, scoring, and rating methods.



In 2014, the European Union enacted a standard for sustainable cities and communities (ISO 37120) with 19 sectors [39]. While this standard was expected to be standardized, consistent, and comparable, and fit any city, municipality, or local government to monitor sustainability performance, its scope was defined as city services and the quality of life. This standard focuses more on urban operations than on planning and construction of the physical environment. However, these indicators are not intuitive for cities and communities under construction and development. For instance, the ISO 37120 standard does not consider the number of kindergartens, which is an indicator of the extent to which existing facilities and infrastructure can meet educational demands, but focuses on the population/student percentage. Overall, generic international sustainability evaluation systems often lack adaptability and applicability to specific nations and regions, leading to biased and inaccurate results and improper decisions [40]. In the assessment implementation, a one-time assessment provides only a snapshot of the performance. However, many urban managers do not assess a specific city more than once because the precise measurement and collection of numerous indicators is costly, resource-intensive, and time-consuming [30]. It is impossible to reuse the data obtained from individual measurements, and each assessment must update the data promptly.





3. Data and Methods


This section develops the UEES framework by integrating the construction, cultural, economic, environmental, and development dimensions and then determines the indicators and their weights in the system.



3.1. Identification of Assessment System Dimensions and Indicators


Sustainability refers to a development model that describes, measures, monitors, and evaluates the co-existing status of humans and the Earth [41]. However, sustainability is difficult to measure because it includes more than one dimension, and the metrics continue to evolve with a series of drivers [42,43]. Generally, an assessment system for urban sustainability covers environmental, social, and economic dimensions [44]. Environmental sustainability emphasizes the protection and strengthening of the self-restoration capacity of the environment, ensuring the sustainable utilization of natural resources and the health of ecosystems [45,46]. In comparison, social sustainability involves the creation of structural and non-structural spaces for well-being, requiring the achievement of social fairness, justice, and inclusiveness [47,48]. The sustainability assessment dimensions of cities include four key dimensions: buildings and facilities, natural environment, people’s satisfaction, and transportation systems [49]. According to the circular structure perspective, environmental dimensions play a fundamental role in driving social sustainability [50]. Economic sustainability emphasizes that economic development must consider long-term economic growth without negative impacts on environmental quality and social welfare [51,52].



Nevertheless, apart from the environmental, social, and economic dimensions, there are other dimensions of urban sustainability according to changes in challenges, threats, and needs. For instance, construction sustainability is associated with urban structure design, construction, operation, and maintenance to meet urban (re)development, environmental responsibility, and resource-efficient requirements [53,54]. Moreover, China has a long history, therefore, urban sustainability extends beyond inclusive, safe, resilient, and sustainable requirements. In particular, cultural sustainability is increasingly important in an era when modernizing activities have determined values and attitudes to retain, enhance, and develop traditional cultural beliefs, practices, and heritage [55,56]. In China, when pursuing high urbanization rates and economic growth, cultural sustainability is an emergency and timely call and practice for the recognition and respect of traditional culture and traditional ideological value systems. Development potential refers to the education of the younger generation, care and protection of the elderly, the promotion of science and technology for future dynamics and vitality, and the all-round development of human beings, where people, talent, and technologies are the three key components of the future development of cities [57,58].



The assessment system for urban physical environment examination classifies structural and non-structural environments into eight dimensions: ecological livability, urban characteristics, transportation, life comfort, diversity and inclusion, safety and resilience, innovative vitality, and people’s satisfaction. Linking the solution to data unavailability in the implementation of urban physical environment examination systems [49], this study begins with key focuses (18 categories reported in the statistics yearbooks, yellow column on the left side of Figure 1) of national, regional, and local governments to track urban sustainability progress while respecting multiple sustainability dimensions. Most indicators in these 18 categories can be attributed to the eight aspects of existing assessment systems [30]. For example, indicators of urban construction and environmental protection can be grouped into land use, waste, and water. The building industry can be categorized into land use and energy aspects. These eight aspects can be further categorized into five dimensions. For example, transport and land use can be grouped into construction dimensions, while air, waste, and energy can be categorized into environmental dimensions. Overall, this study summarizes five dimensions (D1–D5): construction (D1), economy and industry (D2), environment and resource (D3), municipal and cultural facilities (D4), and development potential (D5) (Figure 1).



The number of indicators in the statistical yearbooks concerned by governments at different levels exhibited slight variations, averaging 180. Typically, the number of indicators of concern by municipal governments is higher than that of district governments. Nevertheless, the indicators considered in the UEES framework should be effectively identified, and the selection of indicators must adhere to the following principles: (1) it concerns the urban environment; (2) it involves the presence of clear dimensional attributes to facilitate the integration of indicators into assessment dimensions; and (3) the chosen indicators should ensure subsequent comparisons and discussions. Table 1 presents the indicator system of the UEES by restructuring the indicators reported in the statistical yearbooks into five dimensions.



For instance, the construction (D1) dimension consists of six indicators: the development intensity of built-up areas (C1), population density of built-up areas (C2), density of the road network (C3), retrofitted areas of old residential communities per 10,000 people (C4), the ratio of the increasing areas of new residential buildings to the increasing population (C5), and the fire station coverage rate (C6). Within the development potential (D5) dimension, there are seven indicators: the gender ratio of the population (C25), degree of aging (C26), proportion of the population with tertiary education (C27), elementary school students as a percentage of the resident population (C28), share of fiscal expenditure on science and technology (C29), number of high-tech enterprises per 10,000 people (C30), and cultural building areas per 10,000 people (C31).




3.2. Indicator Weight and Calculation Methods


Multiple methods have been developed to determine the indicator weights in urban sustainability assessment systems. There are two key weighting methods: subjective and objective. Subjective methods assign weights based on researchers’ subjective assessments, and these methods consist of an analytic hierarchy process, a fuzzy comprehensive evaluation, and expert scoring methods [59]. Objective methods employ statistical approaches, such as principal component analysis, factor analysis, coordinated evaluation method, and the entropy weight method, to process the data [60].



