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Abstract

:

As an effective measure to reduce energy and material consumption, green building has drawn much attention all over the world. Under the background of ecological city construction, the development speed of green building is extremely high in China. However, it is unclear about the overview of regional green building development. This study puts forward an evaluation model to scientifically measure the regional development of green building. The rough set theory and the catastrophe progression method optimized by entropy method are utilized in the model. A case study is conducted to clarify the application of the evaluation model, and the spatial distribution of regional green building development in 2015 is shown in the end. The result shows that the evaluation model is scientific and applicable. The spatial distribution of green building development in China was uneven. Green building development concentrated on the Beijing-Tianjin-Hebei area, Jiangsu-Zhejiang-Shanghai Area, Guangdong and Chongqing. Tibet was almost the bottom in every aspect, but it performed the best in economic efficiency. This study not only contributes to the research area of green building development, but also helps to promote green buildings in practice.
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1. Introduction


Climate change has widely aroused public attention all over the world, especially global warming [1]. A report published by the Intergovernmental Panel on Climate Change (IPCC) forecasted that global temperature would increase 1.1–6.4 °C by 2100 [2], which will increase the possibility of extreme weather, leading to natural disasters [3]. Numerous natural and human resources are consumed in the construction industry, emitting vast greenhouse gas that gives rise to global warming [4]. A report from the International Energy Agency (IEA) showed that buildings consume more than 40% of energy in many countries [5]. More than 50% of greenhouse gas emission and 80–85% energy consumption are consumed in the operational phase [6]. Besides, the renovation, refurbishment, and retrofitting of buildings, which are easy to neglect, also consume natural resources, energy, and emit greenhouse gas [4]. Therefore, the concept of green building has been proposed to reduce or eliminate the negative impact of buildings on the environment and climate change as far as possible.



The United States Environmental Protection Agency (USEPA) has defined green building as “the practice of creating structures and using processes that are environmentally responsible and resource-efficient throughout a building’s life-cycle from siting to design, construction, operation, maintenance, renovation, and deconstruction” [7]. Green buildings, which are considered as the upgrading of traditional buildings [8], concentrate on five sustainable goals: energy saving, land saving, water conservation, material saving, and environmental protection [9].



On the one hand, green building development cannot be separated from the development of green building rating systems [10]. They provide guidelines for green buildings in the aspects of green characteristics and green innovations during the design, construction, and operation phases [11]. The green performance of buildings is evaluated based on the rating systems [12]. Only those buildings that get through the evaluations will be labeled. Furthermore, they provide specific interventions aiming at promoting the green building market [13]. According to regional characteristics, climate, and culture, countries around the world have proposed various green building rating systems [14]. The first green building rating scheme in the world is the Building Research Establishment Assessment Method (BREEAM), which was proposed by the United Kingdom in 1990 [15,16]. More than 600 rating systems have been established to promote GB development, e.g., Leadership in Energy and Environmental Design (LEED) in the United States, Building Environmental Performance Assessment Criteria (BEPAC) in Canada, Comprehensive Assessment System for Building Environmental Efficiency (CASBEE) in Japan, Green Star in Australia, Green Mark in Singapore, Green Rating for Integrated Habitat Assessment (GRIHA) in India, and Evaluation Standard for Green Building (ESGB) in China [17]. Several were established by non-profit third parties such as BREEAM, LEED, and Green Star, while others were put forward by the government, such as ESGB in China and CASBEE in Japan [11,14]. On the other hand, green building development, including new green buildings and green retrofit of existing buildings, cannot live without the support of local economy, technologies, and policies [18,19]. In order to realize a better promotion of green buildings, it is critical to know more about the knowledge of green building development. Six paradigms have been identified in the research area: project delivery attributes, critical success factors, barriers, drivers, risks, and benefits [20]. Sixty-four drivers were identified and sorted into five categories: external drivers, corporate-level drivers, property-level drivers, project-level drivers, and individual-level drivers [21]. The green premium is a potential driver of green building development, although it cannot provide an independent explanation for the development of green-labelled commercial buildings in the UK and the USA [22]. Zhang et al. (2019) compared the backgrounds and current statuses of green building development in various countries [23]. The external and internal factors that influence green building development were concluded. Research shows that green buildings in China only account for a small proportion comparing the booming construction market [23]. Potential barriers to green building development in China, such as a lack of environmental awareness, an immature market environment, and a lack of policy guidance, were identified [24]. Furthermore, a partial least squares structural equation model (PLS-SEM) was built to reveal the impacts of different barriers on green building development



The distribution of certified green buildings can directly reflect the regional green building development. An increase in the number of green buildings is critical for realizing sustainable urbanism [25]. Research shows that green buildings in the United States concentrated in major coastal cities at first, then spread to other cities across the country [26]. Metropolitans and sub-metropolitans were the main clustering regions of LEED and Energy Star certified buildings in the United States [27]. A strong spatial correlation was found in the diffusion of commercial green buildings [28]. The spatial distribution of LEED-India and GRIHA projects was provided, and the difference between them has been compared [29]. Although green buildings have been promoted for decades in China, the overall development is not optimistic, and the distribution is uneven [23,30].



In summary, the studies concerning regional green building development merely consider the number of local certified buildings [27]. However, green building development is determined by various external factors and internal factors [11]. It will miss an overall picture of regional green building development when they only focus on the number of local certified buildings. Therefore, this study attempts to answer two questions. The first question is how to scientifically measure green building development in different regions. The second question is to investigate the distribution of regional green building development in China. To fill the research gap and answer the questions, this study aims at proposing a comprehensive evaluation model to access green building development in different regions and visualizing its spatial distribution to shed light on the spatial patterns hiding behind. According to the result, this study has implications for governments in publishing effective policies to reduce geographical differences. It also helps investors understand regional green building development and market environment, leading to wiser investment decisions.



By analyzing the characteristics of the green building clusters, this study is useful to promote green buildings diffusion and take advantage of the geographical spillover effects. The main contributions of this study include: (1) A scientific and applicable evaluation model is proposed to measure regional green building development. Comprehensive indicators are selected, and the catastrophe progression method is utilized. (2) The uneven spatial distribution of green building development in China is displayed vividly. (3) The catastrophe progression method is optimized and introduced to the evaluation model, which is rare in previous studies.



The paper is organized as follows: Section 2 illustrates the research methodology of this study. Section 3 establishes an evaluation model after the process of indicator selection, attribute reduction, and applying catastrophe progression method. Data from 31 provinces and municipalities in the Chinese mainland are collected, then a case study is conducted to verify the feasibility of the evaluation model in Section 3. In Section 4, further analysis is presented to discuss the model results and visualize the spatial distribution of green building development. Section 5 draws a conclusion and clarifies the limitations of this paper and future research directions.




2. Research Methodology


As we have mentioned in the introduction, this study aims at establishing a holistic evaluation model for measuring green building development in different regions. This evaluation model contains four aspects: certification, economy, policy, and technology, so we utilize the first letters of the four aspects to name this model, i.e., CEPT model. The methodology framework is shown in Figure 1. Four procedures are designed, and a brief interpretation is presented.



The first step is indicator selection. The criteria for indicator selection are proposed based on previous literature. Research articles, government policies and industry reports are selected as the sources of indicators [31]. They represent the cognitions on the factors influencing green building development from three critical stakeholders: researchers, governments, and industry practitioners. Three rounds of selection are conducted to establish a draft of the indicator system scientifically. In the first round, an extensive literature review on research articles is conducted to pick out the indicators relating to green building development. In the second round, complementary indicators are selected from the policy documents and industry reports. In the third round, theoretical analysis is conducted to discuss the reasons for choosing a specific indicator. After indicator selection, the draft of CEPT framework is established as an output.



The second step is attribute reduction. In the first step, as many indicators as possible are selected to avoid omission. On the contrary, it leads to redundant information in the CEPT framework. Therefore, the rough set theory is applied to reduce the redundant attributes of the indicators. Rough set theory was proposed by Pawlak in 1982 to solve the problem of incomplete and uncertain information systems [32]. It is widely applied in many research fields, e.g., real estate appraisals, indicator system optimization, and automated valuation model [33,34]. The CEPT framework can be optimized through the attribute reduction process based on rough set theory. The excess indicators are deleted, while the information is kept as much as possible [35]. However, the data must be discrete when using the rough set theory. K-means clustering is applied to change continuous data into discrete data. After attribute reduction, the formal CEPT framework is proposed as a critical output.



The third step is score calculation. A wide range of methods can be adopted in the evaluation, such as the fuzzy analytic hierarchical process [36], the technique for order preference by similarity to ideal solution [37], the principal components analysis [38], and the artificial neural network [39]. Different methods have different calculation rules, which may result in slightly different results. Two criteria are put forward to choose the method in score calculation. One is objective, which means it can minimize the effect of subjective opinions. The other one is comprehensive, which means it can handle an extensive range of indicators. An optimized catastrophe progression method is selected because it has objective and comprehensive advantages.



