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Abstract

:

Research in the field of project management has focused on recycling construction and demolition waste (CDW). However, the problem of how to compensate for the performance of CDW recycling public–private partnership (PPP) projects during the operation period has not been resolved. This paper aims to reveal the compensation mechanism during the operation period of CDW recycling PPP projects considering the two-stage performance of recycling and remanufacturing. This paper takes CDW recycling PPP projects as the research object and uses the Stackelberg game and principal-agent theory to establish and solve the master-slave game decision model of CDW recycling PPP projects. The main conclusions are as follows. When social welfare is maximized, the performance compensation coefficients in the recycling and remanufacturing stages are the same and have homogeneity. In addition, the compensation policy positively promotes the two-stage performance, social capital profit and social welfare of the recycling and remanufacturing of CDW recycling PPP projects. This paper not only broadens the application knowledge system of the relevant knowledge of project management in the field of CDW recycling but also provides new evidence for principal-agent theory from the operation stage of CDW recycling PPP projects.
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1. Introduction


Construction activity is on the rise as population growth and urbanization accelerate [1]. However, construction and demolition waste (CDW), generated by construction activities worldwide, accounts for approximately 35% of the world’s solid waste [2], and CDW in China accounts for 40% of the total municipal waste [3]. A large amount of CDW not only causes energy consumption and the waste of resources but also has serious adverse effects on the sustainability of the environment. CDW handling issues cannot be ignored. There are three methods of disposal for CDW: recycling, incineration and landfill [4]. Among them, the most environmentally friendly disposal method widely recognized by scholars is recycling CDW [5]. It is worth noting that the recovery rate of CDW varies from country to country. The recovery rate of CDW in the United States, Germany, Japan, Singapore and other developed countries (70–88%) [6] is much higher than that in China (5%) [7]. The utilization of CDW resources in developing countries is facing great challenges, especially in China.



The grim situation of CDW recycling has aroused great concern in academic circles. On the one hand, relevant research in Vietnam [8] and Belgium [9] has focused on the recovery system and economic drivers in the CDW treatment process to improve the recovery rate of CDW. On the other hand, Japan [10] and Italy [11] have paid more attention to the use of CDW after treatment, such as backfilling materials for foundation pits and making building materials such as ceramics and recycled aggregates. In China, public–private partnership (PPP) projects have been introduced into the field of CDW recycling [12]. Fortunately, CDW recycling PPP projects have solved the problem of garbage recycling and reuse while reducing the government’s financial burden. This makes the PPP model popular in the field of CDW resource utilization [13].



PPPs are a tool for forming synergy among public–private partners to deliver public services [14,15]. Evidence shows that CDW recycling PPP projects can promote environmental improvement while alleviating government financial pressure [11,16]. However, this model has a large capital flow and a relatively long cycle [17]. This has led to a low willingness of social capital to invest in CDW recycling PPP projects. Economic subsidies are the most common government financial incentives [18]. The government formulates compensation plans for social capital, which can motivate social capital to participate in PPP projects [19]. Therefore, revealing and designing the compensation mechanism for CDW resource utilization PPP projects is of great significance in the development of CDW recycling. The principal-agent theory provides theoretical support for the design of government compensation mechanisms in PPP projects. In CDW recycling PPP projects, the government and social capital act as the principal and agent, respectively [20]. The government entrusts social capital to operate the project through a franchise agreement, and both parties are independent interested individuals. Under the background of information asymmetry, social capital may engage in opportunistic behavior and expend less effort in actual operation [21]. This poses a threat to the realization of the government’s public policy objectives. The compensation mechanism has a positive effect on eliminating the threat of opportunism. Therefore, the principal-agent theory can be applied to solve the problem of government compensation [22]. Social capital output performance is an important measure of the development level of PPP projects. Research shows that by emphasizing the project output performance of social capital, the government can encourage social capital to actively invest in production while reducing the occurrence of opportunism, thereby achieving the dual effects of incentives and constraints [23]. Therefore, in PPP projects, it is necessary for the government to formulate a compensation mechanism based on the actual output performance of social capital [24].



Recycling and remanufacturing are two important activities of CDW resource utilization, and there is a strong interdependence between them. Social capital simply handles CDW in the recovery stage and provides raw materials for the remanufacturing stage [25]. In the remanufacturing stage, production of raw materials is used to make remanufactured products. The higher the performance level of this stage is, the greater the market demand for remanufactured products, which, in turn, stimulates more CDW to be processed in the recycling stage. In this case, considering the operation period of the PPP project as a whole obviously ignores its stages, which can affect the effect of government compensation. Therefore, the two-stage performance of recycling and remanufacturing should be considered in the performance evaluation of the operation stage of CDW recycling PPP projects. Unfortunately, no scholars have conducted in-depth research on this topic.



In summary, with regard to the compensation mechanism during the operation period of CDW recycling PPP projects, this paper focuses on answering the following three scientific questions. First, what are the optimal compensation mechanism of the government and the optimal decision of social capital when considering the performance of the two phases of the CDW recycling PPP projects operation period? Second, how will the government compensation policy affect the two-stage performance of recycling and remanufacturing? Third, how will the two-stage performance of recycling and remanufacturing affect social welfare and social capital’s profits?



To solve the above problems, the purpose of this paper is to reveal a compensation mechanism in the operation period of CDW recycling PPP projects by considering the two-stage performance of recycling and remanufacturing. The innovations of this paper are as follows. (1) For the first time, this paper reveals the compensation mechanism during the operation period of CDW recycling PPP projects through the principal-agent theory, which enriches the literature on principal-agent theory. (2) This paper is the first to analyze the two-stage performance of the recycling and remanufacturing of CDW recycling PPP projects through the Stackelberg game, which provides a new idea for project performance research. This paper not only provides a reference for countries and regions in the world to formulate policies related to CDW resource utilization but also provides social capital with a decision-making basis during the operation period of CDW recycling PPP projects.



The rest of this paper is structured as follows. Section 2 is the related literature review. Section 3 describes the problem. Section 4 establishes and solves two models of social capital not accepting compensation and social capital accepting compensation and analyses the models. Section 5 uses MATLAB software to carry out a numerical simulation to verify the proposition. Section 6 summarizes the conclusions of this paper and provides management implications for the government and enterprises.




2. Literature Review


In this chapter, the paper conducts a review of the literature from three aspects: CDW recycling PPP projects, the compensation mechanism during the PPP projects operation period, and recycling-remanufacturing two-stage performance. Table 1 shows the results of the literature review.