The UEES framework developed in this study includes a wide range of indicators with complex interconnections, rendering subjective weighting methods susceptible to bias. In comparison, principal component analysis and factor analysis are not appropriate because of the lack of direct data for some indicators [61]. The entropy weight method is an objective method for determining weights [62]. It calculates the weights based on the amount of information included in the indicators, thereby excluding any influences caused by humans. After standardizing the indicator data, the indicator matrix designated as Z was used to compute the entropy weight for each indication. The process is accomplished by employing the following equations, with the detailed steps and mathematical expressions outlined in Equations (1)–(4).


    p   i j   =     z   i j       ∑  i = 1   n      z   i j        



(1)






    e   j   = −   1     ln  ⁡  n       ∑  i = 1   n      p   i j     ln  ⁡      p   i j       ,   j = 1,2 , ⋯ , m      



(2)






    d   j   = 1 −   e   j    



(3)






    W   j   =     d   j       ∑  j = 1   m      d   j         j = 1,2 , ⋯ , m    



(4)




where     z   i j     represents the indicator matrix;     p   i j     denotes the probability matrix; and     e   j     denotes the information entropy, and a higher value of     e   j     indicates a larger information entropy for the jth indicator.     d   j     represents the information utility value; a larger value of     d   j     signifies a higher amount of information.     W   j     represents the entropy weight; n is the number of evaluation objects; and m represents the number of indicators.



After determining the entropy weight of each indicator, a linear weighting method was used to calculate the total assessment score. Assuming that     r   i     is the comprehensive evaluation score of the ith assessment object, the calculation formula is presented in Equation (5).


    r   i   =   ∑  j = 1   m      W   j     z   i j      



(5)









4. Case Study Area


Qingdao was selected as an example to demonstrate the application of UEES framework for urban sustainability assessment (Figure 2). Qingdao is the only port city among the new first-tier cities, and has unique geographical advantages and an economic development status. Qingdao has emerged as a megacity with a population of more than 10 million people. Nevertheless, compared with many other highly urbanized cities, such as Beijing, Shanghai, Guangzhou, and Shenzhen, Qingdao is still urbanizing. Compared with many other second- and third-tier cities, Qingdao is well-developed and is under industrial transformation for economic vitality and sustainable development. Examining the urban sustainability of Qingdao is far more critical than that of many other cities in terms of avoiding improper decisions during the transition.



Qingdao consists of ten districts: Shinan (Cen1), Shibei (Cen2), Licang (Cen3), Laoshan (Cen4), West Coast New Area (Sub1), Chengyang (Sub2), Jimo (Sub3), Jiaozhou (Out1), Pingdu (Out2), and Laixi (Out3) (Figure 2). These ten districts are further divided into three main areas: central urban areas (Cen1, Cen2, Cen3, and Cen4), suburban areas (Sub1, Sub2, and Sub3), and outer suburbs (Out1, Out2, and Out3). These areas have unique functions and patterns of development. For instance, Cen1, Cen2, Cen3, and Cen4 have dense populations, and the industry is mainly composed of service industries such as finance, tourism, culture, and art. These four districts are well-developed with sound facilities. Sub1, Sub2, and Sub3 are suburban areas concentrated in secondary and tertiary industries such as industry and finance, whereas different types of facilities are not as complete as those in the central city area. Out1, Out2, and Out3 are outer suburbs that rely on secondary and primary industries, with more factories and smaller population density than the other two areas. The prioritization of these areas for assessment and examination can help pinpoint barriers and shortcomings to the sustainability improvement of these regions, thereby providing effective suggestions for refinement and modification. Table 2 summarizes key information of Qingdao and its districts.




5. Results and Discussion


This section presents the calculated results in terms of indicator weights and urban sustainability scores for the entire city and its districts. The scores of the five dimensions and specific indicators of the entire city and ten districts were also analyzed to identify the strengths and shortcomings of the different dimensions.



5.1. Weights of Different Dimensions and Indicators


A sustainability assessment was conducted for the entire city of Qingdao and its ten districts based on the 5 dimensions and 31 indicators in the UEES framework. The weights for each indicator and the evaluation dimension were calculated using Equations (1)–(4). As shown in Table 3, construction (D1) had a weight of 0.2125, which was slightly lower than that of the economy and industry (D2, 0.2153). Environment and resource (D3) had a weight of 0.1978. Municipal and cultural facilities (D4) and development potential (D5) had similar weights of approximately 0.1876 and 0.1877, respectively. This result indicates that all five dimensions are well-respected in the UEES framework, without an abnormal emphasis on a specific dimension. Furthermore, the weights of each indicator were relatively even, without abnormal values. The highest weight was found in retrofitted areas of old residential communities per 10,000 people (C4, 0.0544) and in the ratio of the increasing areas of new residential buildings to the increasing population (C5, 0.0541). The minimal weight was found for the population density of built-up areas (C3), with a value of 0.0119.




5.2. Overall Urban Sustainability Scores of the Entire City and Ten Districts


Figure 3 depicts the urban sustainability scores for the entire city of Qingdao and its ten districts. Overall, the sustainability score of Qingdao was 79.69—far from 100 but higher than 60. This suggests that the urban sustainability of Qingdao was good overall good, but there was space for action towards an outstanding level. The scores of the three districts were higher than those of the entire city. The three districts were Shinan (Cen1, 93.55), Laoshan (Cen4, 100.00), and Chengyang (Sub2, 84.23). Note that Laoshan (Cen4) has a score of 100.00, because we adopted a percentage-based calculation method to assess urban sustainability. However, only Shinan (Cen1) and Laoshan (Cen4) demonstrated superior sustainability in the central cities. The score for Licang (Cen3) was only 63.10, which was the lowest among all the districts. There is a need to further understand why Licang (Cen3) performed the worst in terms of urban sustainability. Furthermore, Chengyang (Sub2) in the suburban area had a higher score than the entire city, and its score was higher than those in the West Coast New Area (Sub1, 71.40) and Jimo (Sub3, 77.50). Out3 performs the best in the outer suburban area, with a score of 70.20, whereas the scores for Jiaozhou (Out1) and Pingdu (Out2) are 63.52 and 63.40, respectively. A good sign of the analysis is that the urban sustainability scores of all districts exceeded 60, indicating a good sustainability level.




5.3. Urban Sustainability Scores of the Entire City and Ten Districts in Construction Dimension (D1)


Figure 4 shows the urban sustainability scores of the entire city of Qingdao and its ten districts with respect to construction (D1). Overall, the city score was 17.50. Three districts performed better than the entire city, with higher score of 20.95 (Shinan, Cen1), 18.68 (Jimo, Sub3), and 19.64 (Pingdu, Out2). These three districts belong to the central city, suburban area, and outer suburban area. Cen3 and Out1 had the lowest sustainability values in the construction dimension of approximately 8.54 and 10.09, respectively. This result suggests that Licang (Cen3) and Jiaozhou (Out1) must take effective action to improve construction sustainability. The scores of other districts, such as Laoshan (Cen4), the West Coast New Area (Sub1), Chengyang (Sub2), and Laixi (Out3), ranged between 12 and 16.