The catastrophe progression method, which is applied in multi-indicator evaluation, is derived from the catastrophe theory [40]. As a branch of dynamic system theory, catastrophe theory was put forward in 1976 and was utilized to study discontinuous changes and catastrophes in the beginning [41]. The importance of indicators should be determined in the process of catastrophe progression method. It is critical because it can influence the calculation results. In previous studies, indicator weighting is based on subjective judgment, like drawing a conclusion from the literature review [42] or expert experience [35]. This procedure is subjective. Therefore, the entropy method is introduced to calculate the weighting of indicators objectively with the purpose of optimizing the catastrophe progression method [31,43]. After that, the CEPT evaluation model is established.



The fourth step is a case study. Using the data from 31 provinces and municipalities in China, a case study is conducted to show the application of the CEPT evaluation model. The unbalanced development of green buildings in different regions is visualized. A further discussion of the CEPT evaluation model and case study results is conducted.




3. Regional Green Building Development Evaluation Model


3.1. Indicator Selection


Three overarching attributes (salience, credibility, and legitimacy) are the primary concerns for the indicator selection [44]. Besides these requirements, other criteria of indicator selection, including data availability, completeness, and relevance, are also paid attention in selection [45]. According to these criteria, twenty-five candidate indicators of regional green building development are selected from research articles, government policies, and industry reports. They are classified into four categories: certification, economy, policy, and technology. Therefore, a holistic indicator framework for measuring regional green building development, named CEPT, is established in this section. Detailed information about the CEPT framework is shown in Table 1.



3.1.1. Certification Indicators


The ancient architecture in China had contained sustainable thoughts, but the contemporary concept of green building was introduced after international green building development [4,46]. The Evaluation Standard for Green Building (ESGB), the first version of green building rating system in China, was promulgated by the Ministry of Housing and Urban-Rural Development (MOHURD) in 2006. Green buildings were issued with design labels or operation labels in the old versions of ESGB. According to the green performance, buildings were classified into three levels: one-star level, two-star level and three-star level. The latest version, published in 2019, made some changes. The critical changes are as follows: (1) It reconstructed the evaluation system in six categories, including safety and durability, health and comfort, occupant convenience, resource conservation, environmental livability, promotion, and innovation. (2) Except for the one-star, two-star and three-star level, the basic level was added. It will be issued when the building meets all basic requirements in the evaluation system. (3) The classification of design labels and operation labels was canceled to strengthen the importance of green building performance during building operations. The green building evaluation can be carried out after the construction work is completed, and the pre-evaluation can be carried out after the construction drawing design is completed.



On the basis of the green building rating system, numerous certifications are issued to the buildings that meet green building criteria. The diffusion of green buildings aligns with the development of green building rating systems [11], so the number of local certified green buildings can directly reflect the regional green building development [26,30]. Therefore, the number of certified green buildings is chosen as an indicator. Furthermore, most green buildings in China are the one-star level or two-star level. The proportion of buildings with high-level certification (the ratio of buildings certified three-star level) can reflect a higher quality of regional green building development, so it is chosen as a critical indicator.



However, it will miss a larger picture if we only concentrate on the factors relating to green building rating systems. Green building development is not determined by an isolated element. Other external factors and internal factors can influence it at the same time [11]. Promoting the diffusion of green buildings needs holistic improvements in all factors considered. Although certification is the most critical aspect and it is the symptom of local green building development, the evaluation framework should take more factors into consideration in compliance with the principle of completeness, a significant criterion for indicator selection. Therefore, more indicators involving the aspects of economy, policy, and technology are included.




3.1.2. Economy Indicators


Research shows that regional green building development has a positive relationship with the local economy [30], so economic growth is a significant aspect when explaining green building development. Although the proportion of green buildings remains low in China, we believe the local economic level can reflect the potential of regional green building development to some extent. Seventeen candidate indicators are selected based on the criteria of data availability. Furthermore, they are sorted into three categories according to the different aspects they represent: industry, enterprise, and efficiency.



In the category of industry, four indicators are selected. Gross Domestic Product (GDP) was commonly selected to reveal the local economic condition in previous studies. Prum and Kobayashi made a regression analysis between GDP and the number of green buildings with certification, and results showed that there was a positive correlation [47]. Zou et al. (2017) chose GDP as the economy-related variable when establishing the model to verify the hypothesis that the local economic fundamentals can explain the growth in green buildings [30]. Despite the positive correlation between GDP and green building development, GDP contains all the products in commercial activities, including agriculture, manufacture, and service. As a result, the scope of GDP is too broad to show the growth in green buildings accurately. Therefore, we substitute GDP with four other economic indicators relating to the construction industry, which have a closer relationship with green buildings. They are the total output value in construction industry, the output value of construction, the value added in construction industry, and the output value of building construction.



In the category of enterprise, nine indicators are selected. Despite the slow occupation of green building market in some areas, the global green building market is on the rise [11]. Construction enterprises are the enterprises engaged in the building construction and equipment installation. Their role is significant in the market because they take the primary responsibility to produce green buildings. Two indicators, number of construction enterprises and number of staff and workers in these enterprises, are selected to represent the local scale of producers for green buildings. Besides, four indicators, which can present the financial status of regional enterprises, are selected into the CEPT framework, including total profits of construction enterprises, paid-up capitals of construction enterprises, total assets of construction enterprises, and business revenue of construction enterprises. Furthermore, three indicators, total value of contracts, value from contracts signed in last year, and value from new contracts signed in this year are selected to show the value from contracts signed.



In the category of efficiency, four indicators are selected. These are proportional indicators, which are obtained from the calculation of multiple indicators. They can interpret the relationship between indicators and show economic efficiency better than a single indicator. These indicators are labor productivity, value of machines per laborer, ratio of profits to gross output value, and ratio of pre-tax profit to gross output value.




3.1.3. Policy Indicators


The government’s role is significant in driving the green building agenda [48,49]. As the most critical external force, governments around the world are involved in green building promotion tasks through making policies [21]. The policies published by the government can be split into two categories: positive incentives (e.g., subsidies, tax reduction, density bonuses and floor area ratio bonuses), and negative incentives (e.g., penalties and compensations) [11,49]. Research shows that governmental incentives help to promote spatial diffusion of certified green buildings [47]. The most effective policies in Taiwan are the additional incentive for private buildings and the mandatory requirement for public buildings [36]. The most important national policy in the Chinese mainland is the Green Building Action Programme, which stipulates that the government should promote green building development with local policies, including technical standards and financial methods [50]. National policies commonly set the principles and goals, while local policies develop more detailed plans according to the specific circumstances of the provinces or cities [21]. Policies are difficult to be quantified because it is hard to compare their contents and effects. Therefore, the number of local policies is selected in this category to simplify the process of quantification.




3.1.4. Technology Indicators


Green building technology provides a benchmark for green buildings [20], but its importance has always been underestimated [11]. Five goals, including energy conservation, environment protection, material utilization, water conservation, and land utilization, should be paid attention when applying green building technology. The first indicator we select is the number of green building innovation awards. The Green Building Innovation Award, which is established by MOHURD and elected every two years in China, consists of three levels. It aims at encouraging construction projects, enterprises, and individuals that make great contributions to the research or application of green building technologies. These award-winners also do excellent work in promoting green building development [51]. The second indicator is the number of green building patents. In order to reduce environmental pollution, the number of green patents is increasing under the guidance of more and more strict environmental regulations [52]. Green building patents can reveal the new technologies applied in buildings. The number of local patents shows the capabilities of regional innovations in science and technology, which is needed in green building development. The third indicator is the number of green building material labels. Materials have a significant influence on the living environment and human health in the life cycle of buildings [53]. Mandatory incorporation of green building materials into public government procurement is an effective policy in Taiwan [36]. Because of the barriers to the material selection, standard forms are established in various countries (e.g., GreenSpec in the UK, Sweets Catalog in the United States, green construction material information system in Korea, green building material label in China) [54]. The first batch of green building material labels in China was released in May 2016 [55]. Besides those mentioned above, the machinery and equipment applied in the construction stage partly represent the technical level of green building projects. Therefore, the total power and the net value of machinery and equipment owned are selected in this category.





3.2. Attribute Reduction Based on Rough Set Theory


Although the candidate indicators are grouped into four categories, they may contain overlapping information when the researchers pursue comprehensive indicators, which is easy to lead a deviation from the real situation [35]. The rough set theory is commonly utilized to optimize the indicator system. The process of attribute reduction based on rough set theory can be utilized to achieve the purpose of optimizing the evaluation framework by deleting excess indicators. At the same time, it can keep the maximum information with the original classification [35]. There are three steps to conduct attribute reduction.