2.1. CDW Recycling PPP Projects


The academic community has launched a heated discussion on the development status of the CDW resource market and how to improve it. Li X et al. [26] mentioned that insufficient support from government policies and regulations is one of the reasons why the country cannot form a mature CDW recycling market mechanism. However, due to the large capital investment and long payback period of CDW recycling PPP projects [27], this leads to the low enthusiasm of enterprises to participate. PPP projects can fill the gap between engineering technology needs and a lack of government funds [28,29] and provide a new channel for effectively solving the problem of CDW resource utilization. Therefore, the introduction of public–private partnership PPP projects into the field of CDW resource utilization may solve the above problems.



On the one hand, most studies have considered the risk-sharing mechanism, income distribution model, public supervision, and government reward and punishment system and support policies of CDW recycling PPP projects [30,31]. Unfortunately, the existing research does not focus on the performance of CDW resourceful PPP projects in the operation stage.



On the other hand, scholars have realized that economic compensation can help support the operation of CDW recycling PPP projects. It can effectively reduce construction and operating costs to further improve economic benefits and can have a positive effect on environmental benefits [32]. However, the compensation mechanism of CDW recycling PPP projects has not been clearly revealed. CDW recycling PPP projects have the common attributes of general PPP projects [33]. However, compared with general PPP projects, it can also bring more environmental impacts. According to the NIMBY effect [34], CDW recycling PPP projects need more recognition and support, especially compensation from the government. Therefore, establishing a compensation mechanism is an urgent problem to be solved in CDW recycling PPP projects.




2.2. Compensation Mechanism during the PPP Projects Operation Period


The PPP model shows the characteristics of large capital flow and long cycles. These characteristics may lead to the inability to recover investment and maintenance costs during the operation of the project. The operation risk of PPP projects is high. To reduce the operational risk of PPP projects, government departments often compensate projects with financial support. It is worth noting that an inappropriate compensation mechanism will not only fail to play a positive role but will even aggravate the government’s fiscal risks [35]. Based on the altruistic theory [20] and bargaining game theory [36], scholars have put forward suggestions on the design of government compensation mechanisms by using the bilevel programming model [37] and the Monte Carlo simulation method [35].



In PPP projects, government departments usually provide direct compensation to the project during the construction period. However, during the operation period, social capital operates alone and is responsible for its own profits and losses. For this reason, in the current research, more scholars have focused on the direction of compensation during the construction period. Relevant scholars have successively confirmed that compensation during the construction period by the government has a significant role in promoting the success rate of project operations and social benefits [38]. At the same time, they calculated and adjusted the amount of government compensation during the construction period [39]. Under the consideration of dynamic uncertain factors, they determine the government’s optimal compensation mechanism [35]. A few scholars have paid attention to the importance of the PPP project operation period. However, their research is still limited to the impact of certain factors (such as the size of cash flow) on compensation during the entire operation stage [40]. Or research has been conducted on some common compensation measures and compensation models [41]. The compensation mechanism during the operation period has not been not clearly disclosed.



In the existing research, only a few scholars have paid attention to the operation period as the key stage for the success of PPP projects, and most of them are limited to overall compensation mechanism research during the operation period. In fact, the operation period of PPP projects is highly phased. For example, the operation period of the CDW recycling PPP project includes two stages: recycling and remanufacturing, which are both independent and interdependent. Therefore, it is unreasonable to regard the operation period as a whole when designing the compensation mechanism, but this aspect has not been clearly proposed and studied in depth by scholars.




2.3. Recycling-Remanufacturing Two-Stage Performance


PPP project performance research originated from the performance management of governments, enterprises and organizations and has received great attention from scholars [42]. A review of the relevant literature shows that the existing research on PPP projects performance mainly focuses on the dynamic two-stage measurement of PPP projects performance during the operation period [43], the evolution of opportunistic behavior [44], and the measurement model of dynamic network relaxation [45]. Existing research has made progress in the field of evaluating the performance of PPP projects during the operation period. However, there is no evidence to reveal the compensation mechanism of PPP projects performance. In particular, this includes the two-stage performance of CDW recycling PPP projects.



Recycling and remanufacturing are key links in the CDW resourceful industrial chain. If social capital wants to improve the performance of CDW recycling PPP projects during the operation period, then social capital should focus on the two stages of recycling and remanufacturing during the operation period. Some studies have explored the performance of the recycling stage and remanufacturing stage. On the one hand, existing research focuses on the impact of incentive policies in the recycling phase on the dynamic evolution process of CDW recycling and supply chain decision-making in the context of dual recycling channel performance [46,47]. On the other hand, the manufacturing capability of enterprises in the CDW remanufacturing stage has also received the attention of scholars relating to performance research [25]. Even if some scholars realize the importance of recycling and remanufacturing stage performance, they only focus on the behavior and results of recycling or remanufacturing. Relevant studies ignore the fact that the two-stage performance of recycling and remanufacturing is closely related as a whole, and it is difficult to provide a decision-making basis for CDW recycling PPP projects considering the two-stage performance.



In summary, existing studies have confirmed that government compensation is beneficial to the operation of CDW recycling PPP projects.



However, most studies on the government compensation mechanism have not comprehensively considered the two-stage performance of the CDW recycling PPP projects operation period. The literature on the performance of PPP projects during the operation period mainly focuses on evaluation research. It provides a basis for further in-depth analysis of the optimization of the two-stage performance of the PPP project’s operation period.





3. Problem Description


Government and social capital are the main body of CDW recycling PPP projects. During the operation period of recycling-remanufacturing two-stage CDW recycling PPP projects, this paper analyses the recycling and remanufacturing activities of CDW by social capital based on the principal-agent theory. The government provides social capital with a compensation plan according to its own decision-making objectives, and social capital chooses whether to accept it. Therefore, the game subject of this paper involves the leader (government) and followers (social capital) [48].



According to references [49,50,51,52,53,54,55,56,57,58], Table 2 shows the parameters and their meanings involved in this paper.



3.1. Model Assumptions


Assuming the absolute rationality of government and social capital, the decision-making goal of the game leader (government) is to maximize social welfare, and the decision-making goal of the game followers (social capital) is to maximize their own profits. For the government, social welfare is the sum of consumer surplus s and social capital profit π. For social capital, profit is the sum of sales revenue and government subsidies minus the input costs.



In this paper, the demand function [52] for remanufactured products is set as   Q = a − p +  q 1  +  q 2  + α g  . The performance of social capital in the recycling stage and the remanufacturing stage has a positive effect on demand. That is, the greater the performance in the recycling stage or the remanufacturing stage, the greater the market demand. This paper does not consider other factors affecting the price of remanufactured products.



