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Abstract


Bike sharing facilitates the public’s daily lives and possesses substantial market demand, yet its overwhelming presence has triggered some environmental problems. To enhance resource utilization efficiency, we examine the decision-making strategies within a reverse supply chain considering the private information of the bike-sharing platform. Using Stackelberg games, two models are formulated in order to investigate whether the platform should share its own private information when the used shared bikes are recycled. A supply chain without private information is provided as a benchmark for comparison, and we obtain the optimal equilibrium strategies of the benchmark and the proposed model. Furthermore, how the optimal strategies change with the variation in parameters and the impacts of the private information on the optimal strategies are discussed. The results show that information asymmetry could lead to a reduction in supply chain efficiency. Thus, a two-part pricing contract is introduced to incentivize the platform to share information and coordinate the supply chain, which can effectively improve the performance of the integral supply chain and implement a “win-win” strategy for the third-party remanufacturer and the platform.
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1. Introduction


In recent years, the sharing economy has grown rapidly, and the urban traffic congestion has become worse. The shared travel is becoming increasingly popular. As an important part of shared travel, shared bikes have become the important choice to solve people’s “last kilometer” travel problem due to their environmentally friendly and affordable nature. Since shared bikes were put onto the market, they have gained popularity as a convenient and affordable transportation option for short-distance travel, supplementing traditional modes such as buses, private cars, and subways. According to the research report “2024–2029 China Shared Bicycle Industry Market Depth Research and Investment Strategy Forecast Report”, China’s shared bicycle market size reached 35.128 billion in 2023, and the market size will continue to expand in the next few years. Note that the mandatory national standard has put forward a clear requirement of three years for the scrapping of shared bikes, which means that there will be a large-scale scrappage of shared bikes in the next few years [1]. However, due to the high destruction rate, high maintenance costs, and poor recycling of shared bikes, a significant number of used bikes have flooded the market, which leads to the squandering of valuable resources. Twenty million discarded shared bikes can generate nearly three hundred thousand tons of scrap metal [2]. Shui et al. [3] pointed out that the recyclability of discarded shared bikes can be effectively improved to manufacture fitness bicycles by dismantling and redesigning. In addition, Qingju Bike has used discarded tires to produce the soles of their upcycled product “Walker Shoes—Little Green Heels”, and Meituan has also launched a public welfare project called “Sharing bikes into Stadiums”, which aims to recycle the tires of used bikes to build plastic stadiums. Thus, by recycling and remanufacturing components, shared bikes can improve their recycling rate and reduce the negative environmental impact.



Due to the complexity of modern supply chains, enterprises are often unable to obtain important information held by other enterprises. In other words, it is difficult for the parties to achieve complete information sharing, and information asymmetry is also common in supply chain management, which is the main cause of market failure or deterioration. In the process of shared-bike recycling and remanufacturing, the operating platform is engaged in specific recycling activities and thus possesses information that third-party remanufacturers cannot observe. If the operating platform utilizes its information advantage to sign unequal contracts, maximizing its own benefits and harming the benefits of third-party remanufacturers, it may lead to moral hazards or adverse selection and damage the overall interests of the supply chain. Information asymmetry not only increases the recycling cost of the reverse supply chain but also affects the efficiency of product remanufacturing, ultimately affecting the development of a circular economy. Therefore, effective information screening and incentives for private information disclosure are the key to solving the problem of information asymmetry.



