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Abstract

:

Under carbon peaking and neutrality constraints, low-carbon retrofitting of residential buildings (LRRB) has become a strategic need for most countries worldwide. However, the development of China’s LRRB market still relies on government guidance without moving towards the goal of autonomous orientation. This area is still a concern for academics. Moreover, many stakeholders are involved in the LRRB, and the secondary stakeholders’ behavioral strategies do not substantially impact the LRRB. So, this paper adopts Mitchell’s score-based approach to identify the core stakeholders, followed by a tripartite evolutionary game model of government, ESCOs, and owners. Based on the system dynamics (SD) model, the evolution rules of the three parties’ behavior strategies and evolution stabilization strategies are analyzed, and the key factors influencing the equilibrium are found. The results of the study show that under the condition that the government adopts the same level of subsidy for ESCOs and owners, ESCOs are more sensitive to the subsidy; with the introduction of penalties under the premise of subsidy, ESCOs can reach evolutionary equilibrium faster; and when the benefits of owners accepting LRRB outweigh the losses, owners will eventually choose to accept retrofit regardless of whether the government subsidizes owners or not. Finally, the paper ends with suggestions for developing an LRRB market. The game model proposed in this paper can provide a scientific reference for stakeholders’ carbon reduction decisions.
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1. Introduction


Global warming threatens sustainable socio-economic development and has become the greatest challenge to the progress of human society. In order to break out of this dilemma, all governments are committed to formulating efficient macro policies and introducing various measures to reduce greenhouse gas emissions. Among them, the Chinese government also announced at the 75th session of the United Nations General Assembly that it will reach the goal of carbon peaking by 2030 and carbon neutrality by 2060 [1]. Low carbon, green technology, and recycling will be the future direction of environmental development [1]. The construction industry is one of the most severe industries in the world in terms of energy consumption and environmental pollution, accounting for 30% of global greenhouse gas emissions [2]. This phenomenon is even more severe in China, especially in residential buildings. According to the China Building Energy Consumption Research Report (2020) [3], in 2018, China’s total area of residential buildings (urban and rural residential buildings) was 54.3 billion m2, accounting for 81% of the total building area. Their energy consumption was about 1 billion tons of standard coal per year, accounting for about 76% of the overall energy consumption of the construction industry. In addition, the carbon emissions of urban and rural residential buildings account for 42% and 37% of the total, respectively. Due to the enormous stock of high-energy residential buildings, even though the state is now vigorously promoting low-carbon buildings, it still cannot compensate for the negative impact of the existing high-energy buildings. Therefore, LRRB is a crucial way to achieve sustainable urban development and has far-reaching significance for the environmental-friendly development of the construction industry and the achievement of the “double carbon goal”.



As a system project, LRRB results from multiple stakeholders’ joint participation and interaction. However, the significant heterogeneity of each subject has led to the hindrance of industrial development. Many stakeholders are involved in the LRRB, and the behavioral strategies of secondary stakeholders have little impact on the low-carbon retrofit of buildings; therefore, this study identifies the core stakeholders as the government, ESCOs, and owners. The three core stakeholders were analyzed. From the supply side, ESCOs have high short-term costs for low-carbon retrofitting of buildings, high challenges for technological innovation, and insufficient motivation for the low-carbon transformation of enterprises. From the demand side, homeowners have weak low-carbon awareness and low willingness to consume, blind spots for energy-saving information, and high transaction costs for searching, bargaining, monitoring, and implementing energy-saving services, resulting in sluggish endogenous motivation for homeowners. From the regulation perspective, the government has vigorously promoted the development of the LRRB market, formulated a series of policy measures, such as subsidies, tax reduction, and carbon emissions trading, and formed a regulatory model combining mandatory, market-based, and voluntary [4]. However, the corresponding policy measures are not yet sound, and it is not easy to fully play the role of guidance [5]. Due to the different goals and interests of core stakeholders, information asymmetry, and limited rationality, the long-term development of LRRB depends on the behavioral strategies of core stakeholders. In order to promote LRRB, it is necessary to study the behavioral strategies of core stakeholders under different situations. Unfortunately, there are still relatively few studies on the behavioral strategies of core stakeholders in LRRB. Specifically, there needs to be more theoretical perspectives to analyze the impact of stakeholders’ behavioral decisions on the LRRB market under different scenarios.



In order to address the above questions, this paper analyzes the behavioral strategies and interaction mechanisms of the government, ESCOs, and owners in different situations based on the tripartite evolutionary game theory. In other words, this study answers the following questions:




	(1)

	
How to identify the core stakeholders?




	(2)

	
What are the stable equilibrium states and corresponding conditions for LRRB?




	(3)

	
How do the strategic behaviors of stakeholders and related factors affect the evolution of the equilibrium state?









To achieve the above objectives, this study works along the following lines:




	(1)

	
Adopting Mitchell’s score-based approach to identify the core stakeholders from many stakeholders as the main body of the LRRB.




	(2)

	
Using the evolutionary game approach to construct a tripartite evolutionary game model of government-ESCOs-owners to explore the evolution of the behavioral strategies of the three core stakeholders in the LRRB.




	(3)

	
Using Vensim PLE 7.3.5 software to simulate to explore the interaction mechanism of the three parties of the game and the influence of different parameters on the behavioral strategies of the three parties and provide a theoretical basis and valuable reference for the development of the LRRB market in China.










2. Literature Review


In order to understand the application of evolutionary game theory in building retrofitting, this study used the VOSviewer tool and selected several keywords to search for papers in this field. The site searched was Web of Science. The keywords searched were (Tripartite* evolutionary game OR Evolutionary game theory) AND (Building energy saving reconstruction OR Building retrofit* OR Building renovation* OR Architectural renovation OR Residence Refurbishment). Since there are few studies on the evolutionary game of LRRB, we added “green building” to the keyword search to increase the number of results for the relevant literature. Through screening, 46 papers were obtained. Figure 1a shows that the most recent topics are incentives and energy efficiency, which indicates that government incentives and policies have received much attention in recent years. From Figure 1b, the keywords “evolutionary game”, “green building”, and “policies” have a high keyword density, which indicates that these three keywords frequently appear in related studies. Therefore, this study discusses the literature from three aspects: “government incentives”, “evolutionary game in the building market”, and “stakeholders”, taking into account the theme of this study. The study will discuss the literature from three perspectives: “government incentives”, “evolutionary game of building renovation market”, and “stakeholders”.



2.1. Government Incentives


In terms of incentive mechanisms, Khashe et al. [6] pointed out through virtual simulation experiments that financial subsidies can effectively promote the evolution of owners’ behavioral strategies in a positive direction. Liu et al. [7] studied the dynamic evolutionary game between the government and consumers based on passive building demand incentives. It clarified that the focus of efforts to stimulate passive building demand is the government, and the initial willingness of the government and consumers will directly affect the behavioral strategies of both parties. Wang et al. [8] constructed an evolutionary game model for construction waste recycling projects involving the government and social capital. It found that the government’s implementation of a dynamic reward–punishment mechanism has a better incentive effect than a static one. Janez Dolšak et al. [9] evaluated the impact of a subsidy program for energy retrofit in household buildings introduced in Slovenia in 2009. The results show that the determinants affecting the implementation of energy efficiency retrofits were the household’s financial situation, past retrofitting activities, the home’s location, age and type of the building, and electricity expenditures. Feng et al. [10] developed an evolutionary game model in which government subsidies were used to analyze the evolutionary equilibrium strategies of builders and buyers under different scenarios. The results show that the government subsidy has a positive effect on green building development but only has a small positive impact on the buyer.