Figure 5 presents the sustainability scores of different indicators in the construction dimension (D1). The results indicate that in the entire city, the scores of all six indicators were good, ranging between 2.01 and 4.01. The lowest value (2.01) was found for the C3—density of road networks, suggesting that Qingdao should improve its road network to improve its construction sustainability. However, the indicators of the C4—retrofitted areas of old residential communities and the C6—fire station coverage rate also had low scores of approximately 2.06 and 2.26, respectively. For all ten districts, central districts (e.g., Cen1, Cen2, and Cen3) generally received lower scores (<0.5) in the C1—development intensity of built-up areas than all other districts (>3.0). In comparison, Cen1 and Cen2 performed the best in the C6—fire station coverage rate (>6.0) compared with all other districts (<3.0).



For Shinan (Cen1) which had the best construction sustainability, it performed the best in C4—retrofitted areas of old residential communities and C6—fire station coverage rate, about 9.82 and 8.86 in scores, respectively. However, Shinan (Cen1) had the potential to improve its construction sustainability in many other aspects, such as C1, C2, C3, and C5, with scores ranging from 0 to 1.66. The success formulas for Pingdu (Out2) and Jimo (Sub3), which performed better than the entire city in terms of construction sustainability, were generally the same. They performed well in the C1—development intensity of built-up areas, C2—population density of built-up areas, and C5—the ratio of the increasing areas of new residential buildings to the increasing population, with score pairs of 3.11 and 3.57, 3.54 and 2.61, and 9.31 and 9.76, respectively. The indicator of the C6—fire station coverage rate in Pingdu (Out2) was somewhat good, with a score of 2.08, and the indicator of C3—density of road networks in Jimo (Sub3) is somewhat good, with a score of 1.96. However, there is still great potential to improve the construction in C6 and C3 for both Pingdu and Jimo. In addition, the scores of the C4—retrofitted areas of the old residential communities in Pingdu and Jimo were 0.63 and 0.77, showing significant potential for improvement.



For remaining districts, Cen2 (Shibei) presented good performance in C5—the ratio of the increasing areas of new residential building to the increasing population, and C6—fire station coverage rate, with scores of 7.54 and 6.47, respectively. However, the C1—development intensity of built-up areas and C2—population density of built-up areas gained scores of zero, suggesting the urgency of improving sustainability in these two aspects. In Chengyang (Sub2), the C1—development intensity of built-up areas and C4—retrofitted areas of old residential communities gained scores of 3.44 and 3.76, respectively. The scores for C2, C3, and C5 were 2.66, 2.16, and 2.83, respectively, indicating their potential to improve construction sustainability. However, the C6—fire station coverage rate score was low, indicating significant potential for improvement. In C1 and C2, the districts of Laoshan (Cen4), West Coast New Area (Sub1), Jiaozhou (Out1), and Laixi (Out3) showed a similar pattern to Sub2, with roughly higher scores compared to other indicators. For instance, the C4—retrofitted areas of old residential communities in Laoshan (Cen4), C3—density of road networks in Laixi (Out3), C5—the ratio of the increasing areas of new residential buildings to the increasing population in Laixi (Out3), C5—the ratio of the increasing areas of new residential buildings to the increasing population in Jiaozhou (Out1), and C6—fire station coverage rate in Jiaozhou (Out1) were zero, showing the greatest potential for improvement. In addition, Licang (Cen3) showed poor performance in the C1—development intensity of built-up areas and C4—retrofitted areas of old residential communities.




5.4. Urban Sustainability Scores of the Entire City and Ten Districts in the Economy and Industry Dimension (D2)


Figure 6 presents the urban sustainability scores of the entire city of Qingdao and its ten districts with respect to the economy and industry dimension (D2). Overall, the sustainability score of the economy and industry for the entire city of Qingdao was 12.14, far lower than the construction sustainability score of 17.50, suggesting the potential and need to further improve economy sustainability. Among ten districts, eight districts including Shinan (Cen1), Laoshan (Cen4), West Coast New Area (Sub1), Chengyang (Sub2), Jimo (Sub3), Jiaozhou (Out1), Pingdu (Out2), and Laixi (Out3) had higher scores than the entire city. Typically, Shinan (Cen1) and Laoshan (Cen4) were the most prominent drivers to the economy sustainability in Qingdao, with the scores of 20.57 and 27.99, respectively. Only Shibei (Cen2) and Licang (Cen3) had lower scores, about 9.55 and 6.40, suggesting the need to improve economy sustainability whilst they are in the central city areas.



Figure 7 shows the sustainability scores for different indicators in D2. For the entire city of Qingdao, the indicator of C10—size of high-tech industries received the highest score of 2.96, followed by the indicator of C8—local GDP per capita (2.79), C7—local gross domestic product (GDP) growth rate (2.53), and C9—percentage of tertiary sector (2.50). The score of C12—electricity consumption per unit of GDP was 1.36, and that of the C11—growth rate of fixed asset investment was zero. This result indicates that Qingdao has entered a well-developed stage and its energy consumption for economic development should be improved in the future.



For all ten districts, the C7—local gross domestic product (GDP) growth rates in Shinan (Cen1), Shibei (Cen2), and Licang (Cen3) were low (less than 0.5), demonstrating that economic growth made limited contributions to their economic sustainability. In comparison, for all the other seven districts, the scores of C7 ranged between 2.21 and 5.85, suggesting promising economic growth and promoting economic sustainability. Furthermore, the C9—percentage of the tertiary sector (6.68, 5.53 and 4.00 in value, respectively,) was an important driver of the economic sustainability of Shinan (Cen1), Shibei (Cen2), and Licang (Cen3). In comparison, C9 scores in the other districts, except for Laoshan (Cen4) and the West Coast New Area (Sub1), were generally low. In addition, the C8—local GDP per capita, 8.66 in value, was the most important driver of Shinan’s economic sustainability (Cen1).



In Laoshao (Cen4), economic sustainability was the best, with six indicators performing well. The C11—growth rate of fixed asset investment received a score of 6.34, followed by the C10—size of high-tech industries (5.67), and the C7—local gross domestic product (GDP) growth rate (5.37). These results verify that Laoshao’s economy is continuing to grow. However, the C8—local GDP per capita and C9—percentage of the tertiary sector gained 5.07 and 3.72, respectively. The C12—electricity consumption per unit of GDP received a score of 1.82, far less than that of the other indicators. These results indicate that Laoshao should reduce the environmental impacts of economic growth. In Shinan (Cen1), C8—local GDP per capita and C9—percentage of the tertiary sector gained the highest scores of 8.66 and 6.68. However, indicators C10, C11, and C12 received lower scores (0.99, 1.72, and 2.37, respectively). The results indicate that Shinan (Cen1) has upgraded its economic growth towards a low-impact industry, but efforts are needed to improve economic sustainability.