To our best knowledge, few papers have investigated the decision strategies in reverse bike-sharing supply chains when the platform possesses private information. In this article, we consider the pricing strategies in a reverse bike-sharing supply chain which consists of one third-party remanufacturer as a leader and one bike-sharing platform who has private information as the follower. An information symmetry supply chain in which the platform has no private information is provided as a benchmark. We attempt to explore the following problems: (1) How do the effort level coefficient of the platform, remanufacturing cost, price sensitivity coefficient, and cost coefficient of green technology innovation affect the equilibrium strategies and profits in both the benchmark and the proposed model, respectively? (2) How does the private information of the platform impact the decision of supply chain members compared with the benchmark in which the platform has no private information? (3) Can a two-part pricing contract effectively coordinate information asymmetry in the supply chain? In order to answer the three questions, we construct a Stackelberg game model for the pricing and coordination strategies in a reverse bike-sharing supply chain, in which a third-party remanufacturer is the game leader followed by an operating platform. A supply chain without private information is provided as a benchmark for comparison, and the optimal equilibrium strategies of the benchmark and the proposed model are obtained. Furthermore, how the optimal strategies change with the parameters and the impacts of the private information on the optimal strategies are discussed. The results show that information asymmetry could lead to a reduction in supply chain efficiency. Thus, a two-part pricing contract is introduced to incentivize the platform to share information and coordinate the supply chain, which can effectively improve the supply chain performance and implement a “win-win” strategy for the third-party remanufacturer and the platform.




2. Literature Review


There are three streams that are related to our research: one stream examines the sustainable development of bike sharing from production, operation, and recycling; another focuses on product recycling and remanufacturing strategies under incomplete/asymmetric information; finally, the third stream involves coordination design in the information asymmetry supply chain.



Firstly, the concept of sustainable supply chains is widely defined as the interplay between different organizations that yields significant benefits in terms of the three pillars of sustainability [4]. Several studies have been conducted on the sustainable development of bike sharing, exploring topics such as recycler selection [5], governance of broken bikes [6], life cycle-based development of bike sharing [7], and resource allocation of bike sharing [8]. A report on the renewable resource recycling industry of China highlights the fact that many enterprises do not take appropriate measures to dispose of used shared bikes due to high recycling costs and low profits. The production responsibility extension system is an efficient approach to achieving sustainable development in resource circulation. According to Liu et al. [9] and Tang and Yang [5], introducing third-party providers for recycling should be essential. Ren et al. [10] examined a supply chain comprising a manufacturer and a shared-bicycle network operating platform and compared the optimal wholesale price, rental price, and service level between two different models (with recycling and without recycling). Tang and Yang [5] demonstrated that in the context of shared electric vehicles, managers play a crucial role in encouraging and working collaboratively with suppliers to enhance their performance in areas such as supply chain efficiency, green credentials, and recycling capabilities. Sun et al. [1] proposed two methods for WEEE recycling in China’s used bicycle system: extended producer responsibility and green tax. They also developed a two-party game model that incorporated local government oversight and recycling strategies. Wang et al. [6] investigated the government regulation strategy for the repairing and recycling of bike sharing. In contrast with the above literature, we will consider the pricing strategy of a closed-loop supply chain consisting of a bike-sharing recycling platform and a third-party remanufacturer.



Secondly, there are some research studies that have considered how the information asymmetry impacts product recycling and remanufacturing strategies [11,12,13,14]. For example, Mahadevan et al. [15] investigated the effect of cost heterogeneity on the optimal procurement strategy of client enterprises outsourcing services to external suppliers/service providers. They assumed that suppliers consider cost information to be private. Kamper [16] analyzed the recycling and remanufacturing of electric vehicles when private information existed, and they found that private information would lead to the low efficiency of supply chain and hinder the remanufacturing activities of complex products such as electric vehicles. Recognizing the potential information asymmetry arising from remanufactured production cost misreporting by the third-party remanufacturer, Zhao et al. [17] employed an evolutionary game approach to explore the optimal outsourcing collection strategy and subsequently derived a viable long-term outsourcing remanufacturing strategy. Xu et al. [18] explored the impact of information asymmetry on the decisions of the green closed-loop supply chain considering the retailer’s green marketing cost as its private information. Ciptomulyono et al. [19] investigated how recycled and remanufactured products could be classified within a closed-loop supply chain that involved uncertainty around the quality, time, and quantity of remanufacturing processes. Suvadarshini et al. [20] conducted an analysis of three distinct return channel structures, taking into account the impacts of information asymmetry, and found that original equipment manufacturers could enhance their profitability by gathering information regarding the cost coefficient of external recollection agents. In the past processes of product recycling and remanufacturing, the private manufacturing cost of third-party remanufacturers, the private green marketing cost of retailers, and the uncertain quantity and quality of remanufactured products were considered, but the private platform information was less considered. In this paper, we investigate the decision-making strategies of supply chain actors when the bike-sharing platform has private information about the recycling effort cost coefficient and the basic supply of used bikes.