2.2. Evolutionary Game Analysis on the Building Renovation Market


Most researchers mainly focused on retrofitting existing building technologies or solutions [11,12]. Later, researchers gradually realized that stakeholders’ willingness to retrofit has a certain degree of influence on the building’s retrofit market, so the evolutionary game was conducted on the stakeholders of the building retrofit market. However, the research subjects are mostly limited to two-party evolutionary games, which mainly revolve around the government and developers. Yang et al. [13] studied the green retrofit of public–private partnerships to redevelop buildings and explained the changes in the game strategies of the government and investment enterprises through game evolutionary theory analysis. The outcome of the evolution game will be as follows: Firstly, the government will encourage the green transformation and the investment enterprises to carry out the green transformation. Secondly, the government does not encourage green transformation, and investment enterprises do not carry out green conversion. The third is that the government does not encourage green transformation, and investing enterprises need to implement green transformation. The results show that when the government encourages green retrofitting, the willingness of investment enterprises to implement green retrofitting increases. Furthermore, combining positive and negative policy incentives will be a better and more sensible way to promote the public–private partnership to redevelop buildings for green retrofitting. Zhang et al. [14] explored the evolutionary game of government monitoring and contractors’ green construction behavior strategies under the role of self-media. They analyzed the effects of positive publicity and harmful exposure to self-media on the strategic choices of government and contractors in the game. Research shows that positive publicity and harmful exposure strategies significantly promote the system’s convergence toward an ideal stability strategy. Even though the government punishes contractors excessively because of non-green behavior, it can still reach an ideal stable strategy through reasonably adjusting propaganda willingness and exposure ability.



With further development of the research, the subjects of the evolutionary game are gradually transformed from two to three parties, and scholars have considered the factors that affect the evolutionary game model of the construction market more comprehensively. Qiao et al. [15] used a three-star residential building in Tianjin as an example to construct an evolutionary game model between “government-developer-consumer” to reveal the interaction mechanism among the stakeholders and identify the key factors affecting the evolutionary equilibrium of the system. The results show that government guidance influences the speed and results of system evolution, while the cost and benefit determine the stakeholders’ strategy. Liu et al. [16] introduced public monitoring and a penalty mechanism to analyze stakeholders’ motivation and decision behavior in the green building supply market. They built a tripartite evolutionary game model of government, supplier, and developer. The study found that adverse public regulation may affect government regulation. Excessive subsidies and penalties may prompt some players to opt for non-green behavior. Qiao et al. [17] constructed a tripartite evolutionary game model of local government, owners, and ESCOs. They used the replicated dynamic approach of evolutionary game theory to explore the evolutionary process of three-party stabilization strategies during the development of market cooperation. The study shows that the government’s guidance strength, excess cooperation revenue, revenue distribution coefficient, and non-cooperation liquidated damages are the key factors influencing the cooperation behavior of the subjects. Then it proposes countermeasures to promote the development of the building energy retrofit market in four aspects: building a credit system, implementing guidance mechanisms, optimizing revenue distribution, and promoting technological innovation. Huang et al. [18] constructed an evolutionary game model for rural residential energy efficiency retrofitting based on government, ESCOs, and rural residents. On this basis, they analyzed the factors influencing their behavior. It is found that changes in stakeholders’ initial willingness ratio, government subsidies, or fines do not change their behavioral strategy choices when their benefits exceed their costs. Three main factors affect the parties’ cooperation: government subsidies and fines, society’s overall benefits, and government regulation costs.



Based on the current research, most studies directly selected the three subjects in the evolutionary game. In the actual situation, the LRRB market involves many stakeholders, such as ESCOs, governments, owners, financial institutions, third-party certification bodies, social groups, and energy supply units. Some of these stakeholders do not play a substantial role in the LRRB. Therefore, screening out the core stakeholders can help the researcher to identify the key factors affecting the LRRB faster and reduce the amount of work for the researcher in the research process.




2.3. Stakeholders Screening


The low-carbon retrofit involves many relevant stakeholders. Regarding identifying core stakeholders, most scholars summarized the subjects involved in the project by reviewing the literature. After constructing the adjacency matrix using the expert scoring or snowball method, they used social network analysis to identify the core stakeholders. Xu et al. [19] identified the stakeholders in the coastal city affordable housing project. They established a social relationship matrix of stakeholders by using a questionnaire survey method and social network analysis. Then, based on the social relation matrix, network centrality, and cohesion, subgroup analyses are used to identify key stakeholders in coastal city affordable housing projects. Liang et al. [20] proposed a new Social Network Analysis model, which introduced critical success factors as an intermediate variable between the stakeholders and the success of the project. The model shows the interaction of stakeholders and essential aspects of success and reveals stakeholders’ impact on the project’s success. Xue et al. [21] established a network-based framework based on stakeholder theory. After stakeholder identification using social network analysis, a stakeholder-conflict map is proposed by detecting and analyzing the relationship between crucial conflicts and stakeholders. Management strategies are offered based on this.





3. Methods


This paper innovatively adopts Mitchell’s score-based approach to identify the core stakeholders, followed by a tripartite evolutionary game model of government, ESCOs, and owners. In identifying and classifying stakeholders, Mitchell’s score-based approach has excellent operability [22]. This approach consists of three properties: (1) Power: whether or not an organization has the position, capability, and appropriate means to influence decision-making. (2) Legitimacy: whether the group has legal, moral, or specific rights to claim the project. (3) Urgency: the ability of an application made by a group to be immediately addressed. Stakeholders were scored based on these three attributes, and the researcher classified stakeholders into three categories based on their scores: core stakeholders, dormant stakeholders, and marginal stakeholders.



The heterogeneity of needs and the complexity of interest relationships among stakeholders determine the necessity of studying the behavior of core stakeholders in building retrofit [2]. In practice, there may be potential cooperation among stakeholders, and another party may influence their individual decisions. During this process, the subjects observe, imitate, learn from other people, and constantly adjust to get more benefits for themselves [23]. This dynamic process can be explained by evolutionary game theory, which shows the dynamic evolution process and the equilibrium status of all stakeholders’ strategies in bounded rationality.



3.1. Core Stakeholder Identification


There are many stakeholders involved in the LRRB. This paper summarizes the stakeholders in building retrofits by reviewing the relevant literature [20,24,25,26,27,28]: ESCOs, owners, financial institutions, government, energy supply units, property management companies, third-party certification bodies, and social groups. However, some stakeholders have a minuscule role in implementing the project. Therefore, this paper invited five experts to score the three characteristics of Power, Legitimacy, and Urgency of stakeholders involved in the LRRB using the Mitchell score-based approach [29,30]. The score is between 0 and 10 (0: weakest characteristic, 10: most vital characteristic). Secondly, the stakeholders involved in the project are identified and classified. Finally, the core stakeholders are identified, and the core stakeholders are taken as the subjects of the evolutionary game. The results of expert scoring are shown in Table 1.



The results may be inaccurate if the study determines the type of stakeholders based only on the means ranking. Therefore, this paper combines the use of the “paired samples t-test” in IBM SPSS Statistics 25 to determine whether the difference between the mean of the two variables above is significantly different from zero to determine the type of stakeholders. In the table below, data not enclosed in parentheses indicate the difference between the mean of a stakeholder’s rating on that dimension and the mean of another stakeholder’s rating on that dimension. If this difference in means passes the 95% or 99% confidence test, it is marked with an * or **. If it does not pass the test, an underline is placed under the data of the difference of means. Data in parentheses are t-test values; the statistical results are shown in Table 2, Table 3 and Table 4.