Laixi (Out3), an outer suburban district, benefited significantly from the C11—growth rate of fixed asset investment, with a score of 9.63, showing that Laixi is rapidly developing with construction and facilities. Furthermore, following the orders Sub1, Out3, Sub2, Out1, and Sub3, the contribution of the C7—local gross domestic product (GDP) growth rate to economic sustainability increased gradually, despite some fluctuations. Meanwhile, the contribution of C8—local GDP per capita and C9—percentage of the tertiary sector in these five districts reduced gradually, showing increasing environmental impacts. The contribution of the C11—growth rate of fixed asset investment and C12—electricity consumption per unit of GDP in all five districts, except for Laixi (Out3), remained low, suggesting a high impact on environmental quality. Similar to Laixi (Out3), Pingdu (Out2), another outer suburban district, also relied heavily on the C11—growth rate of fixed asset investment, with a score of 6.55, showing that it is also under development. In addition, for Shibei (Cen2) and Licang (Cen3), all indicators except C9 were low, indicating an urgent need to improve their economic sustainability.




5.5. Urban Sustainability Scores of the Entire City and Ten Districts in the Environment and Resource Dimension (D3)


Figure 8 analyzes the urban sustainability scores of the entire city of Qingdao and its ten districts with respect to the environment and resource dimension (D3). The entire city of Qingdao received a score of 19.55, and only one district, Laixi (Out3), received a higher score (23.94) than the entire city. For all other districts, the scores were lower, and the central city districts of Shinan (Cen1), Shibei (Cen2), Licang (Cen3), and Laoshan (Cen4) received lower scores of 11.67, 9.68, 10.36, and 10.32, respectively, compared to the suburban and outer suburban districts of the West Coast New Area (Sub1), Chengyang (Sub2), Jimo (Sub3), Jiaozhou (Out1), and Pingdu (Out2), approximately 11.53, 16.94, 18.28, 17.74, and 17.98, respectively. Overall, urbanized districts face more severe environmental challenges.



Figure 9 shows the sustainability scores of the different indicators in D3. For the entire city of Qingdao, different indicators showed different levels of environmental sustainability. The indicator of C16—percentage of cultivated land area contributed the most to environmental sustainability, with a score of 7.28. The C18—recycled water utilization rate also played an important role in improving environmental sustainability. Following this, the C14—good air quality rate gained a score of 3.15, also indicating a sufficient contribution. For the remaining three indicators, C13—average regional ambient noise, C15—greening coverage in built-up areas, and C17—percentage of fiscal expenditure on energy conservation and environmental protection, their contributions were weak (approximately 1.48, 1.53, and 2.09, respectively). Overall, environmental sustainability, which is dependent on cultivated land area, suggests that urbanization in Qingdao has a prominent impact on the environment.



Among the districts, Jimo (Sub3), Pingdu (Out2), and Laixi (Out3) received higher scores in the C13—average regional ambient noise than all other districts. This is relevant to the fact that Sub3, Out2, and Out3 are in outer suburban areas with fewer noise sources, whereas districts in the central city and suburban areas may face the challenge of traffic noise. However, the C14—good air quality rate did not contribute to the environmental sustainability of Jim (Sub3) and Pingdu (Out2), which might be relevant to local industrial air pollution. However, other districts were weakly affected by air pollution. The reliance on the C16—percentage of cultivated land area Jimo (Sub3), Jiaozhou (Out1), Pingdu (Out2), and Laixi (Out3) in environmental sustainability also verifies the lower urbanization level in these districts. Urbanization has failed to ensure environmental quality.



Laixi (Out3), the best district in environmental sustainability, depends mainly on two indicators: C13—average regional ambient noise (6.47) and C16—percentage of cultivated land area (9.06). In comparison, other indicators showed low scores, with 2.74 in C15—greening coverage in built-up areas, 2.69 in C17—percentage of fiscal expenditure on energy conservation and environmental protection, and 2.42 in C14—good air quality rate. However, the C18—recycled water utilization rate score was only 0.56, indicating the need to improve water sustainability. In the outer suburban areas, Jiaozhou (Out1) and Pingdu (Out2) also received low scores in the C18—recycled water utilization rate of approximately 0.29 and zero in value, demonstrating that the outer suburban areas should improve the recycled water infrastructure. In comparison, Jimo (Sub3) benefited significantly from C18, which may be relevant for the growth of local industries. In the central city and suburban areas, only the West Coast New Area (Sub1) received a low score (0.31) in C18. In Chengyang (Sub2), environmental sustainability had advantages over C18, with a score of 8.07. In Laoshan (Cen4), environmental sustainability was mainly supported by the C14—good air quality rate (4.30) and C18 (3.82). However, in the remaining cases, the contributions of the C14—good air quality rate, C15—greening coverage in built-up areas, and C17—percentage of fiscal expenditure on energy conservation and environmental protection were not prominent. Overall, urbanization in Qingdao has caused environmental deterioration, however, the relevant infrastructure for environmental sustainability has not been well developed.




5.6. Urban Sustainability Scores of the Entire City and Ten Districts in Municipal and Cultural Facilities Dimension (D4)


Figure 10 analyzes the urban sustainability scores of the entire city of Qingdao and its ten districts with respect to the municipal and cultural facilities dimension (D4). Overall, the entire city of Qingdao received a score of 13.57, and five of the ten districts had higher scores than the entire city. In general, the four districts in the central city area had the highest scores, about 23.12 (Cen1, Shinan), 25.81 (Cen2, Shibei), 19.74 (Cen3, Licang), and 19.43 (Cen4, Laoshan). In comparison, the three districts in the outer suburban areas had lower scores than the entire city. In Jiaozhou, Pingdu, and Laixi, the scores were 9.62 (Out1), 6.95 (Out2), and 8.49 (Out3), respectively. Suburban areas consisting of the West Coast New Area (Sub1), Chengyang (Sub2), and Jimo (Sub3) had good scores of approximately 10.94, 11.08, and 15.69, respectively. Typically, suburban areas underwent urbanization, which can lead to the conclusion that municipal and cultural sustainability cannot be well-addressed during rapid urbanization. For the central city area, the districts are well-urbanized, so that a series of municipal and cultural facilities and services can be provided. However, the results suggest that Shinan (Cen1) and Shibei (Cen2) had better municipal and cultural infrastructures than Licang (Cen3) and Laoshan (Cen4). In comparison, municipal and cultural infrastructure and associated cultural sustainability were not highlighted for low urbanization rates in Jiaozhou (Out1), Pingdu (Out2), and Laixi (Out3).