Finally, due to the presence of this information asymmetry, a number of scholars have explored coordinated design mechanisms aimed at compelling private information providers to disclose information proactively [21,22,23,24]. For example, Sinha and Sarmah [25] utilized fuzzy set theory to develop a coordination mechanism for supply chain management in circumstances involving asymmetric information pertaining to cost and demand. The authors employed triangular fuzzy numbers to estimate unknown costs and demands, guided by subjective judgments. Hong et al. [26] researched the strategies in a reverse supply chain in which the incomplete information regarding product homogeneity were considered. Furthermore, they designed a contract rent which made recyclers and customers better. Zheng et al. [27] conducted a comparative analysis of the optimal decisions between complete and incomplete information settings in a reverse supply chain. In addition, they proposed an effective contractual framework aimed at incentivizing the collector to disclose the real private information. Nosoohi and Nookabadi [28] demonstrated that manufacturers possess multiple estimates of suppliers’ costs, each with a corresponding probability. This study specifically focused on the optimal supply contract design by manufacturers under conditions of asymmetric cost information. Wang et al. [29] proposed a commitment penalty contract, which could improve the performance of the supply chain, and they considered that manufacturers had private production cost information and retailers had private demand information. Zhao et al. [30] investigated the matter of contract incentive for suppliers through a comprehensive analysis that incorporated considerations of remanufacturing, process innovation, and information asymmetry. Different from the previous studies, our research took into account the fact that the recycling base quantity and recycling effort cost of the operating bike-sharing platform are confidential information. The optimal decisions made by the platform and third-party remanufacturer are compared with those decisions without private information. To promote information sharing and increase the supply chain’s efficiency, we have considered existing coordination mechanisms, such as option contracts, which are widely used in outsourcing programs, especially in the case of innovative products like electronics, and quantity discount mechanisms, which are more commonly used in the retail industry. They are not applicable to the recycling and remanufacturing of shared bikes. Therefore, a two-part pricing contract is introduced, which can better align incentives across the entire supply chain and facilitate improved decision-making.



Our work is most closely related to Zheng et al. [27], but differs from their research in the following aspects. First, Zheng et al. [27] investigated that a collector bought the used product in the market and sold them to a remanufacturer, while we considered that the bike-sharing platform recycled the used shared bikes of the platform. Second, we take account of the level of green technology innovation of the remanufacturer based on Zheng et al. [27].



The other sections are as follows. Section 3 briefly describes the problem and makes some key assumptions. Section 4 constructs two Stackelberg game models (with and without private information) and solves them by using backwards induction. Section 5 conducts a sensitivity analysis of the relevant parameters when the platform has no private information. Section 6 provides numerical experiments to compare the equilibrium strategies and profits of the two models and analyzes how the private information impacts the optimal strategies. Section 7 proposes a contract which can improve the supply chain performance with private information. Finally, we conclude and provide some managerial implications. All the proofs of are shown in the Appendix A.




3. Problem Description and Assumptions


In the work, we investigate the recycling and remanufacturing strategy of shared bikes when the platform has private information. We assume the presence of a bike-sharing operation platform and a third-party remanufacturer in the market. The bike-sharing platform collects used shared bikes and sells them to the third-party, who disassembles and transforms the used bikes into fitness bicycles or other products. The recycling and transformation process in this reverse supply chain is as shown in Figure 1.



The bike-sharing platform needs to put in effort, which can increase the collection volume. The more effort the platform puts in, the more used bikes it can collect. In fact, the platform would make some efforts to promote the smooth collection activities under normal circumstances, such as investing in advertising activities, public welfare projects, and training employees’ skills. These measures could effectively improve the environmental awareness of customers and the reputation of enterprises, which can increase the collection volume, thus increasing economic and environmental benefits [26]. In addition, we assume that the third-party as a leader decides the recycling price     p   r     and the platform as the follower decides the level of recycling effort   e  . And the recycling volume   S   of the platform is related to the level of recycling effort   e   and the recycling price     p   r    , which can be expressed as a linear function expressed as follows:   S (   p   r   , e ) = s +   β   1     p   r   +   β   2   e  , where   s > 0 ,       β   1   > 0 ,     β   2   > 0 .   Please note that   s   represents the basic supply of the used bikes;     β   1     indicates the sensitivity of the platform to the unit recycling price; and     β   2     indicates the collection effort level coefficient of the platform. The recycling effort cost is   k   e   2   / 2  , where   k   is the recycling effort cost coefficient. In the recycling process, the platform has a cost of     c   r     to collect each used bike unit.