3.2.1. Data Normalization


In the first step, because different indicators present different dimensions and magnitudes, it is necessary to normalize the data for the purpose of eliminating the discrepancy among the raw data [43]. After data normalization, valid comparisons between indicators can be conducted [42]. All the indicators in the CEPT framework have positive attributes. Thus, they are processed by the following Equation (1).


   r  i j   =    x  i j   − M i  n j   {   x  i j    }    M a  x j   {   x  i j    }  − M i  n j   {   x  i j    }     



(1)




where xij is the original value of the region i for the indicator j (i = 1,2,3,…,m; j = 1,2,3,…,n); rij is the normalized value of xij;   M a  x j   {   x  i j    }    and   M i  n j   {   x  i j    }    are the maximum original value and the minimum original value among the regions for a specific indicator j, respectively.




3.2.2. K-Means Clustering


The second step is to adopt the K-means clustering. Most of the indicators in the CEPT framework are continuous data, which cannot be applied based on the rough set theory. Therefore, after comparing different clustering methods, K-means clustering is chosen to change the continuous data into discrete data. Statistical Product and Service Solutions (SPSS) is utilized as a convenient operating software to conduct the clustering [35].




3.2.3. Attribute Reduction


The third step is to conduct attribute reduction. We assume the domain U is a non-empty finite set of the objects discussed, and K= (U, R) is a knowledge base, where R and U have an equivalence relation. If P is a non-empty set and   P ⊆ R  ,   ∩ P   means an indistinguishable relationship for P, so it can be presented as ind(P). U/ind(R) is the set of equivalent classes that consists of all ind(R). We assume r is a cluster of equivalence relation, and   r ∈ R  . If   i n d  ( R )  = i n d  (  R −  { r }   )   , we can draw the conclusion that r is not necessary for R [35]. Therefore, r can be deleted from the indicators, and the process of attribute reduction can finish. If   i n d  ( R )  ≠ i n d  (  R −  { r }   )   , r is a significant factor that cannot be removed.





3.3. Evaluation Models Based on the Catastrophe Progression Method


There are seven types of basic models: fold model, cusp model, swallowtail model, butterfly model, the umbilic point of hyperbolic model, elliptic model, and the umbilic point of parabolic model [35]. The first four models are commonly utilized in research. If x is the state variable, we often assume f is the potential function of x, and the parameters a, b, c, and d represent the control variables of the state variable x. Based on the catastrophe theory, an equilibrium surface can be formed by all the critical points. However, sudden changes will occur in the dynamic system when the control variable meets some requirements. The details of the common catastrophe models and their potential functions are shown in Table 2.



Four steps are necessary to complete: data normalization, evaluation framework establishment, indicator importance determination, and result calculation. The process of data normalization is the same as Section 4.2.1. The other three procedures are clarified in the following.



3.3.1. Evaluation Framework Establishment


If there are several indicators in the framework (usually more than four), it is generally accepted that the indicators can be classified into different categories because of the number limit of control variables. As a result, a multi-layer evaluation framework will appear. The CEPT framework, shown in Table 1, has taken the number requirement into consideration for the convenience of applying catastrophe progression method, but considering attribute reduction, it does not obey the rule of fewer than five indicators in a category strictly.




3.3.2. Indicator Importance Determination


As control variables, different indicators have different impacts on the state variable. The importance of indicators can be concluded from previous studies [42] or be determined by expert experience [35]. The disadvantage is that evaluation results can be easily influenced by subjective opinions. The entropy method is commonly used in calculating indicators’ weighting value because of its privilege of subjectivity [31,43]. Hence, we choose it to calculate and optimize catastrophe models. The entropy values of indicators, denoted as wj (j = 1,2,3,…,m), can be obtained through Equations (2)–(4). Therefore, the parameters a, b, c, and d can find the corresponding control variables based on the importance of them (the importance of a, b, c, and d decreases in turn).


   y  i j   =    r  i j       ∑  i = 1  m    r  i j        



(2)






   e j  = −  1  ln m     ∑  i = 1  m    y  i j   ln  y  i j      



(3)






   w j  =   1 −  e j    n −   ∑  j = 1  n    e j       



(4)




where rij is the normalized value of the region i for the indicator j (i = 1,2,3,…,m; j = 1,2,3,…,n); m is the number of sample regions; wj is the entropy value of indicator j; if yij = 0, yij lnyij is also equal to 0 in Equation (3).




3.3.3. Result Calculation


The relationship between control variables should be confirmed before calculating the result. If there is only one control variable, the calculation principle is fixed. If there is more than one control variable, they should follow a specific calculation principle according to the correlations between control variables [35]. The details of the principles are in the following.



	
Principle 1 (complementary principle): If several control variables have high correlation coefficients, the complementary principle will be applied. The value of state variable is the average value of the normalization formulas determined by control variables, e.g.,   x =  (   x a  ,  x b  ,  x c  ,  x d   )  / 4   in the butterfly model.



	
Principle 2 (non-complementary principle): If there is no obvious correlation between control variables, the non-complementary principle will be applied. The value of state variable is the minimum value among the normalization formulas determined by control variables, e.g.,   x = min  {   x a  ,  x b  ,  x c  ,  x d   }    in the butterfly model.






In the CEPT framework, indicators in every layer can be state variables in a model and be control variables in other models at the same time, except the indicators in the top layer or bottom layer. The calculations start from the bottom layer, go up gradually, and end with the top layer.






4. Case Study


31 provinces and municipalities in the Chinese mainland are selected as the research objects in this study. Hong Kong, Macao, and Taiwan are out of research scope because they have different green building rating systems. The last year of the data on regional green building numbers published by government is 2015. There is no comprehensive official data released from 2016. Therefore, the data in the year of 2015 is chosen as a demonstration to verify the evaluation framework and reveal the unbalance development of green buildings in different regions of China. Although the green building material label is a significant part of green building technology, the first batch of it was released in 2016. Therefore, the indicator D23 cannot be used in this case study.



4.1. Data Collection


The data sources of indicators for measuring green building development in different regions are listed in Table 3. The raw data of D1 and D2 is collected on the website of the Chinese Building Evaluation Label. D2 is obtained after calculation. The value of it is the number of three-star green buildings divided by the number of certified green buildings in one region. D20 is collected by searching the keyword “green building” on the website of the Chinalawinfo Database. Policies have cumulative effects, which means new policies take effects on the basis of old policies to give better guidance on green building development. Due to this characteristic, the number of local policies is a cumulative value, while other indicators show the values in a specific year. Therefore, policies issued in and before 2015 are taken into account. Among them, some policies which do not have critical impacts on regional green building development are deleted by hand, e.g., the notice of government administration. Same as D20, D25 is collected by searching the keyword “green building” on the website of National Intellectual Property Administration. Patents published in 2015 are collected and analyzed. Inventors can be sorted into three categories: enterprises, research institutions, and individuals. Patents invented by enterprises and research institutions have clear geographical affiliations, but patents invented by individuals have no geographic information. Therefore, we delete the patents invented by individuals and some patents which have no relationship with green buildings by hand, resulting in reducing the number of patents from 94 to 70.




4.2. Calculation Process


4.2.1. Attribute Reduction Based on Rough Set Theory


The normalized data is calculated based on Equation (1). The K-means clustering is applied as the part of Section 4.2.2 mentioned. The results of them can be seen in Table A1 and Table A2 of Appendix A. The rough set theory is applied to reduce the attributes in the layer of indicators. As a result, D4 and D13 are deleted after the attribute reduction. The calculation procedure of deleting D4 is shown in the following as an example to clarify the process.



We assume   S =  (  U , A  )    in the industry category, where   U =  {  1 , 2 , 3 , ⋯ 30 , 31  }   ,   A =  {   D 3  ,  D 4  ,  D 5  ,  D 6   }   . Then, we can get the following result:


     U /  i n d    ( A )  =  U /  i n d    (  A −  {   D 3   }   )  =  U /  i n d    (  A −  {   D 4   }   )  =  U /  i n d    (  A −  {   D 5   }   )  =  U /  i n d    (  A −  {   D 6   }   )      =  {   {  1 , 12 , 13 , 15 , 16 , 17 , 18 , 19 , 22 , 23  }  ,  {  2 , 4 , 5 , 7 , 8 , 14 , 20 , 21 , 24 , 25 , 26 , 27 , 28 , 29 , 30 , 31  }  ,  { 3 }  ,  { 6 }  ,  { 9 }  ,  {  10 , 11  }   }     











According to the rough set theory, anyone among the four indicators can be deleted without any impact on the evaluation result. Deleting two indicators is impossible since    U /  i n d    ( A )  ≠  U /  i n d    (  A −  {   D i  ,  D j   }   )   , where   i = 3 , 4 , 5 , 6  ,   j = 3 , 4 , 5 , 6   and   i ≠ j  . Therefore, we delete D4 because there is a high correlation between D3 and D4, and D3 is a critical indicator that reflects the total output value in the industry.