During the operation period of the two-stage CDW recycling PPP projects, the enthusiasm for social capital is increased, and the development of the CDW resource utilization supply chain is promoted. The government formulates a linear compensation plan M according to the two-stage project performance of social capital recycling and remanufacturing,   M =  β 1   q 1  +  β 2   q 2  + μ ×  1 2  i  g 2   . Government compensation generally comes from public financial funds such as taxes, and the collection of public funds generally results in additional social costs. That is, the marginal cost of public finance funds exceeds one unit [53,54]. In this project, θ was used to measure the additional social cost brought by government compensation. This means that each unit of compensation that the government transfers to firms incur a cost of (1 + θ) units to society,   θ   ∈     0 ,   1    .



The effort cost and green technology innovation cost constitute the input cost of social capital. Among them, the corresponding effort level of social capital in the two stages of recycling and remanufacturing is    e m    to realize the performance of the project operation period    q m   ,    q m  =  e m  +  ε m   , (m = 1 represents the recycling stage, and m = 2 represents the remanufacturing stage). Suppose that the effort cost of social capital is    ψ 1  =  1 2     c 1   e 1 2  +  c 2   e 2 2    − δ  e 1   e 2  ,  δ 2  <  c 1   c 2   , among them,    c 1    and    c 2    > 0 represents the effort cost coefficients of the social capital recovery stage and remanufacturing stage, respectively. δ > 0 indicates that the effort levels of the recycling phase and the remanufacturing phase are interdependent. Increasing the effort level of social capital in the recycling stage (the remanufacturing stage) reduces the marginal cost of its efforts in the remanufacturing stage (the remanufacturing stage). The green development degree (g) [55] of the remanufactured products produced by social capital is an important reference for the government to designate compensation plans. Therefore, social capital needs to determine the cost of green technology innovation [56,57]    ψ 2  =  1 2  i  g 2    during the operation period. In addition, to encourage consumers to participate more actively in the recycling of remanufactured products, social capital provides rewards P =   t ∅ Q   [58] to consumers who actively recycle CDW.



Based on the above assumptions and definitions, when government compensation exists, the profit of social capital consists of two parts: project profit and government compensation. Therefore, the expected profit of the private partner is expressed as:    E π  = p × EQ − ∅ t × EQ −    1 2     c 1   e 1 2  +  c 2   e 2 2    − δ  e 1   e 2  +  1 2  i  g 2    +  β 1   e 1  +  β 2   e 2  + μ ×  1 2  i  g 2   .



For a generalized price demand curve, consumer surplus can be defined as the difference between consumers’ willingness to pay and the generalized price. That is the area between the generalized price and demand curve. Only when the consumer’s willingness to pay exceeds the price of the product is the consumer willing to buy the product. The generalized price of the remanufactured products is   γ = p −  e 1  −  e 2  + t  . Combined with the demand function,   Q = a − γ +  ε 1  +  ε 2  + t + α g   can be obtained. For any   ε =  ε 1  +  ε 2   , the highest price consumers are willing to pay is   a + ε + t + α g  , and the lowest price is γ. Therefore, the consumer’s surplus can be expressed as     ∫  γ  a + ε + t + α g     a − x + ε + t + α g   d x =  1 2   Q 2   . The expected consumer surplus is    1 2  E  Q 2  =  1 2        a − p +  e 1  +  e 2  + α g    2  +  σ 2     . Since the government subsidy comes from public financial funds such as taxes, the total consumer surplus is   Es =  1 2        a − p +  e 1  +  e 2  + α g    2  +  σ 2    −   1 + θ   E    β 1   q 1  +  β 2   q 2  + μ ×  1 2  i  g 2     , and the total social welfare is   Ew =  E π  + Es = p − t ∅   a − p +  e 1  +  e 2  + α g   −    1 2     c 1   e 1 2  +  c 2   e 2 2    − δ  e 1   e 2  +  1 2  i  g 2    +  β 1   e 1  +  β 2   e 2  + μ ×  1 2  i  g 2  +  1 2        a − p +  e 1  +  e 2  + α g    2  +  σ 2    −   1 + θ      β 1   e 1  +  β 2   e 2  + μ ×  1 2  i  g 2     .



In order to analyze the compensation mechanism of CDW recycling PPP projects, this paper constructs two situations where social capital does not accept government compensation and social capital accepts government compensation.




3.2. Game Order


The Stackelberg game is a game method that explores the master-slave game composed of two-game subjects. The decision-making of the two parties supported by the Stackelberg game has a sequence, i.e., the dominant agent makes the decision first, and the other agent makes the decision later [59]. In the operation stage of CDW recycling PPP projects, the government first makes compensation plan decisions, and social capital decides whether to accept compensation based on the government’s compensation plan decision. After that, social capital determines the level of effort and the degree of green development for the remanufactured products. Therefore, the characteristics of the subject’s decision-making in the Stackelberg game can solve the decision-making problem of the two game subjects of the government and social capital in CDW recycling PPP projects. In summary, the Stackelberg game method is applicable to two situations where social capital accepts government compensation, and social capital does not accept government compensation.



The game order is as follows. First, the government proposes a compensation plan   (  β 1  ,  β 2  , μ )  . Second, social capital determines whether to accept the compensation plan to participate in the CDW resourceful PPP project. Their own choice was combined to determine the degree of green development of the remanufactured products and the two-stage effort level of recycling and remanufacturing. Then, the private partner makes efforts to achieve project performance during the recycling and remanufacturing stages according to its own decisions. Finally, the government pays compensation according to social capital’s green technology innovation input and two-stage performance. This paper designed Figure 1 with the above description of the game order. Figure 1 shows the decision-making of the government and social capital.





4. Model Building and Analysis


4.1. Reference Model (RM)


When social capital does not accept the compensation plan, the decision-making model of social capital is the reference model, that is, the no-government compensation model. During the operation period of construction waste recycling projects, social capital is the only subject. According to Section 3.1, if the social capital does not accept government compensation, then the social capital only has project profits. Therefore, the decision-making objective of social capital is:


   max    E π = p ×   a − p +  e 1  +  e 2  + α g   − ∅ t ×   a − p +  e 1  +  e 2  + α g   −     1 2     c 1   e 1 2  +  c 2   e 2 2    − δ  e 1   e 2  +  1 2  i  g 2     



(1)







To maximize its own profits, social capital makes decisions based on the degree of green development of remanufactured products. Therefore, we can calculate the first derivative of Formula (1), as shown in Formula (2).