Figure 11 presents the sustainability scores of the different indicators for D4. For the entire city, all indicators gained roughly similar scores, ranging from 1.64 and 3.03. The C20—number of libraries per 10,000 people received a score of 3.03, and the C21—number of kindergartens per 10,000 people received a score of 1.64. Overall, the central city area, consisting of Cen1, Cen2, Cen3, and Cen4, received the highest score for C19—number of social welfare facilities per 10,000 people, with values of 4.42, 4.52, 3.03, and 2.58, respectively. Meanwhile, the scores gained by C20—number of libraries per 10,000 people in these four districts were also the largest, at approximately 7.47, 6.94, 7.96, and 6.10, respectively. The scores of C19 of the districts in the suburban area were low, with the values of 0.64 (Sub1, West Coast New Area), 1.84 (Sub2, Chengyang) and zero (Sub3, Jimo). The scores of the C19 of the districts in the outer suburban area were not high, about 2.43, 0.53 and 2.36 for Out1 (Jiaozuo), Out2 (Pingdu), and Out3 (Laixi), respectively. Overall, C19 and C20 were the main indicators contributing to the differences in municipal and cultural suitability among the ten districts.



An analysis of the municipal and cultural sustainability in each district suggested that the municipal and cultural sustainability of Shinan (Cen1) and Shibei (Cen2) was the best, with almost all indicators receiving high scores, except for the C24—percentage of residential communities under professional property management. Actions are required for professional property management to ensure cultural sustainability. The C24 values in Licang (Cen3) and Laoshan (Cen4) were good, but not high, with scores of approximately 2.25 and 4.01, respectively. Moreover, the indicator of C23—density of low-carbon energy facilities in built-up areas in both Licang (Cen3) and Laoshan (Cen4) received good scores of approximately 2.57 and 3.16 in value, respectively. However, the indicators C21—number of kindergartens per 10,000 people and C22—number of convenient service facilities per 10,000 people did not perform well, with low scores.



Furthermore, in Jiaozhou (Out1), Pingdu (Out2), and Laixi (Out3), the indicators C21 and C22 performed well with good scores. However, the other indicators received low scores, limiting the municipal and cultural sustainability of the three districts. In the suburban area, apart from the C24—percentage of residential communities under professional property management and the C22—number of convenient service facilities 10,000 people, all other indicators in the West Coast New Area (Sub1) and Chengyang (Sub2) received low scores. In Jimo (Sub3), all the other indicators performed well, except for C19 and C23.




5.7. Urban Sustainability Scores of the Entire City and Ten Districts in Development Potential Dimension (D5)


Figure 12 analyzes the urban sustainability scores of the entire city of Qingdao and its ten districts with respect to the development potential dimension (D5). The entire city of Qingdao received a score of 16.93 in D5, and four districts received higher scores than the entire city. They were Shinan (Cen1), Licang (Cen3), Laoshan (Cen4), and Chengyang (Sub2), and values were 17.24, 18.07, 27.96, and 25.50, respectively. In comparison, the development potential levels of Jimo (Sub3), Jiaozhou (Out1), Pingdu (Out2), and Laixi (Out3) were generally low, with values of 11.77, 12.99, 6.33, and 10.13, respectively. These results may indicate that well-urbanized districts had good development potential. However, the score for Shibei (Cen2) was only 15.01, whereas that for the West Coast New Area (Sub1) was 16.86.



Figure 13 presents the sustainability scores of the different indicators in the dimension D5. Overall, seven indicators in the entire city of Qingdao received even scores ranging from 1.63 and 4.02. The indicator of C28—elementary school students as a percentage of the resident population received the lowest value of 1.63. In comparison, the indicator of the C25—gender ratio of the population had the highest value of 4.02. Other indicators, such as C26—degree of aging, C27—proportion of population with tertiary education, and C29—share of fiscal expenditure on science and technology, gained scores higher than 2.0. However, indicators of C30—number of high-tech enterprises per 10,000 people and C31—cultural building areas per 10,000 people gained scores lower than 2.0.



For specific districts, the results indicate that Shinan (Cen1), Shibei (Cen2), and Licang (Cen3) did not benefit much from the C25—gender ratio of the population, with low scores of 0, 0.30, and 1.39, respectively. In comparison, all other districts gained strength from C25 for development potential. Regarding the C27—proportion of population with tertiary education, the districts of Jimo (Sub3), Jiaozhou (Out1), Pingdu (Out2), and Laixi (Out3) received low scores of 0.41, 0.67, 0, and 0.36, respectively. In comparison, all other districts benefited from C27, especially Shinan (Cen1), Shibei (Cen2), Licang (Cen3), and Laoshan (Cen4), at approximately 6.67, 4.80, 4.97, and 5.30, respectively. Likewise, the indicator of C29—share of fiscal expenditure on science and technology received low scores of 0.73 in Jimo (Sub3), 1.24 Jiaozhou (Out1), 0.61 in Pingdu (Out2) and 0 in Laixi (Out3). However, C29 was higher in the other districts.



For Laoshan (Cen4), a district with a better developmental potential level than all others, its seven indicators received good scores, except for C28—elementary school students as a percentage of the resident population. For Chengyang (Sub2), another district with good development potential, its seven indicators received good scores, except for C31—cultural building areas per 10,000 people. In all other districts, the scores gained by C28—elementary school students as a percentage of the resident population, C29—share of fiscal expenditure on science and technology, C30—number of high-tech enterprises per 10,000 people, and C31—cultural building areas per 10,000 people were generally low, limiting the future development of these districts.




5.8. Strength and Shortcomings of Urban Sustainability


In this study, a UEES framework was developed for an urban sustainability assessment. The examination system was applied to Qingdao, China, and the original findings were obtained, which could provide a reference for understanding the progress and challenges relevant to urban sustainability in this city. Overall, the results suggest that well-urbanized districts performed better in overall sustainability (e.g., Shinan, Shibei, Laoshan, Chengyang), while districts in suburban and outer suburban areas had lower urban sustainability levels. Nevertheless, districts in the central city area did not always perform better in all dimensions than those in the suburban and outer suburban areas. Districts in suburban and outer suburban areas still performed better in some respects.