After the collection is completed, the third-party will recycle the used bikes from the platform at the unit price     p   r    , it will disassemble and transform those bikes, then sell them at the unit price     p   t    . We assume that each used bike can be disassembled and converted into reusable materials, and the third-party has to pay     c   m     for the disassembly and transformation process and receive   h   residual value for the unit. In addition, we assume that the third-party will bring in green technology innovation that can improve the conversion rate in the process of dismantling and transformation,   g   represents the level of green technology innovation,   v   g   2   / 2   represents the research and development cost of green technology innovation, and   v   represents the difficulty coefficient of green technology innovation.



The market demand for products converted from the dismantling of used bikes is assumed to be   D = d − a   p   t   + b g  , where   d   is the maximum demand in the market,   a   is the sensitivity coefficient of the price of the remanufactured products, and   b   is the sensitivity coefficient of green technology. At the same time, we consider that the constraint condition that the demand for remanufactured products in the market needs to meet is that the market demand for remanufactured products is less than or equal to the amount of products converted from used bikes, expressed as   d − a   p   t   + b g ≤ γ ( s +   β   1     p   r   +   β   2   e )  , where   γ   is the amount of products that can be converted from a used bike. Table 1 shows the parameters and their explanations involved in this paper.




4. Model Formulation and Equilibrium Strategies


4.1. Benchmark Model—The Platform Has No Private Information


We begin by constructing a decision model for the shared-bike reverse supply chain (Model CR) under the assumption that the platform has no private information (i.e., information symmetry). This model serves as a benchmark for comparison with the proposed model that the platform has private information (i.e., information asymmetry). Under information symmetry, the platform and the third-party share all information with each other, and all information is open and transparent to each. In Model   C R  , both the platform and the third-party pursue the maximization of their own profits.



The game order is as follows. Firstly, as the leader of the game, the third-party decides on the recycling price     p   r     of used bikes, the retail price     p   t     of the remanufactured product, and the level of green technology innovation   g  . Secondly, after learning about the decision of the third-party, the platform decides the level of their recycling efforts   e  . Now, the problem of the platform and that of the third-party are respectively.


    m a x π   p     e   =   ( p   r   −   c   r   ) ( s +   β   1     p   r   +   β   2   e ) −    1   2    k   e   2    



(1)






          m a x π   t       p   t     , p   r   , g   =   d − a   p   t   + b g       p   t   −   c   m     −    1   2      v   g   2   + ( s +   β   1     p   r   +   β   2   e )   h −   p   r           s . t .       d − a   p   t   + b g ≤ γ ( s +   β   1     p   r   +   β   2   e )            



(2)







Proposition 1. 

In Model CR, the optimal decisions of the platform and the third-party are as follows:



(1) When     Φ   C R   < 0  ,


          p   t   C R *   =    d v + ( a v −   b   2   )   c   m     2 a v −   b   2              e   C R *   =      β   2   ( ( h − 2   c   r   )   k β   1   + ( h   −   c   r   ) β   2   2   − k s )   2 k ( k   β   1   +   β   2   2   )            p   r   C R *   =    k ( h   β   1   − s ) + ( h +   c   r   )   β   2   2     2 ( k   β   1   +   β   2   2   )            g   C R *   =    b ( d − a   c   m   )   2 a v −   b   2              π   p   C R *   =    ( k ( h − 2   c   r   )   β   1   + ( h −   c   r   )   β   2   2   − k s ) ( 2   k   2     β   1   ( s + h   β   1   ) + 3 k ( s + h   β   1   )   β   2   2   + ( h −   c   r   )   β   2   4   )   8 k   ( k   β   1   +   β   2   2   )   2              π   t   C R *   =    s h   2    +    v   ( d − a   c   m   )   2     2 ( 2 a v −   b   2   )    +      k   2   (   s   2   +   h   2     β   1   2   ) + 2 k ( h ( h −   c   r   )   β   1   − s   c   r   )   β   2   2   +   ( h −   c   r   )   2     β   2   4     4 k ( k   β   1   +   β   2   2   )          ;  