    ∂ E π   ∂ g   = − g i + p α − t α ∅  



(2)







The next step is to determine the two-stage effort level and calculate the first derivative of Formula (1), as shown in Formula (3).


    ∂ E π   ∂  e m    = p − t ∅ −  c m   e m  + δ  e n   



(3)







If the profit of social capital takes the maximum value, that is, when Formulas (2) and (3) are equal to zero, the decision-making of social capital should meet the following conditions.


   g  R M   =   p α − t α ∅  i   



(4)






   e m  R M   = −     p − t ∅     δ +  c n       δ 2  −  c 1   c 2     



(5)








4.2. Government Compensation Model (GCM)


In construction waste recycling PPP projects, the government generally formulates compensation plans for the purpose of maximizing social welfare. At the same time, social capital determines its own effort level according to the compensation plan provided by the government to maximize its own profit, and no less than its own utility is retained. According to Section 3.1, government and social capital should meet the following conditions.


  max E w =  p − t ∅    a − p +  e 1  +  e 2  + α g   − [   1 2     c 1   e 1 2  +  c 2   e 2 2    − δ  e 1   e 2  +     1 2  i  g 2   ] +  β 1   e 1  +  β 2   e 2  + μ ×  1 2  i  g 2  +  1 2        a − p +  e 1  +  e 2  + α g    2  +  σ 2    − (  1 +    θ  ) (   β 1   e 1  +  β 2   e 2  + μ ×  1 2  i  g 2   )  



(6)






      max    E π = p × ( a      − p +  e 1  +  e 2  + α g  ) − ∅ t ×   a − p +  e 1  +  e 2  + α g          −    1 2     c 1   e 1 2  +  c 2   e 2 2    − δ  e 1   e 2  +  1 2  i  g 2    +  β 1   e 1  +  β 2   e 2  + μ ×  1 2  i  g 2      



(7)






  E π ≥  π 0   



(8)







From the perspective of social capital,    π 0    is the retained utility of social capital. Only when the profit obtained by the social capital is not lower than the retained utility will it choose to accept the government compensation plan and participate in the PPP project of construction waste recycling. From the perspective of social welfare, government subsidies increase social capital profits and lead to additional social costs. Therefore, the government will limit the number of government subsidies, thereby restricting social capital from obtaining higher profits. Therefore, social capital can only obtain its reserved utility, that is,   E π =  π 0   .



The Stackelberg game is based on the game order of the project subject, and the reverse induction method can be used to solve the model. First, the degree of green development should be considered for the remanufactured products of social capital. The first derivative of Formula (7) should be calculated, as shown in Formula (9).


    ∂ E π   ∂ g   = − g i + p α + g i μ − t α ∅  



(9)







The next step considers the two-stage effort levels of social capital. The first derivative of Formula (7) should be calculated, as shown in Formula (10)


    ∂ E π   ∂  e m    = p − t ∅ −  c m   e m  + δ  e n  +  β m   



(10)







If the social capital profit takes the maximum value, that is, when Formulas (9) and (10) are equal to zero, social capital decision-making should meet the following conditions.


   g  G C M   =   − p α + t α ∅   i   − 1 + μ      



(11)






   e m  G C M   = −    c n    p − t ∅ +  β m    + δ   p − t ∅ +  β n       δ 2  −  c 1   c 2     



(12)







Next, government policy should be considered. Substitute the two-stage effort level Formula (9) and the remanufactured products green development level Formula (10) into the social welfare Formula (6). The optimal decision-making of the government and social capital can be obtained through reverse solving, and Proposition 1 is obtained after simplification.



Proposition 1. 

When social capital accepts the government compensation plan in the construction waste recycling PPP project. The government’s optimal compensation plan (    β 1  ,  β 2  , μ   ), as well as the social capital’s remanufactured products green development degree (g) and two-stage effort level       e 1  ,  e 2      , meet the following conditions.







    β m  =   2 i   1 + θ        a δ   2  −  δ p    D + δ   +  D δ t  ∅ − B   E −    θ c   1   c 2    +   p − a    c 1   c 2    +  α 2  ABC   2   −    F α   2  C + i   1 + θ     FC + 2 δ + E         










   μ =   it ∅ δ   4 + θ   6 + δ + 2  δ θ      − A   2  pi δ  + iBE   + F   −  it θ  ∅  c 1   c 2  +   2 ai − Cpi   2 + θ   + 2  α 2  B       i   FC   2   a − t ∅   +  B θ    −  B θ    2 δ + E         










   g =   α   FC   2   a − t ∅   +  B θ    −  B θ    2 δ + E       2   −    F α   2  C + i   1 + θ     FC + 2 δ + E         










    e m  =        B α   2  θ − 2 i   1 + θ      B θ  − t ∅       δ +  c n      2   −    F α   2  C + i   1 + θ     FC + 2 δ + E         











Note,   A =   2 + 3 θ   ,   B =   p − t ∅   ,   C =    δ 2  −  c 1   c 2    ,   D =   2 + δ θ   ,    E  =  c 1  +  c 2  ,   F =   1 + 2 θ    .



Inference 1. The optimal compensation mechanism provided by the government has the following characteristics. (1) During the operation period, the optimal performance compensation coefficients in the recycling stage and the remanufacturing stage are the same. (2) Taking the first derivative of c with respect to β and μ, we can obtain     ∂  β m    ∂  c  m  n        < 0 and     ∂ μ   ∂  c  m  n        < 0. The results indicate that the two-stage performance compensation coefficient and the green technology innovation compensation coefficient are negatively correlated with the two-stage effort cost coefficient c. (3) Taking the first derivative with respect to δ for β and μ, we can obtain     ∂  β m    ∂ δ     > 0 and     ∂ μ   ∂ δ     > 0. The results indicate that the two-stage performance compensation coefficient and the green technology innovation compensation coefficient are positively correlated with the interdependence coefficient δ.



Inference 1 shows that the government compensates for the performance of the social capital recovery stage and the performance of the remanufacturing stage to the same extent. The government formulates a compensation plan based on the maximization of social welfare. The government should give the social capital recovery stage and the remanufacturing stage the same degree of performance compensation. Under the compensation plan given by the government, social capital allocates the level of effort reasonably to maximize its own profits.