For D1, Shinan (Cen1) was the only district in the central city area that performed better than the entire city, whereas Jimo (Sub3) and Pingdu (Out2) in suburban and outer suburban areas, respectively, could also perform better than the entire city. However, all other districts performed worse in terms of construction sustainability than the entire city. For D2, Shibei (Cen2) and Licang (Cen3) performed worse than the entire city, but all other districts, regardless of area difference, performed better than the entire city in terms of economic sustainability. For D3, districts in suburban and outer suburban areas received higher scores than those in the central city area. This suggests that urbanization has led to environmental deterioration, especially in built-up areas. For D4, districts in suburban areas that are under rapid urbanization performed the worst in terms of cultural sustainability. Highly urbanized districts in the central city area perform the best in terms of cultural sustainability. This means that well-urbanized districts have advantages in terms of cultural facilities and services, while cultural infrastructure is generally neglected in developing areas. For D5, well-urbanized districts gained strength, whereas less-urbanized districts in outer suburban areas had the worst development potential. Overall, the transition from less-urbanized to well-urbanized districts may lead to environmental deterioration and economic growth deceleration (if industries are not well upgraded), but cultural sustainability and development potential can be improved.



The analysis also showed that the achievement of sustainability in specific dimensions had some convergence (Figure 14). For D1, the C6—fire station coverage rate was an important driver of Shinan (Cen1) and Shibei (Cen2) in the central city area, while the C1—development intensity of built-up areas and/or the C2—population density of built-up areas were important drivers of the construction sustainability of districts in suburban and outer suburban areas. For D2, the C9—percentage of the tertiary sector was an important driver of the economic sustainability of districts in the central city area, while the C7—local gross domestic product (GDP) growth rate and C10—size of high-tech industries were important drivers of the economic sustainability of districts in suburban and outer suburban areas. In addition, the C11—growth rate of fixed asset investment was also important for Shibei (Cen2), Laoshan (Cen4), Pingdu (Out2), and Laixi (Out3).



For D3, C13—average regional ambient noise and/or C14—good air quality rate were drivers of environmental sustainability in the central city area, and C13—average regional ambient noise was also an important driver for outer suburban areas. Moreover, the C14—good air quality rate and/or C16—percentage of cultivated land area were the drivers of the environmental sustainability of suburban and outer suburban areas. For D4, the C20—number of libraries per 10,000 people and/or C23—density of low-carbon energy facilities in built-up areas were important drivers of cultural sustainability in the central city area. Moreover, the C21—number of kindergartens per 10,000 people and/or C22—number of convenient service facilities per 10,000 people were important drivers of cultural sustainability in suburban and outer suburban areas. For D5, the C27—proportion of the population with tertiary education and/or C29—share of fiscal expenditure on science and technology were drivers of the development potential of the central city area, and the C25—gender ratio of the population and/or C26—degree of aging were drivers of suburban and outer suburban areas.



Figure 15 presents indicators with low sustainability scores. For D1, C1—development intensity of built-up areas, C2—population density of built-up areas, C4—retrofitted areas of old residential communities, and/or C5—the ratio of the increasing areas of new residential buildings to the increasing population constrained the construction sustainability of the central city area. In comparison, the C6—fire station coverage rate limited the construction sustainability of districts in suburban areas. C4—retrofitted areas of old residential communities and/or C6—fire station coverage rates were barriers to the outer suburban areas. For D2, the C7—local gross domestic product (GDP) growth rate, C8—local GDP per capita, and/or C10—size of high-tech industries were barriers to the economic sustainability of the central city area. C9—percentage of tertiary sector, C11—growth rate of fixed assets investment, and/or C12—electricity consumption per unit of GDP were the main barriers to economic sustainability in suburban and outer suburban areas.



For D3, C16—percentage of cultivated land area was the main barrier to environmental sustainability of districts in the central city area, while the main barriers of the suburban area were C13—average regional ambient noise, C15—greening coverage in built-up areas, and/or C17—percentage of fiscal expenditure on energy conservation and environmental protection. Moreover, the C18—recycled water utilization rate was a key challenge for districts in the outer suburban areas. For D4, the C24—percentage of residential communities under professional property management and/or C21—number of kindergartens in built-up areas were barriers to the cultural sustainability of districts in the central city area. C20—number of libraries per 10,000 people, C21—number of kindergartens per 10,000 people and/or C23—density of low-carbon energy facilities in built-up areas were barriers to the districts in suburban areas. Furthermore, the C20—number of libraries per 10,000 people, C23—density of low-carbon energy facilities in built-up areas and/or C24—percentage of residential communities under professional property management were barriers to the cultural sustainability of districts in outer suburban areas. For D5, the C25—gender ratio of the population and C28—elementary school students as a percentage of the resident population were barriers to the central city area. C28—elementary school students as a percentage of the resident population and/or C31—cultural building areas per 10,000 people were the main barriers to development potential in suburban areas. The C27—proportion of the population with tertiary education, C29—share of fiscal expenditure on science and technology, and/or C31—cultural building areas per 10,000 people were key barriers to the development potential of districts in outer suburban areas.



To date, this research has carried out a comprehensive urban sustainability assessment for Qingdao and its ten districts. It identified the strengths and weaknesses of each district’s sustainable development, and provides recommendations for future development. This case study demonstrated the feasibility and effectiveness of the evaluation system. It is essential to emphasize that the successful implementation of this assessment system relies on data from the statistical yearbook. Thanks to the annual publication of statistical yearbooks, it is possible to evaluate a city’s sustainable development by updating the input data while keeping the research framework unchanged. Consequently, this research is replicative and presents a significant advantage over the existing evaluation systems.