From the analysis of Table 2, Table 3 and Table 4, it is concluded that the government, ESCOs, and owners do not have statistical differences in the three dimensions of Power, Legitimacy, and Urgency. In other words, the three stakeholder experts, government, ESCO, and the owner, have similar ratings and are initially classified as the same type. Similarly, financial institutions, energy supply units, and third-party certification bodies are originally grouped into one category. Property management companies, research institutions, and media were initially grouped into another category.



The range of the mean scores of the stakeholders in the three dimensions of the building low-carbon retrofit is [4, 10), and the segment is divided as follows: (1) Those who score in the range of [8, 10) for at least two dimensions are core stakeholders. (2) Stakeholders with at least two dimensions scoring in the range of [6, 8) are dormant stakeholders. (3) Marginal stakeholders with at least two dimensions in the range of [4, 6). Stakeholders were classified according to the above classification requirements and combined with the results of the paired-sample t-test to derive the classification of these nine stakeholders in the three dimensions. The classification results are shown in Table 5.



Table 5 shows that the core stakeholders are government, ESCOs, and the owners. Therefore, this study selects the government, ESCOs, and owners as the subjects of the tripartite evolutionary game.




3.2. Tripartite Evolutionary Game Model Assumptions and Establishment


3.2.1. Analysis of Subjects’ Behavior


The government assumes the dual role of incentive and regulation in LRRB. As a policy maker and for motivation, the government provides incentive policies such as building planning, land transfer, infrastructure support construction, and tax incentives to mobilize each participating subject to carry out LRRB. As the regulator and coordinator of the LRRB market, the government adopts tax penalties for subjects who do not meet the standards of the LRRB market and governs market failures [18]. The clear guidance of the government leads to enhanced government credibility and social benefits, which generates more potential benefits for the government [31].



ESCOs play a central driving role in LRRB, which use contract energy management to sign energy efficiency service contracts with customers and ensure that the energy savings and energy efficiency benefits specified in the contracts are achieved. Its revenue is paid by the energy efficiency benefits of completing the project [32]–in other words, to obtain the maximum benefit with the least cost. In the early stage of LRRB, ESCOs need to invest in many new techniques and materials. The high cost and long payback period of LRRB makes it so the benefits of ESCOs do not offset the expensive initial costs. This situation can cause ESCOs to use asymmetric market information to cheat owners and gain excess revenue by providing unqualified services.



Owners are the demanders of LRRB and provide the endogenous impetus for market development. The purpose of owners accepting LRRB is to save energy use and increase the lifetime of the building, thus obtaining a better quality of life at a lower cost of living. Among them, the owner’s living experience and satisfaction play a decisive role in the low-carbon development and promotion of the building [33]. The market price, health performance, and supporting facilities of LRRB are the basis for owners to choose whether to carry it out [34]. In addition, owners generally focus on the short-term benefits of the project, and it is challenging to explore the overall benefits of LRRB in the life cycle with a long-term perspective. The long payback period and uncertainty of investment returns of LRRB lead to the weakened demand of owners for energy saving and narrow market space. At the same time, information asymmetry gives owners a blind spot for energy-saving information. They are skeptical of ESCOs’ credit, technical level, and service level, which also leads to the endogenous motivation of owners to carry out a retrofit [35]. Therefore, only when owners recognize the value of LRRB and are willing to pay certain incremental costs for it can the value of LRRB be truly reflected.




3.2.2. Basic Assumptions of the Model


	(1)

	
Game subjects







The game involves three participating groups: the government, ESCOs, and owners. All of them have bounded rationality in the tripartite evolutionary game analysis.



	(2)

	
Strategic behavior of game players







In the process of LRRB, two different strategies are available for each subject. The government’s behavior strategy set = {GR, NGR}. “GR” means that to promote the market’s stable development, the government subsidizes owners and ESCOs who support LRRB and imposes fines on ESCOs who engage in speculative behavior. “NGR” means that the government chooses not to take any measures of the high cost of regulation and the difficulty of market supervision.



ESCO’s behavior strategy set = {QS, NQS}. “QS” refers to the strict implementation of relevant standards by ESCOs to improve their market competitiveness and long-term development. “NQS” refers to the speculative behavior of ESCOs in pursuit of short-term benefits and excessive returns.



Owner’s behavior strategy set = {AR, NAR}. “AR” refers to owners accepting LRRB to improve the quality of living buildings, improve the living environment, and obtain government subsidies. “NAR” means that the owners do not know enough about the LRRB and choose not to accept the retrofit because they are worried that the service provided by the ESCOs is unqualified.



	(3)

	
Probability of behavioral strategies







Assume that the probability of choosing a behavioral strategy among subjects is in the range of [0, 1]. For ESCOs, “QS” probability is   x  ; “NQS” is   1 − x  . For the government, “GR” probability is   y  ; “NGR” is   1 − y  . For owners, “AR” probability is   z  , and “NAR” is   1 − z  .



	(4)

	
Parameter assumptions and their implications







An analysis from the government’s point of view: when the government does not implement regulation and control, the owners accept LRRB and ESCOs provide qualified low-carbon services, and the government obtains the essential benefits     E   1    ; when the government adopts regulation and control measures, the service quality of ESCOs is improved, and the owners are more motivated to carry out LRRB, which in turn leads to the development of the LRRB, at which time the government can obtain the incremental benefits     E   2     due to the retrofit. In the meantime, when the government decides to regulate, it also makes related laws and regulations. It consumes a lot of human resources, material, and financial resources in guidance and propaganda, thus generating control costs     C   1    . Meanwhile, the government gives subsidies of     G   1     and     G   2     to owners who receive LRRB and ESCOs who provide qualified low-carbon services and tax penalties     V   1     to ESCOs who provide unqualified low-carbon services. However, when the ESCOs provide unqualified low-carbon services, the government will pay the market governance costs     C   2     to ensure the orderly development of the market.



An analysis from the ESCOs perspective: when the owners accept the LRRB and the ESCOs provides unqualified low-carbon services, at this point, the ESCOs have an initial gain of     R   2    . The ESCOs provide unqualified low-carbon services with potential losses     D   1    , such as reduced market share and loss of partners. If the owners accept the LRRB and the ESCOs provide qualified low-carbon services, it incurs an incremental cost     C   4    . However, it gains incremental benefits     R   3    , such as reputation enhancement and market share increase.



From the owners’ perspective, when the owner accepts the LRRB and the ESCOs provide qualified low-carbon services, the owners’ energy costs are reduced, and the comfort of the indoor environment is improved, resulting in a comprehensive income of     R   1    . When the ESCOs provide unqualified low-carbon services, the owners lose     D   2    . If the owners do not accept the LRRB, ESCOs also provide unqualified low-carbon services, and the gain for both parties is 0. If the owners do not accept the LRRB, ESCOs provide qualified low-carbon services, the ESCOs at this time need to pay for the effort cost     C   3    , such as preliminary communication and negotiation, research, and design.




3.2.3. Game Model Construction


Based on the above basic assumptions and parameter settings, a tripartite evolutionary game model of ESCOs, government, and owners can be constructed and represented by the payoff matrix shown in Table 6. There are eight combinations of game strategies: (QS, GR, AR), (QS, GR, NAR), (QS, NGR, AR), (QS, NGR, NAR), (NQS, GR, AR), (NQS, GR, NAR), (NQS, NGR, AR), (NQS, NGR, NAR).





3.3. Replication Dynamic Equations for the Tripartite Evolutionary Game


The “replication dynamic equation” is a dynamic description and analysis of the strategy adjustment process of the bounded rationality participants. In the following, we construct the dynamic replication equations for the behavioral strategies of ESCOs, government, and owners, respectively.