Inference 2. The green development degree and two-stage effort level of social capital remanufactured products have the following characteristics. (1) Taking the first derivative of g with respect to    c m   , we can obtain     ∂ g   ∂  c m      < 0. The results indicate that the degree of green development of the social capital remanufactured products is negatively correlated with the two-stage effort cost coefficient c. (2) Taking the first derivative of e with respect to c, we can obtain     ∂  e m    ∂  c  m  n        < 0. The results indicate that the two-stage effort level of social capital is negatively correlated with the two-stage effort cost coefficient c.



Inference 2 shows that when the coefficient of effort cost increases, the difficulty of social capital effort increases. In other words, social capital needs to expend more effort to achieve the same two-stage performance. Therefore, when the effort cost coefficient increases, social capital controls the total cost by reducing the green development degree and the effort level of the remanufactured products.




4.3. Recycling-Remanufacturing Two-Stage Performance Comparison Analysis


To explore the influence of the government compensation policy on the performance of construction waste recycling PPP projects, this section compares project performance for the baseline model and the government compensation model.



Proposition 2. 

When   θ ∈   0 , 1    ,    q m  R M     <    q m  G C M    .





Proposition 2 is as follows. (1) When   θ ∈   0 , 1    , the government compensation policy is beneficial to the two-stage performance increase. The two-stage performance after social capital accepts that the compensation plan is always greater than the two-stage performance when private capital does not accept the compensation plan. (2) Taking the first derivative of    q m  G C M     with respect to θ, we can obtain     ∂  q m  G C M     ∂ θ   < 0  . The results indicate that when private capital accepts the government’s compensation policy, the marginal cost of government compensation has a negative impact on the two-stage performance. The government’s compensation goal is to maximize social welfare. Therefore, the marginal cost of government economic intervention in society is a key consideration when formulating compensation policies. That is, the smaller the marginal cost of government compensation, the greater the incentive of the government’s compensation policy to social capital, and the higher the two-stage performance. (3) Taking the first derivative of    q m  R M     with respect to θ, we can obtain     ∂  q m  R M     ∂ θ   = 0  . The results indicate that when social capital does not accept the government’s compensation policy, the two-stage performance is not affected by the marginal cost of government compensation. Considering capital constraints and risk aversion, social capital only realizes a two-stage performance when its own profit is maximized. This means that social capital reduces investment in green technology innovation and leads to a lower level of effort in the decision-making stage. Thus, it is difficult to achieve a high two-stage performance.



Proposition 3. 

Define  Δ  q  R M   =    q 1  R M   −  q 2  R M      ,   Δ  q  G C M   =    q 1  G C M   −  q 2  G C M      , when   θ ∈   0 , 1    ,   Δ  q  R M   < Δ  q  G C M    .





Proposition 3 states the following conclusion. (1) Under the government compensation policy, the absolute value of the two-stage performance difference is greater than that of the two-stage performance difference without government compensation. The difference in project performance caused by the different levels of effort in the two stages is exacerbated by the government compensation policy. It effectively promotes the reasonable distribution of social capital’s effort level in the two stages of recycling and remanufacturing. Therefore, higher project operation performance can be obtained. (2) Taking the first derivative of   Δ  q m  G C M     with respect to  θ , we can obtain     Δ ∂  q m  G C M     ∂ θ   < 0  . The results indicate that under the condition of government compensation, the performance difference between the two stages is negatively related to the unit government economic intervention cost. When the marginal cost of government economic intervention is low, the government can formulate a higher compensation plan. Social capital has the incentive to allocate resources reasonably and invest in green technology innovation in the two stages of recycling and remanufacturing during the operation period. (3) Taking the first derivative of   Δ  q m  R M     with respect to  θ , we can obtain     Δ ∂  q m  R M     ∂ θ   = 0  . The results indicate that in the case of no government compensation, the performance difference between the two stages is not related to the unit government economic intervention cost. At this time, social capital only allocates two-stage effort levels with the goal of maximizing its own profits.




4.4. Effects of Recycling-Remanufacturing Two-Phase Performance on Different Decision Goals


To study the impact of recycling-remanufacturing two-stage performance on different decision-making objectives. We will specifically analyze the effect of performance on social capital profits and social welfare.



Proposition 4. 

The impact of recycling-remanufacturing two-stage performance on social capital profits.










	
When    q m  ∈   0 ,  q  m 1      , the profit of social capital is positively correlated with the two-stage performance of recycling and remanufacturing.



	
When    q m  ∈    q  m 1   , + ∞    , the profit of social capital is negatively correlated with the two-stage performance of recycling and remanufacturing.



	
When    q m  =  q  m 1    , social capital profit has a maximum value.








Proposition 4 states the following conclusion. (1) The impact of the two-stage performance on the social capital profit shows a parabolic trend. When the two-stage performance is in the appropriate range, the social capital profit reaches the maximum value. (2) When the two-stage performance of “recycling-remanufacturing” is at a low level, the effort level of social capital in the project operation period is relatively conservative. At the same time, the cost of green technology innovation is relatively low. This means that social capital can increase its own profits by adjusting decision-making plans. (3) When the two-stage performance of “recycling-remanufacturing” is at a high level, the two-stage performance has a higher impact on the social capital profit. Therefore, social capital must invest a great deal of effort to maintain operations. The government only compensates social capital according to the pre-agreed compensation contract. However, the negative impact of an excessive two-stage performance on social capital profit is more significant. Therefore, the social capital profit decreases as the two-stage performance increases.



Proposition 5. 

Effects of recycling-remanufacturing two-stage performance on social welfare.





	
When    q m  ∈   0 ,  q  m 2      , social welfare is positively correlated with the two-stage performance of recycling and remanufacturing.



	
When    q m  ∈    q  m 2   , + ∞    , social welfare is negatively correlated with the two-stage performance of recycling and remanufacturing.



	
When    q m  =  q  m 2    , social welfare has a maximum value.






Proposition 5 shows the following. (1) The impact of the recycling and remanufacturing two-stage performance on social welfare shows a parabolic trend. Regardless of whether social capital accepts government compensation, the performance of the two stages that are too high or too low leads to a reduction in social welfare. Only when the two-stage performance of recycling and remanufacturing is in the appropriate range can the government achieve the decision-making goal of maximizing social welfare. (2) When the two-stage performance of recycling and remanufacturing is at a low level, according to the market demand function, the market demand for the remanufactured product is low at this time. Therefore, the profit available to social capital is limited. In addition, consumer surplus is positively correlated with the two-stage performance of recycling and remanufacturing (proof     ∂ E s   ∂  q m    > 0  ), and consumer surplus is low at this time. As a result, social welfare does not reach its maximum value. (3) When the two-stage performance of recycling and remanufacturing is at a high level, the input cost of social capital increases significantly. This increase is far greater than the sales revenue of the construction waste remanufactured products. Even though consumer surplus increases with the increase in two-stage performance at this time, the increase is less than the decrease in social capital profit. In this case, as the performance of recycling and remanufacturing increases, social welfare decreases.