6. Conclusions


The effective improvement of urban sustainability is a critical issue for urban planners, designers, and managers. This study developed a tangible and implementable UEES framework with respect to comprehensiveness, progress in local adaptability, and urban sustainability examination. The UEES framework consisted of 5 dimensions and 31 indicators, where the 5 dimensions of construction, economy and industry, environment and resource, municipal and cultural facilities, and development potential could ensure sustainability assessment in multiple dimensions. The interconnection with the statistical yearbook ensured the availability of the assessment data. Furthermore, the UEES framework was applied to Qingdao to demonstrate the applicability of this system, through which a series of original findings were obtained. These findings could help local planners, designers, and managers devise solutions for improving Qingdao’s urban sustainability. Overall, this study provides a methodological framework for urban environment examination for urban sustainability in China and provides a reference for people to understand urban sustainability as well as associated drivers and barriers in Qingdao, China. It should be noted that the development of the UEES framework and its application in Qingdao is to measure the extent to which urban construction and operation in 5 dimensions can promote environmental, social, economic, and cultural sustainability, whereas the UEES framework cannot directly measure the performance or changes in environmental, social, economic, and cultural sustainability. However, future studies should be conducted to assess the actual performance of environmental, social, economic, and cultural sustainability, and the drivers and barriers to their performance should be revealed to determine the solutions to associated challenges and generate lessons and experiences for other cities [63].
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Figure 1. The identification process of the five assessment dimensions of the Urban Environmental Examination System. 
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Figure 2. The location of Qingdao and its districts. 
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Figure 3. Urban sustainability scores of Qingdao and its ten districts. 
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Figure 4. Sustainability score of the dimension D1 of Qingdao and its ten districts. 
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Figure 5. Sustainability scores of different indicators in the dimension D1. 
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Figure 6. Sustainability score of the dimension D2 of Qingdao and its ten districts. 
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Figure 7. Sustainability scores of different indicators in dimension D2. 
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Figure 8. Sustainability score of the dimension D3 of Qingdao and its ten districts. 
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Figure 9. Sustainability scores of different indicators in the dimension D3. 
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Figure 10. Sustainability score of the dimension D4 of Qingdao and its ten districts. 
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Figure 11. Sustainability scores of different indicators in the dimension D4. 
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Figure 12. Sustainability score of the dimension D5 of Qingdao and its ten districts. 
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Figure 13. Sustainability scores of different indicators in the dimension D5. 
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Figure 14. Indicators with the highest sustainability scores (no less than 1.5) across five dimensions in Qingdao. 
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Figure 15. Indicators gaining low sustainability scores (<1.5) across five dimensions in Qingdao. 
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Table 1. Assessment dimensions and indicators for the urban environment examination system.
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Dimensions

	
Clarification on Indicators

	
Indicators






	
Construction

(D1)

	


   C 1 =   b u i l t − u p   a r e a s     k m   2       t o t a l   d i s t r i c t   a r e a s     k m   2         









	
Development intensity of built-up areas




	


   C 2 =   N u m b e r   o f   p e r m a n e n t   r e s i d e n t s   i n   t h e   b u i l t − u p   a r e a ( 10,000   p e o p l e )   L a n d   a r e a   o f   t h e   b u i l t − u p   a r e a (   k m   2   )     









	
Population density of built-up areas




	


   C 3 =   T o t a l   l e n g t h   o f   r o a d s   w i t h i n   d i s t r i c t   k m     b u i l t − u p   a r e a     k m   2         









	
Density of road networks




	


   C 4 =   R e n o v a t i o n   a r e a   o f   o l d   r e s i d e n t i a l   a r e a s   w i t h i n   t h e   d i s t r i c t   i n   t h a t   y e a r (   m   2   )   N u m b e r   o f   p e r m a n e n t   r e s i d e n t s   i n   t h e   d i s t r i c t ( 10,000   p e o p l e )     









	
Retrofitted areas of old residential communities




	


   C 5 =   N e w   c o m p l e t e d   c o m m e r c i a l   h o u s i n g   a r e a (   m   2   )   N e w   p e r m a n e n t   p o p u l a t i o n × M i n i m u m   h o u s i n g   a r e a   p e r   c a p i t a (   m   2   )     









	
The ratio of the increasing areas of new residential building to the increasing population




	


   C 6 =   L a n d   a r e a   c o v e r e d   b y   f i r e   s t a t i o n (   k m   2   )   B u i l t − u p   a r e a s (   k m   2   )     









	
Fire station coverage rate




	
Economy and Industry (D2)

	
C7

	
Local gross domestic product (GDP) growth rate




	


   C 8 =   G r o s s   r e g i o n a l   p r o d u c t ( 10,000   R M B )   P e r m a n e n t   p o p u l a t i o n   w i t h i n   d i s t r i c t     









	
Local GDP per capita




	


   C 9 =   O u t p u t   v a l u e   o f   t e r t i a r y   i n d u s t r y   10,000   R M B     G r o s s   r e g i o n a l   p r o d u c t   10,000   R M B       









	
Percentage of tertiary sector 1




	


   C 10 =   H i g h − t e c h   i n d u s t r y   o u t p u t   v a l u e ( 10,000   R M B )   I n d u s t r i a l   o u t p u t   v a l u e   a b o v e   d e s i g n a t e d   s i z e ( 10,000   R M B )     









	
Size of high-tech industries




	


   C 11 =   N e w   f i x e d   a s s e t   i n v e s t m e n t ( 10,000   R M B )   T o t a l   f i x e d   a s s e t   i n v e s t m e n t   i n   t h e   p r e v i o u s   y e a r ( 10,000   R M B )     









	
Growth rate of fixed assets investment




	


   C 12 =   E l e c t r i c i t y   c o n s u m p t i o n   o f   t h e   w h o l e   s o c i e t y   i n   t h e   r e g i o n   k W h     G r o s s   r e g i o n a l   p r o d u c t   10,000   R M B       









	
Electricity consumption per unit of GDP




	
Environment and Resource (D3)

	
C13

	
Average regional ambient noise 2




	


   C 14 =   N u m b e r   o f   d a y s   w i t h   e x c e l l e n t   a m b i e n t   a i r   q u a l i t y   t h r o u g h o u t   t h e   y e a r   365     









	
Good air quality rate




	


   C 15 =   G r e e n i n g   a r e a   o f   b u i l t − u p   a r e a s   w i t h i n   d i s t r i c t   B u i l t − u p   a r e a s   w i t h i n   t h e   d i s t r i c t     









	
Greening coverage in built-up areas




	


   C 16 =   T h e   a r e a   o f   c u l t i v a t e d   l a n d   w i t h i n   t h e   d i s t r i c t   L a n d   a r e a s   o f   t h e   d i s t r i c t     









	
Percentage of cultivated land area




	


   C 17 =   E n e r g y   s a v i n g   a n d   e n v i r o n m e n t a l   p r o t e c t i o n   e x p e n d i t u r e   a m o u n t ( 10,000   R M B )   T o t a l   f i n a n c i a l   e x p e n d i t u r e ( 10,000   R M B )     









	
Percentage of fiscal expenditure on energy conservation and environmental protection




	


   C 18 =   U t i l i z a t i o n   o f   u r b a n   s e w a g e   r e c y c l e d   w a t e r (   m   3   )   T o t a l   s e w a g e   t r e a t m e n t   v o l u m e (   m   3   )     









	
Recycled water utilization rate




	
Municipal and Cultural Facilities (D4)

	


   C 19 =   N u m b e r   o f   b e d s   i n   e l d e r l y   s o c i a l   w e l f a r e   i n s t i t u t i o n s   w i t h i n   t h e   d i s t r i c t   P e r m a n e n t   p o p u l a t i o n   w i t h i n   t h e   d i s t r i c t ( 10,000   p e o p l e )     









	
Number of social welfare facilities per 10,000 people




	