4.2.2. Evaluation Model Based on the Catastrophe Progression Method


Based on the result of attribute reduction, the modified CEPT evaluation framework is established. The types of catastrophe models in each middle node are determined according to the number of control variables. The entropy method is applied to calculate the weighting values of indicators and to reveal the significance of control variables for further processing. According to the entropy method, the weighting value of the state variable in the upper layer is the sum of the weight values of control variables in the CEPT framework. The calculation principle of each model can be determined by the correlation coefficients of indicators, which is shown in Table A3 of Appendix A. The weighting values, types of catastrophe models, and calculation principles in the modified CEPT framework are shown in Figure 2.





4.3. Calculation Result


The calculation results and ranks of certification category (A1), economy category (A2), policy category (A3), and technology category (A4) are shown in Table 4. Therefore, the evaluation results of regional green building development (defined as P) can be calculated based on the catastrophe progression method.





5. Discussion


The results of the case study reveal that the CEPT evaluation framework is applicable and effective in measuring regional green building development. The spatial distribution of green building development can be drawn on the basis of evaluation results. Further analysis of strengths and weaknesses in different regions is conducted, and vivid pictures of regional differences are shown in this section.



5.1. Spatial Distribution of Regional Green Building Development in Different Aspects


The spatial distribution of regional certification performance is shown in the panel (a) of Figure 3. The certification performance in southeast China was better than in northwest China. Shanghai ranks first, followed by Guangdong and Tianjin. Shanghai has privileges in the number of green buildings. Besides obtaining green building certifications under the system of ESGB in China, some buildings invested by foreign capital obtain LEED certifications. As an important financial center, port center, and economic center of China, Shanghai is an attractive city for foreign investments, and it has the largest number of LEED buildings in China. In addition, although Beijing was the fifth, it had a large proportion of high-level buildings in 2015. Because of the low correlation between the indicator D1 and indicator D2, Principle 2 is applied to calculate the value of A1, which means the minimum values are picked out. As the blank regions in the panel (a) of Figure 3, seven provinces in China do not have three-star green buildings in 2015. Among the seven provinces, Tibet was the only one that had no green buildings.



We further explore the spatial distribution of green buildings in several provinces to show the green density. We want to find out whether big cities have more green buildings than in other cities. The top ten provinces which have privilege in the number of green buildings are chosen. Their capitals are commonly big cities. The relationship of green building number between provinces and their capitals are revealed in Table 5. We can conclude from the table that green buildings do concentrate in big cities. The highest percentage is 71.93%, which is extremely high and means most of the green buildings in Hunan are built in one city. The fact that percentages in seven provinces are more than 50% is further revealed the uneven spatial distribution in China, not only among provinces but also among cities.



The spatial distribution of regional economic performance is shown in the panel (b) of Figure 3. Jiangsu performed the best among these regions, followed by Zhejiang and Hubei. Tibet was the worst in the overall economic performance, and there was a big gap between Tibet and other regions. According to Table 1, regional economy performance is comprised of the performance of finance, contract, industry, enterprise, and efficiency. Tibet and Zhejiang were two special regions. Zhejiang was the first or the second in every aspect expect the efficiency, while Tibet performed the best in the aspect of efficiency. Compared with other regions, Tibet was the bottom because of its small size in the construction industry and low level of economic development, but the construction efficiency was very high, especially the ratio of profits to gross output value. The same characteristic of high economy and low efficiency was also observed in Sichuan, Beijing and Shanghai.



The spatial distribution of regional policy performance is shown in the panel (c) of Figure 3. Chongqing and Hebei were the top two regions. The number of green building policies in Chongqing was much larger than elsewhere. Tibet had no green building policy, and Liaoning was the penultimate region. However, there are different approaches when making policies in different areas. For example, some places published policies with other titles, e.g., energy-saving renovation, but there are contents relating to green buildings. Therefore, the results have a slight deviation but do not affect the overall situation.



The spatial distribution of regional technology performance is shown in the panel (d) of Figure 3. The rank of Hainan was the last. As a tourist city, Hainan was weak in green building technologies because it was one of seven regions that had no green building patent and innovation award.




5.2. Spatial Distribution of Green Building Development in Different Regions


According to the calculation results, the map (Figure 4) is drawn to show the spatial distribution of regional green building development of 31 provinces in China. By observing Figure 4, we can conclude that regional differences existed in the Chinese mainland. Overall, the green building development in the provinces along the southeast coast was better than the inland. Eastern and central areas in China could be considered as regions economically developed and population concentrated. The regions are divided into five categories: undeveloped regions, developing regions, less developed regions, developed regions, and highly developed regions. The better the regional green building development is, the darker the region color is in Figure 4. From the picture, we can see regions with dark green concentrate on the Beijing-Tianjin-Hebei area, Jiangsu-Zhejiang-Shanghai Area, Guangdong and Chongqing. Beijing-Tianjin-Hebei area, Jiangsu-Zhejiang-Shanghai Area and Guangdong are along the coast, while Chongqing is inland.



Different areas have different development paths. Beijing-Tianjin-Hebei area is the political center of China. The high score in this area represented the focus of sustainable development at the national level. Beijing, Tianjin, and Hebei had the same characteristic that they performed better in policy than in economy, which means that the driver of regional green building development was from the government. Although the political status of Chongqing is not as important as Beijing-Tianjin-Hebei area, they have the same characteristics, which means the driver is the same. Jiangsu-Zhejiang-Shanghai Area is the economic center of China. Green buildings in this area were driven by regional economy. Same as the economic situation, the construction industry in this area remained the top in China. The privilege of green building development was formed through the spontaneous transformation and upgrading of the industry. It occurs when the industry has reached a relatively mature stage, trying to seek new development space by providing optimized products. Guangdong is famous for its high-tech industries. It has higher R&D inputs and more effective patents than other regions in China. Supported by high-tech industries, it has obvious advantages of green building technologies. Therefore, the green building development in Guangzhou was driven by technology.



There were seven regions in the category of undeveloped regions: Tibet, Qinghai, Gansu, Ningxia, Heilongjiang, Shanxi, and Jiangxi. Apart from the efficiency indicator, Tibet was almost the bottom in all indicators. Tibet is the region with much land and few people. It remains the traditional culture, and it is more like an agricultural society in many places. Tourism has become a pillar industry in Tibet. Its geographical characteristics determined its weakness in green building development. In addition, the regional spillover effect existed in most areas, but Shanxi and Jiangxi were very special. Although they were surrounded by higher developed regions, their development in the green building was not very well.





6. Conclusions


This study put forward a CEPT model to evaluate regional green building development based on the catastrophe progression method. Afterwards, a case study is conducted to verify the evaluation model, and the spatial distribution of green building development in different regions is revealed. The results of this research show that the CEPT evaluation model is applicable in measuring regional green building development. Furthermore, the spatial distribution of green building development in the Chinese mainland is uneven, which is in line with the previous study [23,30]. Overall, the green building development in southeast China was better than in northwest China. The better-developed regions concentrate on the Beijing-Tianjin-Hebei area, Jiangsu-Zhejiang-Shanghai Area, Guangdong, and Chongqing. They have different development paths according to their geographical characteristics. Tibet performed the best in the aspect of efficiency, while it was almost the bottom in any other aspect.