	(1)

	
Let the expected return of an ESCO choosing the strategy of “QS” be     Q   11    . The expected return of an ESCO choosing the strategy of “NQS” is     Q   12    . The average expected return of an ESCO is       Q  −    1    .








     Q   11   = y z (   R   2   +   R   3   −   C   4   +   G   2   ) + y ( 1 − z ) ( −   C   3   ) + ( 1 − y ) z (   R   2   +   R   3   −   C   4   ) + ( 1 − y ) ( 1 − z ) ( −   C   3   )   










     Q   12   = y z (   R   2   −   D   1   −   V   1   ) + ( 1 − y ) z (   R   2   −   D   1   )   










       Q  −    1   = x   Q   11   + ( 1 − x )   Q   12     









The dynamic replication equation for the ESCO’s behavioral strategy is   F ( x )  :


  F ( x ) =   d x   d t   = x (   Q   11   −     Q  −    1   ) = − x ( x − 1 ) (   C   3   z −   C   3   −   ∆ C   4   z +   D   1   z + ∆   R   3   z +   G   2   y z +   V   1   y z )  











	(2)

	
The government’s expected return for the “GR” strategy is     Q   21    . The expected return for the “NGR” strategy is     Q   22    . The government’s average expected return is       Q  −    2    .








     Q   21   = x z     E   1   +   E   2   −   G   1   −   G   2   −   C   1     + x   1 − z     −   C   1     +   1 − x   z     V   1   −   G   1   −   C   1   −   C   2     + ( 1 − x ) ( 1 − z ) × ( −   C   1   )   










     Q   22   = x z (   E   1   ) + ( 1 − x ) z ( −   C   2   )   










       Q  −    2   = y   Q   21   + ( 1 − y )   Q   22     









The dynamic replication equation for the government’s behavioral strategy is   F ( y )  :


  F ( y ) =   d y   d t   = y (   Q   21   −     Q  −    2   ) = y ( y − 1 ) (   C   1   +   G   1   z −   V   1   z − ∆ E x z +   G   2   x z +   V   1   x z )  











	(3)

	
The expected benefit for owners who choose the “AR” strategy is     Q   31    . The expected benefit for owners who choose the “NAR” strategy is     Q   32    . The average expected benefit for owners is       Q  −    3    .








     Q   31   = x y (   R   1   +   G   1   ) + x ( 1 − y )   R   1   + ( 1 − x ) y (   G   1   +   R   1     − D   2   ) + ( 1 − x ) ( 1 − y ) (   R   1   −   D   2   )   










     Q   32   = 0   










       Q  −    3   = z   Q   31   + ( 1 − z )   Q   32     









The dynamic replication equation for the owner’s behavioral strategy is   F ( z )  :


  F ( z ) =   d z   d t   = z (   Q   31   −     Q  −    3   ) = − z ( z − 1 ) (   R   1   −   D   2   +   D   2   x +   G   1   y )  












3.4. Equilibrium Points and Stability Analysis


From the replicated dynamic equations for the three groups of ESCOs, government, and owners, the three-dimensional dynamical system ordinary differential equation can be obtained as:


        F ( x ) = x (   Q   11   −     Q  −    1   ) = − x ( x − 1 ) (   C   3   z −   C   3   −   C   4   z +   D   1   z +   R   3   z +   G   2   y z +   V   1   y z )       F ( y ) = x (   Q   21   −     Q  −    2   ) = y ( y − 1 ) (   C   1   +   G   1   z −   V   1   z −   E   2   x z +   G   2   x z +   V   1   x z )       F ( z ) = x (   Q   21   −     Q  −    2   ) = y ( y − 1 ) (   C   1   +   G   1   z −   V   1   z −   E   2   x z +   G   2   x z +   V   1   x z )        











Let:         F ( x ) = 0       F ( y ) = 0       F ( z ) = 0        ; that is, the 14 equilibrium points of this dynamical system can be obtained when the rate of change of the system strategy choice is 0. If the equilibrium point of the evolutionary game is an asymptotically stable state, the equilibrium point must be a pure strategy equilibrium [36]. Therefore, out of fourteen equilibria, six equilibria are not pure strategy equilibria and are non-asymptotically stable states. So only the asymptotic stability of the remaining eight pure strategy equilibria needs to be discussed here. Each equilibrium point in this system corresponds to an evolutionary game equilibrium, respectively. The study of the evolutionary game’s stability shows that the Jacobian matrix’s local stability can be used to solve for the stability of the equilibrium point of the evolutionary game [37]. The Jacobian matrix of the model is:


  J =        J   11       J   12       J   13         J   21       J   22       J   23         J   31       J   32       J   33        =        ∂ F ( x )   ∂ x       ∂ F ( x )   ∂ y       ∂ F ( x )   ∂ z         ∂ F ( y )   ∂ x       ∂ F ( y )   ∂ y       ∂ F ( y )   ∂ z         ∂ F ( z )   ∂ x       ∂ F ( z )   ∂ y       ∂ F ( z )   ∂ z         











Of which:




	
    J   11   = ( 1 − 2 x ) (   C   3   z −   C   3   −   C   4   z +   D   1   z +   R   3   z +   G   2   y z +   V   1   y z )  



	
    J   12   = − x ( x − 1 ) (   G   2   z +   V   1   z )  



	
    J   12   = − x ( x − 1 ) (   G   2   z +   V   1   z )  



	
    J   13   = − x ( x − 1 ) (   C   3   −   C   4   +   D   1   +   R   3   +   G   2   y +   V   1   y )  



	
    J   21   = y ( y − 1 ) (   G   2   z −   E   2   z +   V   1   z )  



	
    J   22   = ( 2 y − 1 ) (   C   1   +   G   1   z −   V   1   z −   E   2   x z +   G   2   x z +   V   1   x z )  



	
    J   23   = y ( y − 1 ) (   G   1   −   V   1   −   E   2   x +   G   2   x +   V   1   x )  



	
    J   31   = z ( z − 1 ) ( −   D   2   )  



	
    J   32   = z ( z − 1 ) ( −   G   1   )  



	
    J   33   = ( 1 − 2 z ) (   R   1   −   D   2   +   D   2   x +   G   1   y )  








Based on the Lyapunov stability theorem [38], the stability of the equilibrium point can be obtained by analyzing the eigenvalues of the Jacobian matrix. When the eigenvalues λ of the equilibrium point are all negative, it is an asymptotically stable point. Moreover, if the equilibrium point has a mixture of positive and negative eigenvalues, then it is an unstable or saddle point. The analysis of the eigenvalues of the equilibrium points     P   1   –   P   8     is shown in Table 7.



This study analyzes the stabilization conditions of the LRRB market from the perspective of its whole life cycle. The whole life cycle of the industry refers to the evolution of the introduction, development, and maturity process. This paper selects the evolutionary stability strategy points corresponding to these three stages for detailed analysis.



Stage 1—Initial stage. Due to the adverse impact of the enormous carbon emission of buildings on the environment, the government will take incentives or penalties to promote the development of the LRRB market. The government mainly adopts the policy of subsidies to owners, who will choose to “AR” At the same time, ESCOs often do not choose to “QS” due to the enormous initial input cost and the pursuit of excess revenue. The evolutionarily stable strategy point corresponds at     P   7   ( 0 , 1 , 1 )  . The conditions to be satisfied are     C   1   +   G   1   −   V   1   < 0 ,   D   2   −   G   1   −   R   1   < 0 ,   D   1   −   C   4   +   G   2   +   R   3   +   V   1   < 0  , that is, the government penalizes ESCOs when they choose to “NQS”, which allows them to benefit from the control, so the government chooses to “regulate”. However, the penalty does not motivate the ESCOs to provide qualified low-carbon services because the cost of adopting the “QS” is much greater than the penalty, so the ESCOs choose to “NQS”. However, the combined benefits and government subsidies to the owner outweigh the losses, and the owners choose to “AR”.