(2) When     Φ   C R   ≥ 0  ,


          p   t   C R *   =    2 a d k v + γ   a v −   b   2         β   2   2     c   r   − k s   + γ ( k   β   1   +   β   2   2   ) ( d v γ − ( a v −   b   2   ) ( h − γ   c   m   ) )   2   a   2   k v +   γ   2   ( 2 a v −   b   2   ) ( k   β   1   +   β   2   2   )            e   C R *   =    ( s +   c   r     β   1   )   β   2     2 ( k   β   1   +   β   2   2   )    +    ( 2   a   2   v   h − γ   c   m   −   c   r     +   b   2   s   γ   2   + 2 a v γ   d − s γ   − ( 2 a v −   b   2   )   γ   2     c   r     β   1   )   β   2     4   a   2   k v + 2   γ   2   ( 2 a v −   b   2   ) ( k   β   1   +   β   2   2   )            p   r   C R *   =   c   r   −    k ( s +   c   r     β   1   )   2 ( k   β   1   +   β   2   2   )    +    k ( 2   a   2   v   h − γ   c   m   −   c   r     +   b   2   s   γ   2   + 2 a v γ   d − s γ   − ( 2 a v −   b   2   )   γ   2     c   r     β   1   )   4   a   2   k v + 2   γ   2   ( 2 a v −   b   2   ) ( k   β   1   +   β   2   2   )            g   C R *   =    b γ     k   β   1   +   β   2   2       a h + d γ − a γ   c   m     − a       β   2   2   c   r   − k s       2   a   2   k v +   γ   2     2 a v −   b   2       k   β   1   +   β   2   2                π   p   C R *   =    k (   a   2   k v ( s +   β   1     c   r   ) + ( k   β   1   +   β   2   2   ) θ ) ( 2 a k v   β   1   τ − 3 k   a   2   v s + ( k   β   1   +   β   2   2   )   β   2   2   φ +   β   2   4     a   2   v   c   r   )   ( 2   ( k   β   1   +   β   2   2   )   2     ( − 2   a   2   k v − ( 2 a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   ) )   2   )            π   t   C R *   =    v   ( a k s + k ( a h + d γ − a γ   c   m   )   β   1   + ( a h + d γ − a ( γ   c   m   +   c   r   ) )   β   2   2   )   2     2 ( k   β   1   +   β   2   2   ) ( 2   a   2   k v − (   b   2   − 2 a v )   γ   2   ( k   β   1   +   β   2   2   ) )          ;  








where


      θ =   a   2   h v +   b   2   s   γ   2   + a v γ ( d − 2 s γ ) −   a   2   v ( γ   c   m   +   c   r   ) + (   b   2   − 2 a v )   γ   2     c   r     β   1   ;       φ = −   a   2   h v +   b   2   s   γ   2   − a v γ ( d + 2 s γ ) +   a   2   v γ   c   m   + (   b   2   − 2 a v )   γ   2     c   r     β   1   ;       τ = − a k s − ( a h + d γ − a γ   c   m   ) ( k   β   1   +   β   2   2   ) ;         Φ   C R   = k (   b   2   s γ + 2 a v ( d − s γ ) ) − 2   a   2   k v   c   m   + (   b   2   − 2 a v ) γ ( h k   β   1   + ( h −   c   r   )   β   2   2   ) .      














4.2. Proposed Model—The Platform Has Private Information


In this section, we introduce the decision model (Model IR) for the reverse bikesharing supply chain under the assumption of private information on the platform. This information asymmetry is a form of incomplete information, which we address using the incomplete information theory proposed by John Harsanyi (1968). This theory has been widely applied to supply chain research and will serve as the basis for our analysis [27,31,32,33].