This study has several implications for governments. First, the government should take measures to eliminate the imbalance of regional green building development as far as possible. Under the guidance of governments, highly developed regions should share their successful experiences with undeveloped regions. In addition, policies aiming at developing green buildings should take regional geographical characteristics into consideration, including local climate, economy and market environment. Nevertheless, there are some limitations in our research. First, due to the constraints of available data, different types of green buildings are not discussed separately, e.g., residential buildings and public buildings. Their spatial distribution and driving forces may be different. Second, green buildings with LEED certifications have mentioned in this study, but the number of it is not included in the evaluation model. In future research, the patterns behind the spatial distribution of regional green building development should be further discussed.
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Table A1. Normalized data in the case study.
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Region

	
Indicator




	
D1

	
D2

	
D3

	
D4

	
D5

	
D6

	
D7

	
D8

	
D9

	
D10

	
D11

	
D12

	
D13

	
D14

	
D15

	
D16

	
D17

	
D18

	
D19

	
D20

	
D21

	
D22

	
D24

	
D25






	
Beijing

	
0.16

	
1.00

	
0.34

	
0.34

	
0.20

	
0.23

	
0.32

	
0.07

	
0.48

	
0.92

	
1.00

	
0.52

	
0.59

	
0.71

	
0.49

	
0.79

	
0.55

	
0.62

	
0.00

	
0.30

	
0.09

	
0.13

	
1.00

	
1.00




	
Tianjin

	
0.18

	
0.38

	
0.18

	
0.16

	
0.11

	
0.09

	
0.16

	
0.10

	
0.16

	
0.27

	
0.31

	
0.20

	
0.22

	
0.24

	
0.21

	
0.74

	
1.00

	
0.21

	
0.11

	
0.48

	
0.12

	
0.27

	
0.91

	
0.36




	
Hebei

	
0.16

	
0.07

	
0.21

	
0.18

	
0.12

	
0.19

	
0.25

	
0.16

	
0.15

	
0.30

	
0.24

	
0.23

	
0.23

	
0.22

	
0.23

	
0.38

	
0.48

	
0.18

	
0.37

	
0.65

	
0.31

	
0.26

	
0.27

	
0.09




	
Shanxi

	
0.08

	
0.00

	
0.11

	
0.11

	
0.07

	
0.06

	
0.24

	
0.09

	
0.09

	
0.22

	
0.21

	
0.14

	
0.16

	
0.17

	
0.14

	
0.24

	
0.58

	
0.20

	
0.05

	
0.17

	
0.17

	
0.17

	
0.00

	
0.09




	
Inner Mongolia

	
0.02

	
0.48

	
0.04

	
0.04

	
0.04

	
0.03

	
0.08

	
0.03

	
0.04

	
0.11

	
0.09

	
0.05

	
0.05

	
0.05

	
0.04

	
0.53

	
0.84

	
0.48

	
0.08

	
0.22

	
0.04

	
0.08

	
0.00

	
0.09




	
Liaoning

	
0.05

	
0.26

	
0.22

	
0.19

	
0.17

	
0.15

	
0.62

	
0.19

	
0.16

	
0.59

	
0.37

	
0.28

	
0.24

	
0.25

	
0.23

	
0.53

	
0.28

	
0.28

	
0.14

	
0.04

	
0.39

	
0.22

	
0.09

	
0.18




	
Jilin

	
0.19

	
0.06

	
0.09

	
0.08

	
0.06

	
0.07

	
0.24

	
0.08

	
0.09

	
0.16

	
0.12

	
0.10

	
0.08

	
0.08

	
0.09

	
0.16

	
0.39

	
0.46

	
0.39

	
0.09

	
0.05

	
0.11

	
0.00

	
0.00




	
Heilongji-ang

	
0.03

	
0.00

	
0.06

	
0.05

	
0.04

	
0.04

	
0.17

	
0.06

	
0.04

	
0.13

	
0.09

	
0.07

	
0.06

	
0.05

	
0.07

	
0.00

	
0.55

	
0.18

	
0.22

	
0.13

	
0.08

	
0.10

	
0.09

	
0.00




	
Shanghai

	
0.37

	
0.61

	
0.22

	
0.20

	
0.14

	
0.17

	
0.30

	
0.14

	
0.19

	
0.41

	
0.47

	
0.35

	
0.40

	
0.46

	
0.35

	
0.60

	
0.17

	
0.31

	
0.06

	
0.22

	
0.05

	
0.13

	
0.27

	
0.27




	
Jiangsu

	
1.00

	
0.22

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
0.96

	
1.00

	
1.00

	
0.89

	
1.00

	
0.94

	
0.93

	
0.95

	
0.71

	
0.22

	
0.34

	
0.80

	
0.22

	
1.00

	
1.00

	
0.82

	
0.55




	
Zhejiang

	
0.33

	
0.31

	
0.97

	
0.93

	
0.79

	
0.96

	
0.68

	
1.00

	
0.56

	
0.85

	
0.63

	
0.88

	
1.00

	
1.00

	
1.00

	
0.50

	
0.02

	
0.00

	
0.75

	
0.35

	
0.52

	
0.61

	
0.00

	
0.18




	
Anhui

	
0.15

	
0.23

	
0.23

	
0.21

	
0.20

	
0.18

	
0.30

	
0.21

	
0.18

	
0.29

	
0.25

	
0.24

	
0.25

	
0.25

	
0.25

	
0.72

	
0.14

	
0.23

	
0.43

	
0.30

	
0.19

	
0.18

	
0.00

	
0.27




	
Fujian

	
0.15

	
0.11

	
0.30

	
0.30

	
0.38

	
0.29

	
0.37

	
0.37

	
0.26

	
0.46

	
0.23

	
0.32

	
0.34

	
0.32

	
0.35

	
0.81

	
0.10

	
0.33

	
1.00

	
0.09

	
0.25

	
0.29

	
0.00

	
0.09




	
Jiangxi

	
0.11

	
0.00

	
0.18

	
0.17

	
0.14

	
0.17

	
0.18

	
0.18

	
0.16

	
0.24

	
0.14

	
0.20

	
0.20

	
0.20

	
0.21

	
0.32

	
0.12

	
0.34

	
0.96

	
0.09

	
0.13

	
0.15

	
0.00

	
0.00




	
Shandong

	
0.25

	
0.12

	
0.38

	
0.34

	
0.34

	
0.33

	
0.66

	
0.38

	
0.41

	
0.56

	
0.54

	
0.43

	
0.39

	
0.34

	
0.42

	
0.62

	
0.30

	
0.41

	
0.36

	
0.13

	
0.44

	
0.46

	
0.18

	
0.91




	
Henan

	
0.16

	
0.07

	
0.32

	
0.30

	
0.27

	
0.23

	
0.52

	
0.33

	
0.34

	
0.49

	
0.33

	
0.36

	
0.36

	
0.32

	
0.38

	
0.45

	
0.48

	
0.44

	
0.70

	
0.09

	
0.82

	
0.53

	
0.36

	
0.00




	
Hubei

	
0.22

	
0.13

	
0.42

	
0.40

	
0.32

	
0.34

	
0.35

	
0.33

	
0.48

	
0.47

	
0.48

	
0.53

	
0.52

	
0.49

	
0.55

	
0.94

	
0.29

	
0.52

	
0.67

	
0.30

	
0.33

	
0.40

	
0.27

	
0.45




	
Hunan

	
0.20

	
0.12

	
0.26

	
0.24

	
0.21

	
0.25

	
0.21

	
0.27

	
0.21

	
0.29

	
0.21

	
0.29

	
0.36

	
0.40

	
0.33

	
0.45

	
0.35

	
0.33

	
0.89

	
0.09

	
0.28

	
0.35

	
0.09

	
0.82




	
Guangdo-ng

	
0.46

	
0.40

	
0.35

	
0.33

	
0.32

	
0.24

	
0.48

	
0.28

	
0.39

	
0.66

	
0.58

	
0.47

	
0.53

	
0.61

	
0.46

	
1.00

	
0.41

	
0.46

	
0.29

	
0.13

	
0.41

	
0.40

	
0.55

	
0.55




	
Guangxi

	
0.16

	
0.15

	
0.12

	
0.11

	
0.09

	
0.12

	
0.11

	
0.12

	
0.05

	
0.12

	
0.09

	
0.12

	
0.14

	
0.14

	
0.14

	
0.38

	
0.02

	
0.02

	
0.57

	
0.13

	
0.07

	
0.07

	
0.09

	
0.18




	
Hainan

	
0.03

	
0.63

	
0.01

	
0.01

	
0.00

	
0.01

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.01

	
0.01

	
0.02

	
0.01

	
0.65

	
0.00

	
0.43

	
0.69

	
0.09

	
0.00

	
0.00

	
0.00

	
0.00




	
Chongqi-ng

	
0.13

	
0.31

	
0.25

	
0.24

	
0.25

	
0.25

	
0.27

	
0.24

	
0.31

	
0.27

	
0.26

	
0.26

	
0.25

	
0.26

	
0.23

	
0.77

	
0.06

	
0.52

	
0.76

	
1.00

	
0.10

	
0.17

	
0.27

	
0.18




	
Sichuan

	
0.03

	
0.17

	
0.35

	
0.33

	
0.23

	
0.31

	
0.38

	
0.35

	
0.22

	
0.46

	
0.42

	
0.37

	
0.45

	
0.46

	
0.44

	
0.24

	
0.28

	
0.08

	
0.25

	
0.09

	
0.25

	
0.40

	
0.09

	