Stage 2—Development Stage. With the improvement of various government measures and policies, the LRRB market enters the development stage, where stakeholders will support the LRRB under the effect of the improvement of ESCO’s energy efficiency technology level and government incentives and penalties. This stage gradually reaches the evolutionary stabilization strategy point at     P   8   ( 1 , 1 , 1 )  . Two inequalities must be satisfied in this stage,     C   1   −   E   2   +   G   1   +   G   2   < 0 ,   C   4   −   D   1   −   G   2   −   R   3   −   V   1   < 0  . That is, the government chooses “GR”, and ESCOs choose “QS”; owners choose “AR”, which indicates that the government provides subsidies to ESCOs and owners while also gaining considerable benefits. Under the government’s regulation and market improvement, ESCOs no longer adopt speculative behavior, and owners decide to accept LRRB.



Stage 3—Maturity stage. As the LRRB market develops to a specific scale, a relatively complete industrial chain is formed for LRRB, the government gradually withdraws from the market, the development of the LRRB market moves toward the goal of autonomous orientation, and the industry enters the maturity stage. This stage’s corresponding evolutionary stability strategy point is     P   6   ( 1 , 0 , 1 )  . Two inequalities need to be satisfied in this stage,     C   4   −   D   1   −   R   3   < 0 ,   E   2   −   C   1   −   G   1   −   G   2   < 0  , i.e., the development of the LRRB market no longer relies on government regulation but gradually shifts to an autonomous orientation. ESCOs and owners constitute the mature LRRB market as the supply and demand sides. At this point, the government chooses to “NGR”, energy service companies choose to “QS”, and owners choose to “AR”; at this point, the market for LRRB enters a virtuous cycle.





4. Practical Case and Simulation Analysis


4.1. Modeling SD


The SD model is a theoretical approach to quantifying complex social, economic, and other systems based on computer simulation and feedback cybernetics. Compared with the traditional mathematical calculation method, the dynamic model established by SD can visually and clearly show the dynamic behavioral logic relationship among the stakeholders. Therefore, this study combines the evolutionary game theory and SD methods first to quantify the interests of each participant using evolutionary game theory and then simulate the model with the help of SD methods to explore the evolutionary game process that simulates the dynamic strategies of each stakeholder in the LRRB market, which can help the government better propose relevant incentive policies. Figure 2 shows the evolutionary game and SD modeling steps. The model is divided into eight stages: constructing model boundaries, making assumptions, determining parameter variables, building causal loop diagrams, plotting stock flows, building parameter equations and assigning values, model checking, and model simulation.



Next, this study uses Vensim PLE to develop an SD model of a three-party evolutionary game that includes three subsystems: government, ESCO, and owner. As shown in Figure 3, the tripartite evolutionary game’s SD model consists of three horizontal variables, three rate variables, six intermediate variables, and fourteen exogenous variables. Expressly: Three horizontal variables represent the probability of “GR”, the probability of “QS”, and the probability of “AR”. The three rate variables represent the rate of change in “GR”, the rate of change in the “QS”, and the rate of change in “AR”. The external variables then correspond to the parameters in the payoff matrix. The direction of the blue arrows represents the direction of causal action, with the initiating variable of the arrows being the cause and the receiving variable of the arrows being the effect. Furthermore, in the SD model of the evolution game, the flow equation and the functional relations among the level, rate, middle, and exogenous variables are analyzed through the evolutionary game.




4.2. Model Checking


In this paper, the LRRB tripartite evolutionary game model and the SD model are constructed, and the model’s validity needs to be verified for the accuracy of the subsequent analysis. The initial strategy of the triad of the easily known game is pure strategy 1 or 0. There are eight strategy combinations, and the evolutionary strategy under the pure strategy is always kept constant. In order to study whether the model remains stable when a pure strategy changes slightly, the probability of 0 is set to 0.01, and 1 is set to 0.99 in Vensim PLE to explore whether a slight change in the initial strategy of the three parties has an impact on the stability of the final evolution. The probabilities of ESCOs choosing “QS” are HQSx = 0.99 and LQSx = 0.01. The probability of the government choosing “GR” is HGRy = 0.99 and LGRy = 0.01. The owners chose “AR” for HARz = 0.99 and LARz = 0.01. There are eight initial strategies in the evolutionary game: (a) LQS-LGR-LAR; (b) LQS-LGR-HAR; (c) LQS-HGR-HAR; (d) LQS-HGR-HAR; (e) HQS-HGR-HAR; (f) HQS-LGR-HAR; (g) HQS-LGR-LAR; (h) HQS-HGR-LAR. On this basis, the three stages of the whole life cycle of the industry described above are simulated separately, and the following is a specific analysis of Stage 2—The development stage.



The parameters are set randomly:     C   1     = 2,     E   2     = 10,     G   1     = 1,     G   2     = 1;     C   4     = 1;     D   1     = 1,     R   3     = 1,     V   1     = 1, so that the parameters satisfy the inequalities     C   1   −   E   2   +   G   1   +   G   2   < 0 ,   C   4   −   D   1   −   G   2   −   R   3   −   V   1   < 0  . From Figure 4, it can be seen that no matter how the initial strategy changes, the tripartite strategy eventually evolves in the direction of (QS, GR, AR), i.e., reaching the evolutionary equilibrium point     P   8   ( 1 , 1 , 1 )  . The change of the initial strategy probability does not change the final strategy choice of the game subject, and this simulation result is consistent with the theoretical derivation, so the model is valid.




4.3. Case Overview


The building case is a 6-story unit house in the renovation project of Caochang Lane, a demonstration project of LRRB in Urumqi, Xinjiang, in cooperation with China and Germany. The building has a construction area of 4371.15 m2 and a service life of 25 years. The project adopts a guaranteed energy efficiency operation model, which means that after the project is completed, the owner will pay a one-time service fee to the ESCO if the ESCO achieves the energy efficiency promised in the contract. If the ESCO fails to achieve the energy efficiency promised in the contract, the difference in cost will be borne by the ESCOs.




4.4. Model Simulation


The initial variables of the evolutionary game model are determined based on the project profile, feasibility study report, and other relevant information and combined with relevant laws and regulations. This paper makes certain assumptions and estimates for the difficult-to-quantify parameters. The details are shown in Table 8. The settings of the SD model are shown in Figure 5, set INITIAL TIME = 0, FINAL TIME = 50, TIME STEP: 0.03125, Units for Time: Year, Integration Type: Euler, and initial values of exogenous variables according to Table 8. After setting, click “check model” to check the model, and when “model is OK” is displayed, the SD model based on the evolutionary game is built.



The assignment of the parameter variables in Table 8 meets the requirement of     C   1   +   G   1   −   V   1   < 0 ,   D   2   −   G   1   −   R   1   < 0 ,   D   1   −   C   4   +   G   2   +   R   3   +   V   1   < 0  . Since the initial values of x, y, and z do not influence the final choices of the participants in the evolutionary game but only the rate at which the equilibrium is reached, the initial probabilities of x, y, and z are set to 0.5. Then, the simulation of the behavioral strategies of the game subjects using the constructed SD model yields     P   7   ( 0 , 1 , 1 )   as the equilibrium point of the evolutionary game, and the simulation results are shown in Figure 6.