According to Harsanyi’s incomplete information theory, we assume that   s   and   k   are the private information of the platform, which is unknown to the third-party. Next, in accordance with Harsanyi’s transformation method, first of all, we need to define a third-party set of actions:     S   t   =   (   p   r   ,   p   t   , g )   (   p   r   ,   p   t   , g ) ∈   R   +   ×   R   +   ×   R   +       and platform action sets:     S   p   =   ( e )   ( e ) ∈   R   +      . Secondly, we need to define the information set of the platform:     φ   p   =   ( s , k )   ( s , k ) ∈   R   +   ×   R   +      . Thirdly, since the third-party does not know the private information of the platform, but it knows that there is a certain probability that the platform hides the private information, the joint probability density function is defined as     f   p   ( φ )  , and the corresponding expected revenue is expressed as     E   φ   ( · )  . Finally, according to the above definition, the profit functions of the platform and the third-party are determined as     π   p     e   , p   r   ,   p   t   , g     and     E   φ       π   t       p   r   ,   p   t   , g ,   e   *   ( φ )      . Please note that both random parameters s and k are uncorrelated and they follow a uniform distribution, respectively. The corresponding mean values are denoted by µ₁ and µ₂, while the standard deviations are represented by σ₁ and σ₂, respectively. Now, the problem of the platform and that of the third-party are respectively.


  m a x   π   p     e   =   ( p   r   −   c   r   ) ( s +   β   1     p   r   +   β   2   e ) −    1   2    k   e   2    



(3)






            max     p   r   ,   p   t   , g    ⁡    E   φ       π   t       p   r   ,   p   t   , g ,   e   *   ( φ )     =       max     p   r   ,   p   t   , g    ⁡    ∬    Q   p        π   t       p   r   ,   p   t   , g ,   e   *   ( φ )     f   p   ( s , k ) d φ             s . t .       d − a   p   t   + b g ≤ γ ( s +   β   1     p   r   +   β   2     e   *   ( φ ) )        



(4)







Proposition 2. 

In Model   I R  , the optimal decisions of the platform and the third-party are as follows:



(1) When     Φ   I R   < 0  ,


          p   r   I R *   =      h +   c   r       β   2   2   +     β   1   h −   μ   1       μ   2     2     β   2   2   +   β   1     μ   2                  e   I R *   =      β   2   ( ( h −   c   r   )   β   2   2   + ( ( h − 2   c   r   )   β   1   −   μ   1   )   μ   2   )   2 k (   β   2   2   +   β   1     μ   2   )            p   t   I R *   =    d v + ( a v −   b   2   )   c   m     2 a v −   b   2              g   I R *   =    b ( d − a   c   m   )   2 a v −   b   2            ;  











When     Φ   I R   ≥ 0  ,


          p   r   I R *   =      β   2   2     μ   2     X   1   +   X   2   (   σ   2   2   +   μ   2   2   )     β   2   2     μ   2     Y   1   +   β   1     Y   2   (   σ   2   2   +   μ   2   2   )              e   I R *   =      β   2   (   β   2   2     μ   2     X   1   −   c   r     β   2   2     μ   2     Y   1   +   ( X   2   −   c   r     β   1     Y   2   ) (   σ   2   2   +   μ   2   2   ) )   k (   β   2   2     μ   2     Y   1   +   β   1     Y   2   (   σ   2   2   +   μ   2   2   ) )            p   t   I R *   =    k D + γ   c   r     β   2   2     a k    −    ( k γ   β   1   + γ   β   2   2   ) (   β   2   2     μ   2     X   1   +   X   2   (   σ   2   2   +   μ   2   2   ) )   a k (   β   2   2     μ   2     Y   1   +   β   1     Y   2   (   σ   2   2   +   μ   2   2   ) )            g   I R *   =    b γ (   β   2   2     μ   2   ( (   X   1   −   c   r     Y   1   )   β   2   2   + (   β   1     X   1   +     μ   1   Y   1   )   μ   2   ) + ( (   X   2   −   c   r     β   1     Y   2   )   β   2   2   +   β   1   (   X   2   +   μ   1     Y   2   )   μ   2   ) (   σ   2   2   +   μ   2   2   ) )   a v   μ   2   (   Y   1     β   2   2     μ   2   +   Y   2     β   1   (   σ   2   2   +   μ   2   2   ) )          ;  