0.00




	
Guizhou

	
0.14

	
0.04

	
0.07

	
0.07

	
0.04

	
0.06

	
0.07

	
0.07

	
0.04

	
0.08

	
0.13

	
0.08

	
0.13

	
0.15

	
0.11

	
0.29

	
0.10

	
0.08

	
0.00

	
0.22

	
0.05

	
0.05

	
0.00

	
0.00




	
Yunnan

	
0.04

	
0.56

	
0.13

	
0.12

	
0.09

	
0.11

	
0.26

	
0.12

	
0.12

	
0.23

	
0.19

	
0.13

	
0.15

	
0.15

	
0.15

	
0.28

	
0.35

	
0.30

	
0.23

	
0.09

	
0.13

	
0.16

	
0.09

	
0.00




	
Tibet

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.65

	
0.59

	
1.00

	
0.43

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Shaanxi

	
0.40

	
0.07

	
0.19

	
0.18

	
0.15

	
0.13

	
0.20

	
0.14

	
0.12

	
0.32

	
0.25

	
0.22

	
0.25

	
0.25

	
0.25

	
0.69

	
0.51

	
0.18

	
0.25

	
0.26

	
0.17

	
0.24

	
0.09

	
0.09




	
Gansu

	
0.08

	
0.00

	
0.07

	
0.07

	
0.05

	
0.07

	
0.13

	
0.07

	
0.06

	
0.11

	
0.08

	
0.08

	
0.07

	
0.06

	
0.08

	
0.38

	
0.36

	
0.28

	
0.39

	
0.09

	
0.09

	
0.09

	
0.00

	
0.00




	
Qinghai

	
0.01

	
0.00

	
0.01

	
0.01

	
0.01

	
0.00

	
0.02

	
0.01

	
0.01

	
0.03

	
0.02

	
0.02

	
0.02

	
0.02

	
0.01

	
0.53

	
0.68

	
0.26

	
0.14

	
0.17

	
0.02

	
0.02

	
0.00

	
0.00




	
Ningxia

	
0.00

	
0.00

	
0.02

	
0.02

	
0.01

	
0.02

	
0.04

	
0.01

	
0.01

	
0.03

	
0.03

	
0.02

	
0.02

	
0.02

	
0.02

	
0.24

	
0.25

	
0.36

	
0.17

	
0.17

	
0.01

	
0.01

	
0.09

	
0.00




	
Xinjiang

	
0.04

	
0.42

	
0.09

	
0.08

	
0.09

	
0.08

	
0.11

	
0.05

	
0.04

	
0.11

	
0.10

	
0.10

	
0.09

	
0.07

	
0.10

	
0.62

	
0.28

	
0.07

	
0.23

	
0.09

	
0.05

	
0.05

	
0.09

	
0.00
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Table A2. The result of K-means clustering in the case study.
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Region

	
Indicator




	
D1

	
D2

	
D3

	
D4

	
D5

	
D6

	
D7

	
D8

	
D9

	
D10

	
D11

	
D12

	
D13

	
D14

	
D15

	
D16

	
D17

	
D18

	
D19

	
D20

	
D21

	
D22

	
D24

	
D25






	
Beijing

	
3

	
1

	
3

	
1

	
3

	
3

	
2

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
3

	
2

	
1

	
1

	
1

	
1

	
1

	
1




	
Tianjin

	
3

	
2

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
3

	
2

	
2

	
2

	
2

	
2

	
1

	
2

	
3

	
1

	
3

	
1

	
2

	
1

	
2




	
Hebei

	
3

	
3

	
3

	
2

	
2

	
3

	
3

	
1

	
3

	
3

	
3

	
2

	
2

	
3

	
2

	
3

	
3

	
3

	
2

	
3

	
3

	
1

	
3

	
3




	
Shanxi

	
3

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
2

	
3

	
3

	
1

	
1

	
1

	
1

	
2

	
3




	
Inner Mongolia

	
3

	
2

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
3

	
2

	
2

	
1

	
1

	
1

	
1

	
2

	
3




	
Liaoning

	
3

	
3

	
3

	
2

	
3

	
2

	
2

	
1

	
3

	
3

	
2

	
1

	
2

	
2

	
2

	
3

	
3

	
2

	
1

	
1

	
3

	
1

	
2

	
3




	
Jilin

	
3

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
2

	
3

	
2

	
2

	
1

	
1

	
1

	
2

	
3




	
Heilongj-iang

	
3

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
2

	
3

	
3

	
1

	
1

	
1

	
1

	
2

	
3




	
Shanghai

	
1

	
2

	
3

	
1

	
2

	
2

	
2

	
1

	
3

	
3

	
2

	
1

	
1

	
2

	
1

	
3

	
1

	
2

	
1

	
1

	
1

	
1

	
3

	
2




	
Jiangsu

	
2

	
3

	
1

	
3

	
1

	
1

	
1

	
2

	
2

	
1

	
1

	
3

	
3

	
1

	
3

	
1

	
1

	
2

	
3

	
1

	
2

	
3

	
1

	
2




	
Zhejiang

	
1

	
2

	
1

	
3

	
1

	
1

	
2

	
2

	
1

	
1

	
2

	
3

	
3

	
1

	
3

	
3

	
1

	
3

	
3

	
3

	
3

	
2

	
2

	
3




	
Anhui

	
3

	
3

	
3

	
1

	
3

	
3

	
2

	
3

	
3

	
3

	
3

	
2

	
2

	
2

	
2

	
1

	
1

	
3

	
2

	
1

	
1

	
1

	
2

	
2




	
Fujian

	
3

	
3

	
3

	
1

	
3

	
3

	
2

	
3

	
3

	
3

	
3

	
1

	
1

	
2

	
1

	
1

	
1

	
2

	
3

	
1

	
3

	
2

	
2

	
3




	
Jiangxi

	
3

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
2

	
1

	
2

	
3

	
1

	
1

	
1

	
2

	
3




	
Shandong

	
1

	
3

	
3

	
1

	
3

	
3

	
2

	
3

	
1

	
3

	
2

	
1

	
1

	
2

	
1

	
3

	
3

	
2

	
2

	
1

	
3

	
2

	
2

	
1




	
Henan

	
3

	
3

	
3

	
1

	
3

	
3

	
2

	
3

	
1

	
3

	
2

	
1

	
1

	
2

	
1

	
3

	
3

	
2

	
3

	
1

	
2

	
2

	
3

	
3




	
Hubei

	
3

	
3

	
3

	
1

	
3

	
3

	
2

	
3

	
1

	
3

	
2

	
1

	
1

	
2

	
1

	
1

	
3

	
2

	
3

	
1

	
3

	
2

	
3

	
2




	
Hunan

	
3

	
3

	
3

	
1

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
1

	
1

	
2

	
1

	
3

	
3

	
2

	
3

	
1

	
3

	
2

	
2

	
1




	
Guangd-ong

	
1

	
2

	
3

	
1

	
3

	
3

	
2

	
3

	
1

	
1

	
2

	
1

	
1

	
2

	
1

	
1

	
3

	
2

	
2

	
1

	
3

	
2

	
3

	
2




	
Guangxi

	
3

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
3

	
1

	
3

	
2

	
1

	
1

	
1

	
2

	
3




	
Hainan

	
3

	
2

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
3

	
1

	
2

	
3

	
1

	
1

	
1

	
2

	
3




	
Chongqi-ng

	
3

	
2

	
3

	
1

	
3

	
3

	
3

	
3

	
1

	
3

	
3

	
1

	
2

	
2

	
2

	
1

	
1

	
2

	
3

	
2

	
1

	
1

	
3

	
3




	
Sichuan

	
3

	
3

	
3

	
1

	
3

	
3

	
2

	
3

	
3

	
3

	
2

	
1

	
1

	
2

	
1

	
2

	
3

	
3

	
1

	
1

	
3

	
2

	
2

	
3




	
Guizhou

	
3

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
2

	
1

	
3

	
1

	
1

	
1

	
1

	
2

	
3




	
Yunnan

	
3

	
2

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
2

	
3

	
2

	
1

	
1

	
1

	
1

	
2

	
3




	
Tibet

	
3

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
3

	
3

	
1

	
2

	
1

	
1

	
1

	
2

	
3




	
Shaanxi

	
1

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
3

	
3

	
2

	
2

	
2

	
2

	
1

	
3

	
3

	
1

	
1

	
1

	
1

	
2

	
3




	
Gansu

	
3

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
3

	
3

	
2

	
2

	
1

	
1

	
1

	
2

	
3




	
Qinghai

	
3

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
3

	
2

	
2

	
1

	
1

	
1

	
1

	
2

	
3




	
Ningxia

	
3

	
3

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
2

	
1

	
2

	
1

	
1

	
1

	
1

	
2

	
3




	
Xinjiang

	
3

	
2

	
2

	
2

	
2

	
2

	
3

	
1

	
3

	
2

	
3

	
2

	
2

	
3

	
2

	
3

	
3

	
3

	
1

	
1

	
1

	
1

	
2

	
3
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Table A3. Correlation coefficients of indicators for measuring regional green building development.
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Indicator