5. Numerical Simulation


To verify the correctness of the above models and propositions, this section uses MATLAB software for numerical simulation and model analysis. In the case of meeting the assumptions of the model in this paper, we refer to the assignment ideas in the literature [60,61,62]. Table 3 shows the initial values of the parameters and the source paper.



5.1. Effects of Effort Cost on the Decision-Making of Government and Social Capital


According to Inference 1, the government pays the same performance compensation coefficient to the recycling and remanufacturing stages. The effect of the effort cost coefficient on the two-stage performance compensation coefficient is homogeneous. If    c n  = 6  ,    c m  ∈   6 , 12    , the effect of the effort cost coefficient    c m    on the performance compensation coefficient and green technology innovation compensation coefficient can be obtained. Figure 2 shows the influence of the effort cost coefficient based on the simulation analysis on the two-stage performance compensation coefficient, the green technology innovation compensation coefficient, and the green development degree of remanufactured products. According to Figure 2a, having the same performance compensation coefficient in the recycling and remanufacturing stages can avoid the opportunism of social capital. If the performance compensation coefficients of the two stages are different, social capital may receive higher compensation. In addition, more effort costs can be paid for the stage with a higher performance compensation coefficient. As a result, the effort levels of the two stages cannot be reasonably distributed.



Figure shows that an increase in the effort cost coefficient means a decrease in effort efficiency. The same effort level of social capital pays more effort cost. When efforts are less efficient, the private partner slacks off when operating the project. To reduce costs, social capital reduces its own efforts and investment in green technology innovation. According to Figure 2b, the government reduces the compensation coefficient to urge social capital.



Figure 2a,b shows that the interdependence of the recycling stage and the remanufacturing stage effort level increases. This means that increasing the effort level of one stage reduces the marginal cost of another stage. The investment cost of social capital decreases accordingly. In this case, the government increases the performance compensation coefficient and the green technology innovation compensation coefficient. This is conducive to promoting social capital to continue to improve the level of effort and increase the intensity of green technology innovation to achieve a win–win situation.



When    c n  = 6  ,    c m  ∈   6 , 12    , Figure 2c shows the effect of the effort cost coefficient    c m    on the green development degree of remanufactured products. Social capital consists of effort costs and green technology innovation costs. The two-stage performance of recycling and remanufacturing is improved to a certain extent due to the increase in effort cost. It reduces the investment in remanufactured products and green technology innovation; otherwise, it increases the economic pressure on social capital. Figure 2c shows that the increase in the effort cost coefficient and the decrease in the interdependence degree coefficient of the two-stage effort levels lead to an increase in the effort cost. At this moment, the degree of green innovation for remanufactured products is at a low level. In addition, Figure 3 shows the effect of the effort cost coefficient in the two stages of recycling and remanufacturing on the effort level of social capital recycling and remanufacturing and the analysis results. According to Figure 3, the two-stage effort cost coefficients    c 1    and    c 2    have the same impact on the social capital effort level    e m    when the coefficient of the interdependence degree of effort level in the recycling and remanufacturing stages is constant. With the increase in effort cost coefficients    c 1    and    c 2   , the effort level    e m    of social capital decreases. However, according to Figure 3a,d, the social capital effort level    e m    decreases more obviously with the increase in the effort cost coefficient    c m   . According to Figure 3b,c, we know that as the effort cost coefficient    c n    increases, the    e m    downward trend is relatively gentle. The increase in the effort cost coefficient indicates that increasing the effort level costs more. Due to financial pressure, social capital reduces investment in this stage of efforts. The improvement of the interdependence degree coefficient of the effort level in the two stages is beneficial to reducing the effort cost. This increases the effort level of social capital. Therefore, the degree of interdependence coefficient of the effort level is conducive to weakening the influence of the effort cost coefficient on the effort level.




5.2. Comparison Analysis of Recycling-Remanufacturing Two-Stage Performance


As   θ ∈   0 ,   1    , Figure 4 shows the effect of unit government economic intervention cost on performance.



Figure 4a shows that government compensation policies can significantly improve the two-stage performance of CDW recycling PPP projects. However, the level of performance decreases as the cost of government economic intervention increases. Without compensation from the government, the two-stage performance is not affected by the cost of government economic intervention and is at a low level. The smaller the cost of government economic intervention is, the smaller the social cost caused by government compensation is. Therefore, the government can appropriately increase the compensation coefficient to encourage social capital and improve performance. Figure 4b shows that in the case of government compensation, the smaller the unit government economic intervention cost is, the larger the performance difference between the two stages.




5.3. Effects of Recycling-Remanufacturing Two-Phase Performance on Different Decision Goals


When    q m  ∈   0 ,   60    , Figure 5 shows the effect of the available effort level on social capital profit and social welfare.



Figure 5 shows that under the condition of the same performance, the government compensation policy is obviously beneficial to the profit of social capital and the increase in social welfare. When the two-stage performance is low, that is,    q m  ∈   0 ,  q  m 1      , social welfare and social capital profit increase with performance. At this time, a win–win situation is achieved, and Pareto optimization can be realized. As the two-stage performance increases,    q m  ∈    q  m 1   ,  q  m 2       the profit of social capital decreases, but social welfare continues to increase, which can realize the Kaldor improvement. However, when the two-stage performance is too high, that is,    q m  ∈    q  m 2   , + ∞    , the profit of social capital and social welfare will decline. This means that the government and social capital should not blindly pursue an excessive two-stage performance.



In Figure 5a,b, the government compensation policy can increase the profit of social capital, which is the joint result of the government’s economic compensation and the improvement of social capital’s effort level. When the two-stage performance is low, the social capital’s funds and enthusiasm for participation are limited. Even if the performance is improved, the increase in social capital profits is relatively small. When the two-stage performance is too high, that is,    q m  ∈    q  m 1   , + ∞     the gradual increase in performance leads to excessive expenditure costs in the recycling and remanufacturing phases. As a result, losses cannot be recovered, and social capital profits decline. However, government compensation can properly mitigate the adverse effects of profit losses. However, it cannot fully compensate for the loss of the enterprise.