4.5. Model Simulation the Impact of Government Incentives


The government incentives can be divided into three types: 1. The government subsidizes only the ESCOs and does not subsidize the owners;. 2. The government subsidizes only the owners and does not subsidize the ESCOs. 3. The government subsidizes both the ESCOs and the owners. The three scenarios are discussed and analyzed below.



	1.

	
The government subsidizes only the ESCOs and does not subsidize the owners.







Based on the above case, real-time simulation is performed using Vensim PLE. The simulation results are shown in Figure 7. When     G   1     = 0,     G   2     = 3.5, 7.5, 10.5, and 16.5, respectively, and other parameters and initial strategies are kept constant. The simulation results show that when the government only subsidizes ESCOs, the probability of ESCOs choosing to “QS” increases as the government subsidy rises, but not the more the subsidy, the better the effect. When the subsidy exceeds a certain threshold, the probability curve of ESCOs choosing to “QS” oscillates, indicating that the incentive effect of the government on ESCOs starts to decrease. For the government, an increase in subsidy means an increase in the cost of inputs. When the subsidy exceeds the threshold value, the government’s behavior strategy changes from “GR” to “NGR”. The increase of government subsidies to ESCOs does not change the behavioral strategy of owners, and the probability of owners accepting LRRB fluctuates little.



	2.

	
The government subsidizes only the owners and does not subsidize the ESCOs.







Let     G   2     = 0 and     G   1     = 2.5, 3.5, 4.5, and 5.5, respectively. Other parameters and the initial strategy remain unchanged. The obtained simulation results are shown in Figure 8. The simulation results show that when the government only subsidizes the owners, the owners will reach evolutionary stability more quickly as the subsidy increases. When the subsidy exceeds a certain threshold, the cost to the government is greater than the benefit. The government’s behavior strategy changes from “GR” to “NGR” when the government only subsidizes the owners; the ESCOs will still choose “NQS”. Therefore, government subsidies to owners only cannot achieve the purpose and effect of LRRB.



Two scenarios are compared and discussed, namely, subsidies for ESCOs only and subsidies for owners only. Let     G   1     = 0,     G   2    = 7.5 (a1);     G   2     = 0,     G   1     = 7.5 (b1), respectively; the simulation results are shown in Figure 9. Under the same subsidy level, the incentive efficiency of government subsidy only for ESCOs is higher than for owners. Therefore, it is more reasonable to prioritize subsidizing ESCOs when the government subsidy funds are limited.



To explore the effect of penalties on ESCO behavior strategy, let     V   1   = 7  ,     V   1   = 9  ,     V   1   = 11  , and the simulation results are shown in Figure 10.     V   1     increases so that the ESCO evolves from “NQS” to “NQS”. Then the initial value (    C   4   = 10  ) is changed so that the condition satisfies Stage 2, i.e., the game subject’s strategy choice is (QS, GR, AR). In this stage, the impact of “subsidy without penalty” (    V   1   = 0  ) and “subsidy+penalty” (    V   1   = 5  ) on the behavior strategy of ESCOs is investigated, and the simulation results are shown in Figure 11. Under the condition of “subsidy + penalty”, ESCOs can reach the equilibrium of the stabilization point faster, and the government can make ESCOs perform qualified low-carbon retrofit services at a lower subsidy cost.



	3.

	
The government subsidizes both the ESCOs and the owners.







Through the real-time simulation of Vensim PLE, it can be found that when the benefit of the owner choosing to “AR” is greater than that of not accepting it, whether the government subsidizes the owners or not, the owners will decide to “AR”. In other words, government subsidies to owners do not play a substantial role. Whether owners accept LRRB depends on two factors: the owners’ overall benefits and the owners’ loss of energy savings due to the purchase of unqualified low-carbon services.



In this paper, real-time simulations are performed for the other main parameters. Using the variable control method, only the parameter variable to be studied is changed so that its value increases sequentially from 0. The effect of parameters on the behavior strategies of ESCOs, government, and owners is observed, and real-time simulation shows that the strategy chosen by the game players depends mainly on the cost and benefit, which reveals the nature of the game of three subjects is based on interests.





5. Suggestions


According to the results of the above study, this study will present some recommendations and measures from different stages of LRRB market development.



	(1)

	
In the initial stage, as the invisible hand of the market, the government plays a vital role in driving the development of the LRRB market. ESCOs have high initial investment costs due to immature technology and materials. The cost is a crucial factor affecting the development of the LRRB market [39], which primarily hinders ESCOs from supporting LRRB. At this stage, on the one hand, the government should give proper guidance to encourage ESCOs to take full advantage of incentives. On the other hand, the government should strengthen the publicity and education of energy saving and carbon reduction knowledge, enhance owners’ retrofitting awareness, and change bad energy consumption habits through community activities, school curriculum, and mass media [40]. For ESCOs to gain a foothold in the LRRB market, they need to work on low-carbon technology innovations that will reduce the incremental cost of LBBR. Specific practices include the following: ESCOs should strengthen their collaboration with academic and research institutions to support the development of low-carbon technologies. At the same time, the government should invest more funds into educational research institutes and encourage them to develop sustainable new building materials to reduce the incremental cost of LRRB to promote the LRRB market.




	(2)

	
In the development stage, the LRRB market is gaining momentum, and owners and ESCOs choose to support LRRB. However, ESCOs may pursue excess returns and adopt speculative behaviors at this stage. Establishing a reasonable reward and punishment mechanism can improve this situation. For the LRRB market to develop healthily, there is not only legal regulation and industry standard restraining behavior but also a variety of government incentives and penalties that must be implemented carefully [41]. Section 4.5 does not show that the more remarkable the government subsidies, the better the incentive effect. When the subsidy exceeds a certain threshold, the incentive effect of the subsidy will be weakened. Of course, Wang et al. [42] confirm that rational participants choose unsupported behavior in case of high decision-making costs, with little benefit, even with penalties. Therefore, the government should determine reasonable parameters of subsidies and penalties according to the game model.



Due to information asymmetry, owners need help in information search and trust in low-carbon services provided by ESCOs. At this point, the government needs to establish an information service platform and improve the market mechanism. The behavioral strategies of government, ESCOs, and owners influence each other, and their cooperation and information sharing are crucial to achieving a sustainable low-carbon retrofit market for buildings. Information asymmetry is the main reason owners do not carry out LRRB. Therefore, the government can build an information service platform where information about building retrofit, energy efficiency, and related policies are released, thus reducing the cost and difficulty of information access [41]. At the same time, the government should clarify the service content of ESCOs and expose ESCOs that adopt speculative behavior to enhance the trust of owners in ESCOs and establish an excellent mutual trust relationship between ESCOs and owners. In addition, not merely technological advances and sustainable building materials needs to be promoted in the building retrofit market, but also get more feedback from LRRB. The lack of accurate data is the most critical factor in the absence of stakeholder confidence in retrofit projects [43]. The government can improve this situation by establishing a database of building energy consumption and a building assessment and certification system, which will enhance the quality of retrofit projects and provide more references for stakeholders [44,45]. At the same time, the government should develop and implement pilot projects and further improve the low-carbon retrofit market based on the feedback and experience gained from the pilot projects to implement LRRB fully.




	(3)

	
In the mature stage, the autonomous-led mechanism helps reduce the market’s overdependence on the government. It facilitates the efficient development of the LRRB market in the long run, thus reducing the burden on the government. At this stage, a “fourth party” can be introduced, such as industry associations, media monitoring, and third-party testing agencies, to raise the awareness of self-regulation and responsibility of enterprises and gradually form an autonomous mechanism.