	
Indicator




	
D1

	
D2

	
D3

	
D5

	
D6

	
D7

	
D8

	
D9

	
D10

	
D11

	
D12

	
D14

	
D15

	
D16

	
D17

	
D18

	
D19

	
D20

	
D21

	
D22

	
D24

	
D25






	
D1

	
1.00

	
0.09

	
0.76

	
0.80

	
0.75

	
0.71

	
0.71

	
0.81

	
0.68

	
0.67

	
0.78

	
0.73

	
0.74

	
0.39

	
−0.16

	
−0.04

	
0.26

	
0.13

	
0.69

	
0.78

	
0.52

	
0.45




	
D2

	
0.09

	
1.00

	
0.13

	
0.08

	
0.09

	
0.08

	
−0.02

	
0.22

	
0.36

	
0.47

	
0.23

	
0.33

	
0.20

	
0.42

	
0.00

	
0.15

	
−0.23

	
0.15

	
−0.09

	
−0.04

	
0.50

	
0.39




	
D3

	
0.76

	
0.13

	
1.00

	
0.98

	
0.99

	
0.87

	
0.97

	
0.93

	
0.87

	
0.80

	
0.98

	
0.94

	
0.98

	
0.32

	
−0.29

	
−0.13

	
0.42

	
0.18

	
0.81

	
0.91

	
0.41

	
0.45




	
D5

	
0.80

	
0.08

	
0.98

	
1.00

	
0.98

	
0.88

	
0.97

	
0.93

	
0.83

	
0.74

	
0.95

	
0.88

	
0.94

	
0.36

	
−0.31

	
−0.09

	
0.49

	
0.15

	
0.83

	
0.92

	
0.38

	
0.42




	
D6

	
0.75

	
0.09

	
0.99

	
0.98

	
1.00

	
0.84

	
0.98

	
0.90

	
0.81

	
0.73

	
0.94

	
0.89

	
0.95

	
0.27

	
−0.34

	
−0.15

	
0.47

	
0.18

	
0.78

	
0.89

	
0.33

	
0.38




	
D7

	
0.71

	
0.08

	
0.87

	
0.88

	
0.84

	
1.00

	
0.85

	
0.88

	
0.89

	
0.79

	
0.89

	
0.80

	
0.86

	
0.27

	
−0.22

	
−0.06

	
0.29

	
0.04

	
0.89

	
0.90

	
0.40

	
0.46




	
D8

	
0.71

	
−0.02

	
0.97

	
0.97

	
0.98

	
0.85

	
1.00

	
0.86

	
0.77

	
0.65

	
0.91

	
0.85

	
0.93

	
0.23

	
−0.36

	
−0.19

	
0.52

	
0.13

	
0.81

	
0.91

	
0.23

	
0.31




	
D9

	
0.81

	
0.22

	
0.93

	
0.93

	
0.90

	
0.88

	
0.86

	
1.00

	
0.90

	
0.88

	
0.96

	
0.90

	
0.93

	
0.46

	
−0.20

	
0.10

	
0.39

	
0.21

	
0.82

	
0.89

	
0.61

	
0.61




	
D10

	
0.68

	
0.36

	
0.87

	
0.83

	
0.81

	
0.89

	
0.77

	
0.90

	
1.00

	
0.96

	
0.94

	
0.93

	
0.91

	
0.43

	
−0.14

	
0.02

	
0.19

	
0.12

	
0.75

	
0.80

	
0.61

	
0.63




	
D11

	
0.67

	
0.47

	
0.80

	
0.74

	
0.73

	
0.79

	
0.65

	
0.88

	
0.96

	
1.00

	
0.89

	
0.91

	
0.86

	
0.46

	
−0.06

	
0.08

	
0.03

	
0.19

	
0.63

	
0.71

	
0.72

	
0.72




	
D12

	
0.78

	
0.23

	
0.98

	
0.95

	
0.94

	
0.89

	
0.91

	
0.96

	
0.94

	
0.89

	
1.00

	
0.97

	
0.99

	
0.41

	
−0.25

	
−0.05

	
0.35

	
0.18

	
0.80

	
0.89

	
0.52

	
0.56




	
D14

	
0.73

	
0.33

	
0.94

	
0.88

	
0.89

	
0.80

	
0.85

	
0.90

	
0.93

	
0.91

	
0.97

	
1.00

	
0.98

	
0.41

	
−0.23

	
−0.07

	
0.27

	
0.18

	
0.69

	
0.81

	
0.54

	
0.59




	
D15

	
0.74

	
0.20

	
0.98

	
0.94

	
0.95

	
0.86

	
0.93

	
0.93

	
0.91

	
0.86

	
0.99

	
0.98

	
1.00

	
0.37

	
−0.27

	
−0.11

	
0.37

	
0.17

	
0.78

	
0.89

	
0.46

	
0.52




	
D16

	
0.39

	
0.42

	
0.32

	
0.36

	
0.27

	
0.27

	
0.23

	
0.46

	
0.43

	
0.46

	
0.41

	
0.41

	
0.37

	
1.00

	
−0.02

	
0.38

	
0.21

	
0.27

	
0.23

	
0.27

	
0.47

	
0.50




	
D17

	
−0.16

	
0.00

	
−0.29

	
−0.31

	
−0.34

	
−0.22

	
−0.36

	
−0.20

	
−0.14

	
−0.06

	
−0.25

	
−0.23

	
−0.27

	
−0.02

	
1.00

	
0.23

	
−0.52

	
0.01

	
−0.12

	
−0.11

	
0.32

	
0.06




	
D18

	
−0.04

	
0.15

	
−0.13

	
−0.09

	
−0.15

	
−0.06

	
−0.19

	
0.10

	
0.02

	
0.08

	
−0.05

	
−0.07

	
−0.11

	
0.38

	
0.23

	
1.00

	
0.12

	
−0.03

	
−0.05

	
−0.10

	
0.20

	
0.24




	
D19

	
0.26

	
−0.23

	
0.42

	
0.49

	
0.47

	
0.29

	
0.52

	
0.39

	
0.19

	
0.03

	
0.35

	
0.27

	
0.37

	
0.21

	
−0.52

	
0.12

	
1.00

	
0.05

	
0.41

	
0.42

	
−0.12

	
0.06




	
D20

	
0.13

	
0.15

	
0.18

	
0.15

	
0.18

	
0.04

	
0.13

	
0.21

	
0.12

	
0.19

	
0.18

	
0.18

	
0.17

	
0.27

	
0.01

	
−0.03

	
0.05

	
1.00

	
0.00

	
0.09

	
0.33

	
0.12




	
D21

	
0.69

	
−0.09

	
0.81

	
0.83

	
0.78

	
0.89

	
0.81

	
0.82

	
0.75

	
0.63

	
0.80

	
0.69

	
0.78

	
0.23

	
−0.12

	
−0.05

	
0.41

	
0.00

	
1.00

	
0.94

	
0.38

	
0.33




	
D22

	
0.78

	
−0.04

	
0.91

	
0.92

	
0.89

	
0.90

	
0.91

	
0.89

	
0.80

	
0.71

	
0.89

	
0.81

	
0.89

	
0.27

	
−0.11

	
−0.10

	
0.42

	
0.09

	
0.94

	
1.00

	
0.44

	
0.43




	
D24

	
0.52

	
0.50

	
0.41

	
0.38

	
0.33

	
0.40

	
0.23

	
0.61

	
0.61

	
0.72

	
0.52

	
0.54

	
0.46

	
0.47

	
0.32

	
0.20

	
−0.12

	
0.33

	
0.38

	
0.44

	
1.00

	
0.62




	
D25

	
0.45

	
0.39

	
0.45

	
0.42

	
0.38

	
0.46

	
0.31

	
0.61

	
0.63

	
0.72

	
0.56

	
0.59

	
0.52

	
0.50

	
0.06

	
0.24

	
0.06

	
0.12

	
0.33

	
0.43

	
0.62

	
1.00
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Figure 1. Methodology framework. 
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Figure 2. Weighting values, catastrophe model types and calculation principles in the modified CEPT framework. 
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Figure 3. Spatial distribution of regional green building development in the aspects of certification, economy, policy and technology. 






Figure 3. Spatial distribution of regional green building development in the aspects of certification, economy, policy and technology.



[image: Sustainability 12 05988 g003a][image: Sustainability 12 05988 g003b]







[image: Sustainability 12 05988 g004 550] 





Figure 4. Spatial distribution of regional green building development in China. 
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Table 1. The certification, economy, policy, and technology (CEPT) framework for measuring regional green building development in China.