In Figure 5c,d, when the performance of social capital in the two stages is low, that is,    q m  ∈   0 ,  q  m 2      , as the performance increases, the effort level of social capital increases in both phases. The consumers’ willingness to pay also increases accordingly, and social welfare gradually increases. When the two-stage performance level is too high, that is,    q m  ∈    q  m 2   , + ∞    . The loss caused by the increase in the performance of the two stages is too high. Although consumer surplus is still increasing at this time, its increase is not as high as the increase in losses. Therefore, social welfare decreases.



In summary, social capital allocates the effort level reasonably and controls the two-stage performance level. Social capital pursues performance improvement while ensuring profits. It can not only reduce losses but also make social welfare and social capital profits as optimal as possible. Therefore, the government focuses on the series of target changes brought about by performance improvement. The government considers the compensation policy formulated from many aspects. This will be better than a compensation policy that only considers the two-stage performance of recycling and remanufacturing.





6. Discussion


This paper describes the compensation mechanism during the operation period of CDW recycling PPP projects based on the two-stage performance of recycling and remanufacturing. This section discusses the influence of effort cost on the decision-making of government and social capital (Section 6.1), the two-stage performance of recycling and remanufacturing (Section 6.2), and social capital profits and social welfare (Section 6.3).



6.1. The Influence of Effort Cost on the Decision-Making of Government and Social Capital


In CDW recycling PPP projects, the government’s compensation plan includes performance compensation and green technology innovation compensation.



On the one hand, this paper believes that the government’s performance compensation coefficient is negatively correlated with the effort cost coefficient. This is because of a reduction in effort efficiency, which is the same conclusion as Yang et al. [70]. Different from the performance evaluation model based on industry-based categories constructed by Xu et al. [71], this paper argues that the government’s compensation plan is based on two-stage performance evaluation. This is because our research is based on two stages of recycling and remanufacturing during the operation period of CDW recycling PPP projects, which is more in line with the characteristics of the CDW recycling industry.



On the other hand, Chen et al. [72] and Han et al. [73] analyzed government decision-making and found that the degree of compensation for green technology innovation was positively correlated with the degree of green development of remanufactured products. However, by analyzing the effort cost of social capital during the operation period, this paper found that the degree of compensation for green technology innovation and the degree of green development of remanufactured products were both negatively affected by the coefficient of effort cost. The new findings of this paper provide evidence for the relationship between the degree of compensation for green technology innovation and the degree of green development of remanufactured products for the field of construction waste recycling PPP project management.



In addition, this paper finds that the effort level of social capital is negatively correlated with the effort cost coefficient, which is the same as the research conclusion of Yu et al. [74] and Zeng et al. [75]. However, unlike [74,75], who regarded the effort level as a whole, this paper divides the effort level into the recycling stage effort level and remanufacturing stage effort level according to project characteristics.




6.2. Two-Stage Performance of Recycling and Remanufacturing


Recycling performance and remanufacturing performance are important indicators of CDW recycling PPP projects’ performance. Through numerical analysis, this paper verifies that the government compensation policy can improve the two-stage performance of recycling and remanufacturing. The findings of Zhang et al. [76] and Bimonte et al. [77] also confirm that government compensation can improve performance. In addition, although Bimonte et al. considered the environmental performance of CDW recycling, they did not realize that the process of recycling construction waste was staged. The two-stage performance of recycling and remanufacturing analyzed in this paper provides a new idea for the performance of CDW recycling PPP projects in the operation period.




6.3. Social Capital Profits and Social Welfare


This paper argues that government compensation policies can increase social capital profits. Therefore, before the CDW recycling PPP project operation period, social capital has the motivation to accept the government’s compensation policy. If social capital wants a higher compensation amount, it can choose to appropriately increase its own effort level. However, an excessively high level of effort will lead to excessive investment costs, and the profit of social capital is reduced instead. The above findings provide a reference for the decision-making of social capital in the operation of CDW recycling PPP projects.



The purpose of the government in CDW recycling PPP projects is to maximize social welfare. This paper verifies that government compensation policy can improve social welfare through numerical simulation, which is consistent with the research conclusion of Liu et al. [78]. Due to the high recovery and remanufacturing, two-stage performance can lead to a reduction in social welfare. Therefore, the government cannot only pursue high recycling and the remanufacturing two-stage performance. The above conclusions are the same as those of Li et al. [79]. However, the government has greater incentives to pursue high performance in CDW recycling PPP projects. If the government properly participates in the operation of social capital, it will help improve social welfare. However, if the government controls the operation of social capital excessively, this may reduce social welfare.





7. Conclusions and Implications


7.1. Conclusions


This paper uses the Stackelberg game method to construct and solve the government non-compensation and government compensation models. We compared the two-stage performance of CDW recycling PPP projects in the two cases. Then, we analyzed the impact of government compensation on the two-stage performance. In addition, we analyzed the changes in social welfare and social capital profit under optimal compensation. Furthermore, we reveal the compensation mechanism of CDW recycling PPP projects during the operation period considering the two-stage performance of recycling and remanufacturing. The specific research conclusions are as follows.



First, when social welfare is maximized, the performance compensation coefficients of the government for the recycling and remanufacturing stages are the same and homogeneous. The performance compensation coefficient of the government, the compensation coefficient of green technology innovation, the green development degree of social capital remanufactured products, and the effort level are all negatively correlated with the effort cost coefficient. However, they are all positively correlated with the degree of interdependence coefficient for the effort level in the recycling and remanufacturing stages.



Second, the compensation policy promotes the recovery and remanufacturing performance of CDW recycling PPP projects. However, the two-stage performance level is a decreasing function of the cost of government economic intervention. However, as the cost of economic intervention per unit of government increases, such a promotional effect also weakens. Only when the unit government’s economic intervention cost is low does it have a high two-stage performance level.



Third, the compensation policy promotes the social capital profits and social welfare of CDW recycling PPP projects. However, a two-stage performance that is too high or too low reduces the social capital profit and social welfare. Only when the two-stage performance is at an appropriate level does the social capital profit and social welfare achieve their maximum value.




7.2. Management Implications


This paper considers the two-stage performance of recycling and remanufacturing during the operation period. It has enriched the research on the compensation mechanism of CDW recycling PPP projects. It provides a reference for the decision-making of public and private parties involved in CDW recycling PPP projects.



(1) From the perspective of the government, formulating a reasonable compensation policy can improve the two-stage performance of recycling and remanufacturing. It is conducive to improving social welfare and social capital profits to achieve a win–win situation. When designing the compensation plan, the government should pay attention to the stages of the operation period of CDW recycling PPP projects. The government should give the recycling and remanufacturing two stages the same performance compensation coefficient to improve project performance.