6. Conclusions


6.1. Conclusions


Studying stakeholders’ decision-making behavior in LRRB is crucial to promoting the market for buildings’ retrofit and improving urban sustainability development. Previous studies directly selected the three parties in the evolutionary game in LRRB without screening the stakeholders [46,47]. Some scholars ignore the critical role of the core stakeholder, the government, in guiding market development [48,49]. In addition, some scholars have conducted only theoretical analysis in this area, lacking empirical cases [50,51]. Based on this, the following work was conducted in this study: Firstly, this paper uses Mitchell’s score-based approach to identify the core stakeholders of LRRB among many stakeholders as ESCOs, government, and owners. Secondly, this research constructs a tripartite evolutionary game model of three subjects and tests its stable equilibrium point. Then, based on the actual cases, the effects of initial strategies and different parameters on the behavior of stakeholders are analyzed. Finally, based on the results obtained from the simulation, suggestions are promoted to encourage stakeholders to actively participate in energy efficiency retrofit.



Compared with previous similar studies, the results of this study provide new findings in three main areas:




	(1)

	
First, Under the same level of subsidy, the incentive efficiency of government subsidy to ESCOs is higher than that of owners. So, when the government’s financial capacity is limited, it is more reasonable to prioritize subsidizing ESCOs.




	(2)

	
Second, ESCOs can reach evolutionary equilibrium faster in the presence of penalties. From the government’s point of view, the government can spend less incentive cost to make ESCOs tend to “QS”. Hence, a “subsidy + penalty” measure is more effective than a “subsidy without penalty” measure.




	(3)

	
Third, When the benefits of LRRB outweigh the losses, the owners will eventually reach the strategic equilibrium point of “AR”, regardless of whether the government subsidizes it. In this case, the government’s subsidies to owners do not play a substantial role.










6.2. Limitations and Future Research


This research still has the following limitations and room for further research: when using Vensim PLE simulation, certain assumptions are made on the initial setting parameters, which is an ideal model, and there are some complex practicalities to consider, such as owners’ income levels and the distribution of benefits between ESCOs and owners. The evolutionary model in this research is restricted to three subjects, simplifies the stakeholder relationships, and has yet to analyze other stakeholders in the LRRB. The participation of four or more stakeholders may have different results. In addition, the representative population size of the LRRB market deserves further discussion. Therefore, more in-depth research is needed for more elements in the subsequent study.
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Nomenclature




	GR
	Regulation strategy



	NGR
	Non-regulation strategy



	QS
	Provide qualified low-carbon services strategy



	NQS
	Providing unqualified low-carbon services strategy



	AR
	Accepting LRRB strategy



	NAR
	Not accepting LRRB strategy



	HGR
	High probability of regulation



	LGR
	Low probability of regulation



	HQS
	High probability of providing qualified low-carbon services



	LQS
	Low probability of providing qualified low-carbon services



	HAR
	High probability of accepting LRRB



	LAR
	Low probability of accepting LRRB
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Figure 1. The keyword clusters. (a) Cluster network of keywords; (b) Density visualization of keywords. 
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Figure 2. Evolutionary game and SD modeling steps. 
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Figure 3. SD model of tripartite evolutionary game. 
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Figure 4. Model checking results. 






Figure 4. Model checking results.
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Figure 5. Parameter setting. 
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Figure 6. Initial strategy diagram. 
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Figure 7. The government subsidizes only the ESCOs. (a) ESCOs evolution strategy diagram; (b) Government evolution strategy diagram; (c) Owners’ evolution strategy diagram. 
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Figure 8. The government subsidizes only the owners. (a) ESCOs evolution strategy diagram; (b) Government evolution strategy diagram; (c) Owners’ evolution strategy diagram. 
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Figure 9. Comparative analysis (subsidies for ESCOs only and subsidies for owners only). 
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Figure 10. Effect of fines on ESCOs behavior strategies. 
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Figure 11. Effect of the presence or absence of punishment on ESCOs’ behavioral strategies. 






Figure 11. Effect of the presence or absence of punishment on ESCOs’ behavioral strategies.



[image: Sustainability 15 07629 g011]







[image: Table] 





Table 1. Basic information on measured buildings.
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Stakeholders

	
Average




	
Power

	
Legitimacy

	
Urgency






	
Government

	
9

	
8.6

	
8.2




	
ESCOs

	
8.6

	
8.4

	
8




	
Owners

	
8.2

	
8.4

	
8.4




	
Financial institutions

	
7

	
7.2

	
6.2




	
Energy suppliers

	
6.4

	
6.6

	
6.4




	
Third-party certification bodies

	
6.2

	
7.6

	
6.2




	
Property management companies

	
4.4

	
5.8

	
5.6




	
Scientific Research Institutes

	
4.4

	
6

	
4.4




	
Media

	
4.6

	
5

	
4.2
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Table 2. Results of paired-sample t-test for stakeholder power.
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Power

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8






	
1

	
Government

	

	

	

	

	

	

	

	




	
2

	
ESCOs

	
0.4

(1.000)

	

	

	

	

	

	

	




	
3

	
Owners

	
0.8

(2.138)

	
0.4

(1.633)

	

	

	

	

	

	




	
4

	
Financial institutions

	
2 *

(4.472)

	
1.6 *

(3.138)

	
1.2

(1.809)

	

	

	

	

	




	
5

	
Energy suppliers

	
2.6 **

(6.500)

	
2.2 **

(5.880)

	
1.8 *

(3.674)

	
0.6

(1.500)

	

	

	

	




	
6

	
Third-party certification bodies

	
2.8 *

(3.810)

	
2.4 **

(4.407)

	
2 *

(2.828)

	
0.8

(1.633)

	
0.2

(0.302)

	

	

	




	
7

	
Property management companies

	
4.6 **

(5.662)

	
4.2 **

(7.203)

	
3.8 **

(7.757)

	
2.6

(2.654)

	
2.0

(2.582)

	
1.8

(2.092)

	

	




	
8

	
Scientific Research Institutes

	
4.6 **

(4.960)

	
4.2 **

(4.882)

	
3.8 *

(4.417)

	
2.6 *

(2.982)

	
2.0

(2.236)

	
1.8

(2.250)

	
0.0

(0.000)

	




	
9

	
Media

	
4.4 **

(6.487)

	
4.0 **

(5.657)

	
3.6 *

(4.431)

	
2.4 **

(4.707)

	
1.8 **

(4.811)

	
1.6

(1.969)

	
0.2

(0.206)

	
0.2

(0.232)








Notes:   * : p < 0.05 ; * * : p < 0.01 .  
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Table 3. Results of paired-sample t-test for stakeholder legitimacy.
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Legitimacy

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8






	
1

	
Government

	

	

	

	

	

	

	

	




	
2

	
ESCOs

	
0.2

(0.343)

	

	

	

	

	

	

	




	
3

	
Owners

	
0.2

(0.535)

	
0.0

(0.000)

	

	

	

	

	

	




	
4

	
Financial institutions

	
1.4 **

(5.715)

	
1.2

(2.449)

	
1.2 **

(6.000)

	

	

	

	

	




	
5

	
Energy suppliers

	
2.0 **

(6.325)

	
1.8

(2.449)

	
1.8 **

(4.811)

	
0.6

(2.449)

	

	

	

	




	
6

	
Third-party certification bodies

	
1.0 *

(3.162)

	
0.8

(1.089)

	
0.8

(1.372)

	
0.4

(0.784)

	
1.0

(1.826)

	

	

	




	
7

	
Property management companies

	
2.8 **

(14.000)

	
2.6 **

(5.099)

	
2.6 **

(10.614)

	
1.4 **

(5.715)

	
0.8

(2.138)