   C 20 =   N u m b e r   o f   l i b r a r i e s   w i t h i n   t h e   d i s t r i c t   P e r m a n e n t   p o p u l a t i o n   w i t h i n   t h e   d i s t r i c t   10,000   p e o p l e       









	
Number of libraries per 10,000 people




	


   C 21 =   N u m b e r   o f   k i n d e r g a r t e n s   i n   t h e   d i s t r i c t   P e r m a n e n t   p o p u l a t i o n   w i t h i n   t h e   d i s t r i c t   10,000   p e o p l e       









	
Number of kindergartens per 10,000 people




	


   C 22 =   N u m b e r   o f   c o n v e n i e n t   s e r v i c e   f a c i l i t i e s   i n   t h e   d i s t r i c t   P e r m a n e n t   p o p u l a t i o n   w i t h i n   t h e   d i s t r i c t   10,000   p e o p l e       









	
Number of convenient service facilities 10,000 people 3




	


   C 23 =   N u m b e r   o f   e n e r g y   f a c i l i t i e s ( c h a r g i n g   s t a t i o n s   a n d   b a t t e r y   s w a p p i n g   s t a t i o n s )   B u i l t − u p   a r e a s   w i t h i n   t h e   d i s t r i c t (   k m   2   )     









	
Density of low-carbon energy facilities in built-up areas




	


   C 24 =   N u m b e r   o f   r e s i d e n t i a l   c o m m u n i t i e s   w i t h   p r o p e r t y   m a n a g e m e n t   c o m p a n i e s   T o t a l   n u m b e r   o f   r e s i d e n t i a l   a r e a s (   m   2   )     









	
Percentage of residential communities under professional property management




	
Development Potential (D5)

	


   C 25 =   T o t a l   m a l e   p o p u l a t i o n   i n   t h e   d i s t r i c t   T o t a l   f e m a l e   p o p u l a t i o n   i n   t h e   d i s t r i c t     









	
Gender ratio of the population




	


   C 26 =   N u m b e r   o f   e l d e r l y   p e o p l e   a g e d 60 a n d   a b o v e   i n   t h e   d i s t r i c t   T o t a l   r e s i d e n t   p o p u l a t i o n   i n   t h e   d i s t r i c t   10,000   p e o p l e       









	
Degree of aging




	


   C 27 =   N u m b e r   o f   p e o p l e   w i t h   h i g h e r   e d u c a t i o n   i n   t h e   d i s t r i c t   T o t a l   r e s i d e n t   p o p u l a t i o n   i n   t h e   d i s t r i c t   10,000   p e o p l e       









	
Proportion of population with tertiary education (or higher education)




	


   C 28 =   N u m b e r   o f   p r i m a r y   s c h o o l   s t u d e n t s   i n   s c h o o l   T o t a l   r e s i d e n t   p o p u l a t i o n   i n   t h e   d i s t r i c t   10,000   p e o p l e       









	
Elementary school students as a percentage of the resident population




	


   C 29 =   S c i e n c e   a n d   t e c h n o l o g y   e x p e n d i t u r e   a m o u n t   T o t a l   a m o u n t   o f   f i n a n c i a l   e x p e n d i t u r e     









	
Share of fiscal expenditure on science and technology




	


   C 30 =   N u m b e r   o f   h i g h − t e c h   e n t e r p r i s e s   i n   t h e   d i s t r i c t   T o t a l   r e s i d e n t   p o p u l a t i o n   i n   t h e   d i s t r i c t ( 10,000   p e o p l e )     









	
Number of high-tech enterprises per 10,000 people 4




	


   C 31 =   T o t a l   a r e a   o f   c u l t u r a l   b u i l d i n g s   i n   t h e   d i s t r i c t (   m   2   )   T o t a l   r e s i d e n t   p o p u l a t i o n   i n   t h e   d i s t r i c t ( 10,000   p e o p l e )     









	
Cultural building areas per 10,000 people 5








Note: 1 The primary industry refers to agriculture, forestry, animal husbandry, and fishery. Secondary industries include mining, manufacturing, electricity, heat, gas, and construction. Tertiary industry refers to industries other than primary and secondary industries. 2 Regional ambient noise means district-level ambient noise. 3 Convenient service facilities consist of daily life service facilities (e.g., convenience stores, supermarkets, and wet markets) and leisure and entertainment facilities (e.g., parks, squares, cultural activity centers, and gyms). 4 High-tech enterprise means the one continuously carries out research and development and transformation of technological achievements. 5 A cultural building is designed and built to provide a space for the education of talents, interests, and moral qualities among the general public, promoting the all-round development of human beings.













 





Table 2. Key information of Qingdao and its districts in 2022.
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	Land Area (km2)
	Urbanization Level
	Population

(10,000)
	Population Density

(/km2)





	Qingdao
	11,293
	77
	1034
	916



	Cen1
	30.01
	100
	55
	18,333



	Cen2
	63.18
	100
	102
	16,155



	Cen3
	95.5
	100
	70
	7328



	Cen4
	389.3
	80
	52
	1336



	Sub1
	2220
	80
	190
	856



	Sub2
	553.2
	80
	117
	2114



	Sub3
	1727
	58
	120
	695



	Out1
	1210
	68
	103
	851



	Out2
	3166
	53
	118
	373



	Out3
	1522
	58
	72
	473










 





Table 3. Weight distribution for evaluation dimensions and indicators.
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Dimensions

	
Weight for Dimensions

	
Indicators

	
Weight for Indicators






	
Construction

(D1)

	
0.2125

	
C1

	
0.0232




	
C2

	
0.0196




	
C3

	
0.0119




	
C4

	
0.0544




	
C5

	
0.0541




	
C6

	
0.0491




	
Economy and Industry

(D2)

	
0.2153

	
C7

	
0.0324




	
C8

	
0.0480




	
C9

	
0.0370




	
C10

	
0.0314




	
C11

	
0.0534




	
C12

	
0.0131




	
Environment and Resource

(D3)

	
0.1978

	
C13

	
0.0359




	
C14

	
0.0238




	
C15

	
0.0153




	
C16

	
0.0512




	
C17

	
0.0268




	
C18

	
0.0447




	
Municipal and Cultural Facilities

(D4)

	
0.1876

	
C19

	
0.0251




	
C20

	
0.0441




	
C21

	
0.0232




	
C22

	
0.0250




	
C23

	
0.0471




	
C24

	
0.0222




	
Development Potential

(D5)

	
0.1877

	
C25

	
0.0223




	
C26

	
0.0320




	
C27

	
0.0370




	
C28

	
0.0158




	
C29

	
0.0356




	
C30

	
0.0206




	
C31

	
0.0244
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