When the effort cost coefficient of social capital is high, the effort efficiency decreases. The government can appropriately reduce the two-stage performance compensation coefficient and the green technology innovation compensation coefficient to supervise social capital.



(2) From the perspective of social capital, choosing to accept the government’s compensation policy can obtain higher economic and public benefits. In the two stages of recycling and remanufacturing, social capital should actively integrate resources and allocate inputs reasonably. When the cost of government economic intervention is too high, social capital can appropriately increase the level of effort. When the cost of government economic intervention is too high, social capital can appropriately increase the level of effort to improve the two-stage performance of recycling and remanufacturing. In addition, social capital cannot blindly rely on compensation to obtain more profits. Social capital can improve its own green technology innovation research and development capabilities and the green development of remanufactured products. Furthermore, they gain more consumers’ favor to increase their own profits.



(3) In the future, the model constructed by this paper can be further verified in the operation phase of PPP projects and in other developing countries or regions. However, when analyzing PPP project operation problems in other countries or regions based on this paper, attention should be given to the heterogeneity of game players and decision variables. Moreover, in addition to the background of construction waste recycling, this paper can provide new modeling ideas for PPP projects in other backgrounds.




7.3. Limitations and Prospects


This paper fills the gap in the research on the compensation mechanism of CDW recycling PPP projects from the perspective of the two-stage performance of recycling and remanufacturing. However, there are also the following limitations.



First, this paper discusses the compensation mechanism during the operation period of CDW recycling PPP projects. However, in reality, the construction period and operation period of PPP projects are closely linked. Future research should simultaneously consider the multistage nature of the construction period.



Second, this paper only considers the government compensation policy. In practical problems, government regulation usually includes government compensation and government punishment. Future research should incorporate government penalty policies into the model to further analyze changes in government and social capital decision making.



Finally, this paper only considers the form of direct economic compensation from the government to social capital. Future research should further consider compensation forms such as government subsidies to consumers and enrich the research on the compensation mechanism during the operation period of CDW recycling PPP projects.
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Figure 1. Game order. 
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Figure 2. The effect of the effort cost coefficient on the two-stage performance compensation coefficient, green technology innovation compensation coefficient and green development degree of the remanufactured products. (a) The effect of the effort cost coefficient on the two-stage performance compensation coefficient. (b) The effect of the effort cost coefficient on the green technology innovation compensation coefficient. (c) The effect of the effort cost coefficient on the green development degree of the remanufactured products. 
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Figure 3. The effect of the two-stage effort cost coefficient of recycling and remanufacturing on the effort level of social capital recycling and remanufacturing. (a) The effect of the effort cost coefficient of recycling stage on the effort level of social capital recycling stage. (b) The effect of the effort cost coefficient of recycling stage on the effort level of social capital remanufacturing stage. (c) The effect of the effort cost coefficient of remanufacturing stage on the effort level of social capital recycling stage. (d) The effect of the effort cost coefficient of remanufacturing stage on the effort level of social capital remanufacturing stage. 
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Figure 4. Effect of the unit economic intervention cost on the two-stage performance of recycling and remanufacturing. (a) The effect of unit economic intervention cost on the performance of recycling and remanufacturing stages. (b) The effect of unit economic intervention cost on the performance difference between the recycling and remanufacturing stages. 
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Figure 5. The impact of recycling and remanufacturing two-stage performance on social capital profits and social welfare. (a) The impact of recycling stage performance on social capital profits. (b) The impact of remanufacturing stage performance on social capital profits. (c) The impact of recycling stage performance on social welfare. (d) The impact of remanufacturing stage performance on social welfare. 
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Table 1. Research on the CDW recycling PPP projects, compensation mechanism in operation period of PPP project and performance of recycling-remanufacturing two stages.
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Research

Topics

	
Dimensions

	
References






	
CDW recycling

PPP projects

	
Reasons why a mature CDW recycling market mechanism cannot be formed

	
[26,27]




	
Channels for solving CDW resource problems

	
[28,29]




	
Research status of CDW recycling PPP projects

	
[30,31,32,33,34]




	
Compensation mechanism during PPP projects operation period

	
Reasons for establishing a compensation mechanism for PPP projects

	
[20,35,36,37]




	
Compensation link between construction period and operation period of PPP projects

	
[38,39]




	
The importance of the compensation mechanism during the operation period of PPP projects

	
[40,41]




	
Recycling-remanufacturing two-stage performance

	
Performance management theory

	
[42]




	
Performance evaluation of PPP project operation period

	
[43,44,45]




	
Two-stage performance research of recycling and remanufacturing

	
[25,46,47]
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Table 2. Symbol description.






Table 2. Symbol description.





	Symbols
	Meaning Description





	    e m    
	Effort level of social capital (m = 1 represents the recycling stage; m = 2 represents the remanufacturing stage; the same below)



	    q m    
	Recycling-remanufacturing two-stage project performance



	    ε m    
	Random part, subject to normal distribution N (0,    σ m 2   )



	  Ψ  
	Social capital investment cost



	    c m    
	Effort cost coefficient of social capital recycling-remanufacturing two stages



	  δ  
	The interdependence coefficient of effort level in the two phases of social capital “recycling-remanufacturing”



	  a  
	Basic market demand,  a  > 0



	  Q  
	Total market demand,  Q  > 0



	  p  
	Sales price of remanufactured products per unit CDW



	  M  
	Total compensation from the government



	    β m    
	Performance compensation factor



	  θ  
	Marginal cost of government economic intervention,  θ  ϵ [0, 1]



	  t  
	Unit CDW recovery price



	  ∅  
	The proportion of consumers who are willing to participate in recycling behavior,  ∅  ϵ [0, 1]



	  α  
	Consumer green sensitivity coefficient,  α  > 0



	  g  
	Degree of green development of remanufactured products



	  i  
	Green technology innovation cost coefficient,   i     > 0



	  μ  
	The government’s compensation coefficient for social capital’s green technology innovation



	  P  
	Remuneration that social capital will provide to consumers who voluntarily recycle CDW



	  w  
	Social welfare



	  π  
	Social capital profit



	    π 0    
	Social capital retention utility



	  s  
	Consumer surplus
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Table 3. The initial values of the parameter.






Table 3. The initial values of the parameter.





	Parameter
	   a   
	   p   
	     c 1     
	     c 2     
	   i   
	   t   
	   α   





	Initial value
	100
	12
	6
	8
	12
	0.2
	0.8



	Source paper
	[57]
	[63,64]
	[52,65]
	[63,66]
	[57,67]
	[68]
	[69]
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