Table 1. The certification, economy, policy, and technology (CEPT) framework for measuring regional green building development in China.





	
Category

	
First Layer

	
Second Layer

	
Indicator Layer

	
Units






	
Certification (A1)

	
Certification (B1)

	
Certification (C1)

	
Number of certified green buildings (D1)

	
Unit




	
Proportion of buildings with high-level certification (D2)

	
%




	
Economy (A2)

	
Industry (B2)

	
Industry (C2)

	
Total output value in construction industry (D3)

	
Billion yuan




	
Output value of construction (D4)

	
Billion yuan




	
Value added in construction industry (D5)

	
Billion yuan




	
Output value of building construction (D6)

	
Billion yuan




	
Enterprise (B3)

	
Enterprise (C3)

	
Number of construction enterprises (D7)

	
Unit




	
Number of staff and workers in construction enterprises (D8)

	
Person




	
Finance (C4)

	
Total profits of construction enterprises (D9)

	
Billion yuan




	
Paid-up capitals of construction enterprises (D10)

	
Billion yuan




	
Total assets of construction enterprises (D11)

	
Billion yuan




	
Business revenue of construction enterprises (D12)

	
Billion yuan




	
Contract (C5)

	
Total value of contracts (D13)

	
Billion yuan




	
Value from contracts signed in last year (D14)

	
Billion yuan




	
Value from new contracts signed in this year (D15)

	
Billion yuan




	
Efficiency (B4)

	
Efficiency (C6)

	
Labor productivity (D16)

	
Yuan/person




	
Value of machines per laborer (D17)

	
Yuan/person




	
Ratio of profits to gross output value (D18)

	
%




	
Ratio of pre-tax profit to gross output value (D19)

	
%




	
Policy (A3)

	
Policy (B5)

	
Policy (C7)

	
Number of local policies (D20)

	
Unit




	
Technology (A4)

	
Technology (B6)

	
Technology (C8)

	
Total power of machinery and equipment owned (D21)

	
kw




	
Net value of machinery and equipment owned (D22)

	
Yuan




	
Number of green building material labels (D23)

	
Unit




	
Number of green building innovation awards (D24)

	
Unit




	
Number of green building patents (D25)

	
Unit








Note: Yuan is the legal currency of China, 1 yuan ≈ 0.14 US dollar.
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Table 2. Common catastrophe models and their potential functions.
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	Category
	Dimension of Control Variables
	Potential Function
	Normalization Formula





	Folded model
	1
	   f  ( x )  =  x 3  + a x   
	    x a  =  a    



	Cusp model
	2
	   f  ( x )  =  x 4  + a  x 2  + b x   
	   x a  =  a   ;    x b  =  b 3   



	Swallowtail model
	3
	   f  ( x )  =  x 5  + a  x 3  + b  x 2  + c x   
	   x a  =  a   ;    x b  =  b 3   ;    x c  =  c 4   



	Butterfly model
	4
	   f  ( x )  =  x 6  + a  x 4  + b  x 3  + c  x 2  + d x   
	   x a  =  a   ;    x b  =  b 3   ;

   x c  =  c 4   ;    x d  =  d 5   
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Table 3. Data sources of indicators for measuring regional green building development.
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	Indicator
	Data Source
	Publication Institution





	D1, D2
	The website of Chinese Green Building Evaluation Label

(http://www.cngb.org.cn/)
	The Development Centre for Science, Technology and Industrialization of MOHURD



	D3, D4, D5, D6, D7, D8, D9, D10, D11, D12, D13, D14, D15, D16, D17, D18, D19, D21, D22
	The website of National Bureau of Statistics

(http://www.stats.gov.cn/)
	The National Bureau of Statistics



	D20
	The website of Chinalawinfo Database

(http://www.lawinfochina.com/)
	The Legal Information Center and Yinghua Company of Peking University



	D24
	The website of MOHURD

(http://www.mohurd.gov.cn/wjfb/201507/t20150714_222929.html)
	The MOHURD



	D25
	The website of National Intellectual Property Administration

(http://pss-system.cnipa.gov.cn/sipopublicsearch/portal/uiIndex.shtml)
	The National Intellectual Property Administration
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Table 4. Calculation results and ranks of regional green building development in China.
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	Region
	A1
	Rank
	A2
	Rank
	A3
	Rank
	A4
	Rank
	P
	Rank





	Jiangsu
	0.469
	8
	0.981
	1
	0.466
	9
	0.930
	1
	0.913
	1



	Tianjin
	0.565
	3
	0.851
	18
	0.692
	3
	0.755
	5
	0.907
	2



	Chongqing
	0.509
	6
	0.889
	9
	1.000
	1
	0.588
	11
	0.906
	3



	Beijing
	0.539
	5
	0.881
	11
	0.552
	5
	0.802
	2
	0.903
	4



	Guangdong
	0.636
	2
	0.910
	5
	0.361
	16
	0.797
	3
	0.897
	5



	Zhejiang
	0.559
	4
	0.936
	2
	0.590
	4
	0.581
	12
	0.892
	6



	Shanghai
	0.719
	1
	0.860
	17
	0.466
	10
	0.578
	13
	0.885
	7



	Hubei
	0.367
	10
	0.919
	3
	0.552
	6
	0.720
	6
	0.880
	8



	Hebei
	0.266
	22
	0.866
	14
	0.808
	2
	0.621
	8
	0.865
	9



	Anhui
	0.482
	7
	0.874
	12
	0.552
	7
	0.506
	15
	0.863
	10



	Shandong
	0.343
	14
	0.914
	4
	0.361
	17
	0.766
	4
	0.863
	11



	Hunan
	0.342
	15
	0.893
	8
	0.295
	20
	0.693
	7
	0.844
	12



	Shaanxi
	0.269
	21
	0.861
	16
	0.511
	8
	0.536
	14
	0.834
	13



	Henan
	0.272
	20
	0.908
	7
	0.295
	21
	0.609
	9
	0.826
	14



	Guangxi
	0.385
	9
	0.816
	22
	0.361
	18
	0.490
	16
	0.824
	15



	Fujian
	0.337
	16
	0.909
	6
	0.295
	22
	0.485
	17
	0.821
	16



	Liaoning
	0.356
	11
	0.872
	13
	0.209
	30
	0.599
	10
	0.820
	17



	Sichuan
	0.326
	17
	0.886
	10
	0.295
	23
	0.461
	18
	0.813
	18



	Inner Mongolia
	0.290
	19
	0.793
	25
	0.466
	11
	0.379
	21
	0.802
	19



	Yunnan
	0.347
	12
	0.842
	19
	0.295
	24
	0.397
	20
	0.801
	20



	Xinjiang
	0.347
	13
	0.812
	24
	0.295
	25
	0.335
	23
	0.787
	21



	Jilin
	0.246
	23
	0.826
	20
	0.295
	28
	0.281
	26
	0.763
	22



	Guizhou
	0.204
	24
	0.777
	27
	0.466
	12
	0.256
	28
	0.762
	23



	Hainan
	0.303
	18
	0.678
	30
	0.295
	29
	0.055
	31
	0.682
	24



	Shanxi
	0.000
	25
	0.825
	21
	0.417
	13
	0.449
	19
	0.628
	25



	Heilongjiang
	0.000
	26
	0.778
	26
	0.361
	19
	0.366
	22
	0.603
	26



	Jiangxi
	0.000
	27
	0.865
	15
	0.295
	26
	0.320
	24
	0.599
	27



	Gansu
	0.000
	29
	0.815
	23
	0.295
	27
	0.291
	25
	0.587
	28



	Ningxia
	0.000
	28
	0.742
	28
	0.417
	14
	0.259
	27
	0.585
	29



	Qinghai
	0.000
	30
	0.728
	29
	0.417
	15
	0.211
	29
	0.572
	30



	Tibet
	0.000
	31
	0.411
	31
	0.000
	31
	0.065
	30
	0.261
	31
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Table 5. Number of green buildings in the top ten provinces and their capitals in 2015.
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	Province
	Number
	Capital
	Number
	Percentage





	Jiangsu
	288
	Nanjing
	29
	10.07%



	Guangdong
	132
	Guangzhou
	29
	21.97%



	Shaanxi
	115
	Xi’an
	78
	67.83%



	Zhejiang
	96
	Hangzhou
	38
	39.58%



	Shandong
	71
	Jinan
	22
	30.99%



	Hubei
	62
	Wuhan
	37
	59.68%



	Hunan
	57
	Changsha
	41
	71.93%



	Jilin
	55
	Changchun
	18
	34.55%



	Hebei
	47
	Shijiazhuang
	6
	12.77%



	Henan
	45
	Zhengzhou
	14
	31.11%



	Total
	1035
	
	312
	32.23%
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