	
1.8 **

(4.811)

	

	




	
8

	
Scientific Research Institutes

	
2.6 *

(4.333)

	
2.4

(2.331)

	
2.4 *

(4.000)

	
1.2

(2.058)

	
0.6

(1.500)

	
1.6

(2.359)

	
0.2

(0.343)

	




	
9

	
Media

	
3.6 **

(6.668)

	
3.4 *

(3.720)

	
3.4 **

(6.532)

	
2.2 *

(3.651)

	
1.6

(2.746)

	
2.6 *

(4.707)

	
0.8

(1.500)

	
1.0

(2.138)








Notes:   * : p < 0.05 ; * * : p < 0.01 .  
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Table 4. Results of paired-sample t-test for stakeholder urgency.
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Urgency

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8






	
1

	
Government

	

	

	

	

	

	

	

	




	
2

	
ESCOs

	
0.2

(0.343)

	

	

	

	

	

	

	




	
3

	
Owners

	
0.2

(0.535)

	
0.4

(0.784)

	

	

	

	

	

	




	
4

	
Financial institutions

	
2.0 *

(2.828)

	
1.8 **

(9.000)

	
2.2 **

(3.773)

	

	

	

	

	




	
5

	
Energy suppliers

	
1.8 **

(9.000)

	
1.6 *

(3.138)

	
2.0 **

(6.325)

	
0.2

(0.343)

	

	

	

	




	
6

	
Third-party certification bodies

	
2.0 *

(3.651)

	
1.8

(2.714)

	
2.2 **

(11.000)

	
0.0

(0.000)

	
0.2

(0.408)

	

	

	




	
7

	
Property management companies

	
3.0 **

(5.099)

	
2.8 **

(3.539)

	
3.2 **

(7.483)

	
1.0

(0.739)

	
1.2

(1.372)

	
1.0

(1.500)

	

	




	
8

	
Scientific Research Institutes

	
3.8 **

(10.156)

	
3.6 **

(5.308)

	
4.0 **

(12.649)

	
1.8

(2.25)

	
2.0 *

(4.472)

	
1.8 **

(4.811)

	
0.8

(6.000)

	




	
9

	
Media

	
4.0 **

(8.944)

	
3.8 *

(4.417)

	
4.2 **

(8.573)

	
2.0

(2.236)

	
2.2 **

(5.880)

	
2.0 *

(3.651)

	
1.0

(1.871)

	
0.2

(0.343)








Notes:   * : p < 0.05 ; * * : p < 0.01 .  
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Table 5. Statistics on the classification results of building low carbon retrofit stakeholders in three dimensions.
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	Dimensions Scores
	[8, 10)
	[6, 8)
	[4, 6)





	Power
	Government, ESCOs, Owners
	Financial institutions, Energy suppliers, Third-party certification bodies
	Media, Property management companies, Scientific Research Institutes



	Legitimacy
	Government, ESCOs, Owners
	Third-party certification bodies, Financial institutions, Energy suppliers
	Scientific Research Institutes, Property management companies, Media



	Urgency
	Owners, Government, ESCOs
	Energy suppliers, Financial institutions, Third-party certification bodies
	Property management companies, Scientific Research Institutes, Media
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Table 6. A revenue matrix for ESCOs, governments, and property owners.
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ESCOs

	
Government

	
Owners




	
AR

   z   

	
NAR

   1 − z   






	
QS

  x  

	
GR.

  y  

	
     R   2   +   R   3   −   C   4   +   G   2   ,   E   1   +   E   2   −   G   1   −   G   2   −   C   1   ,   R   1   +   G   1     

	
   −   C   3   , −   C   1   , 0   




	
NGR

  1 − y  

	
     R   2   +   R   3   −   C   4   ,   E   1   ,   R   1     

	
   −   C   3   , 0 , 0   




	
NQS

  1 − x  

	
GR.

  y  

	
     R   2   −   D   1   −   V   1   ,   V   1   −   G   1   −   C   1   −   C   2   ,   G   1   +   R   1     − D   2     

	
   0 , −   C   1   , 0   




	
NGR

  1 − y  

	
     R   2   −   D   1   , −   C   2   ,   R   1   −   D   2     

	
   0 , 0 , 0   
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Table 7. Stability analysis of equilibrium points.
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Equilibrium Points

	
Eigenvalues of the Jacobian Matrix

	
Condition

	
Stability




	
    λ    

	
Symbol






	
     P   1   ( 0 , 0 , 0 )   

	
     λ   1   =   R   1   −   D   2     

     λ   2   = −   C   1     

     λ   3   = −   C   3     

	
(×, −, −)

	
     λ   1   < 0   

	
Stabilization point




	
     P   2   ( 1 , 0 , 0 )   

	
     λ   1   =   C   3     

     λ   2   =   R   1     

     λ   3   = −   C   1     

	
(+, +, −)

	
\

	
Non-stable or saddle point




	
     P   3   ( 0 , 1 , 0 )   

	
     λ   1   =   C   1     

     λ   2   = −   C   3     

     λ   3   =   G   1   −   D   2   +   R   1     

	
(+, −, ×)

	
\

	
Non-stable or saddle point




	
     P   4   ( 0 , 0 , 1 )   

	
     λ   1   =   D   2   −   R   1     

     λ   2   = −   D   1   −   C   4   +   R   3     

     λ   3   =   V   1   −   G   1   −   C   1     

	
(×, ×, ×)

	
     λ   1   < 0   

     λ   2   < 0   

     λ   3   < 0   

	
Stabilization point




	
     P   5   ( 1 , 1 , 0 )   

	
     λ   1   =   R   1   +   G   1     

     λ   2   =   C   1     

     λ   3   =   C   3     

	
(+, +, +)

	
\

	
Non-stable or saddle point




	
     P   6   ( 1 , 0 , 1 )   

	
     λ   1   = −   R   1     

     λ   2   =   C   4   −   D   1   −   R   3     

     λ   3   =   E   2   −   C   1   −   G   1   −   G   2     

	
(−, ×, ×)

	
     λ   2   < 0   

     λ   3   < 0   

	
Stabilization point




	
     P   7   ( 0 , 1 , 1 )   

	
     λ   1   =   C   1   +   G   1   −   V   1     

     λ   2   =   D   2   −   G   1   −   R   1     

     λ   3   =   D   1   −   C   4   +   G   2   +   R   3   +   V   1     

	
(×, ×, ×)

	
     λ   1   < 0   

     λ   2   < 0   

     λ   3   < 0   

	
Stabilization point




	
     P   8   ( 1 , 1 , 1 )   

	
     λ   1   = −   G   1   −   R   1     

     λ   2   =   C   1   −   E   2   +   G   1   +   G   2     

     λ   3   =   C   4   −   D   1   −   G   2   −   R   3   −   V   1     

	
(−, ×, ×)

	
     λ   2   < 0   

     λ   3   < 0   

	
Stabilization point








Note: “−” indicates that the eigenvalue is less than 0. “+” indicates that the eigenvalue is greater than 0. “×” indicates that the positive and negative attributes of the eigenvalue are uncertain.
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Table 8. Parameter Variable Initial Values.






Table 8. Parameter Variable Initial Values.





	Parameter Variables
	Initial Values
	Parameter Variables
	Initial values





	     E   1     
	21
	     C   1     
	3



	     E   2     
	18
	     C   2     
	2



	     R   1     
	6
	     C   3     
	1



	     R   2     
	25
	     C   4     
	20



	     R   3     
	6
	     G   1     
	3.5



	     D   1     
	2
	     G   2     
	1.5



	     D   2     
	2.5
	     V   1     
	7
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