where


      A =     b   2   − 2 a v     γ   2     β   2   2     ;   B = a h + d γ − a γ   c   m     ;   C = (   b   2   − 2 a v )   γ   2   ;       D = d + b g − s γ   ;     X   1   = A   c   r   −   a v   B +   c   r     a + 2   γ   2     β   1       + C     μ   2   ;         X   2   =   b   2     γ   2     c   r     β   1     β   2   2   + (   a   2   v   μ   1   +   β   1   ( a v B +   μ   1   C ) )   μ   2   ;         Y   1   = A + ( − 2   a   2   v + (   b   2   − 4 a v )   γ   2     β   1   )   μ   2   ;         Y   2   =   b   2     γ   2     β   2   2   + ( − 2   a   2   v +   β   1   C )   μ   2   ;         Φ   I R   = d − s +    −   b   2   d + a d v +   a   2   v   c   m       b   2   − 2 a v    −      β   1       h +   c   r       β   2   2   +     β   1   h −   μ   1       μ   2       2     β   2   2   +   β   1     μ   2        −    ( h −   c   r   )   β   2   4   +   β   2   2   (   h − 2   c   r       β   1   −   μ   1   )   μ   2     2 k (   β   2   2   +   β   1     μ   2   )    .      















5. Impact of the Optimal Strategies and Profits in the Benchmark Model


In this section, we will analyze how the effort level coefficient     β   2    , remanufacturing cost     c   m    , consumer elasticity   a  , and cost coefficient of green technology innovation   v   affect the optimal strategies and profits of the platform and the third-party.



Proposition 3. 

(1) When     Φ   C R   < 0  ,


      ∂   p   r   C R *     ∂   β   2      > 0   ,      ∂   e   C R *     ∂   β   2      > 0   ,      ∂   p   t   C R *     ∂   β   2      =    ∂   g   C R *     ∂   β   2      = 0   ,      ∂   π   p   C R *     ∂   β   2      > 0   ,      ∂   π   t   C R *     ∂   β   2      > 0  ;  











(2) When     Φ   C R   ≥ 0  ,



①      ∂   p   r   C R *     ∂   β   2      > 0  ,      ∂   e   C R *     ∂   β   2      > 0  ,      ∂   p   t   C R *     ∂   β   2      < 0  ,      ∂   g   C R *     ∂   β   2      > 0  ;



② The other parameters are the same as those of numerical experiments in Section 6, and we have     β   2   ∈ [ 0 , 23.31 ]   and      ∂   π   p   C R *     ∂   β   2      > 0  ,      ∂   π   t   C R *     ∂   β   2      > 0  .





Proposition 3 demonstrates the impact of the platform’s recycling effort level coefficient on the equilibrium strategies and profits. As the value of     β   2     increases, both the recycling price and the recycling effort level tend to increase. This may be due to the third-party’s increased sensitivity to the platform’s recycling effort, which in turn leads to an increase in the recycling price. Note that when     Φ   C R   < 0  , the retail price of remanufactured products and the innovation level of third-party green technology are independent of     β   2    ; when     Φ   C R   ≥ 0  , the retail price of remanufactured products will decrease with     β   2    , and the third-party green technology innovation level will increase with     β   2    . This shows that when all remanufactured products exactly match the market demand, the remanufacturer has sufficient incentive to lower retail prices and increase green technology innovation levels in order to increase profits, thereby stimulating market demand and increasing profits. Whether     Φ   C R   < 0   or     Φ   C R   ≥ 0  , the platform’s profit and the third-party’s profit will increase with     β   2    .



Proposition 4. 

(1) When     Φ   C R   < 0  ,


      ∂   p   r   C R *     ∂   c   m      = 0   ,      ∂   e   C R *     ∂   c   m      = 0   ,      ∂   p   t   C R *     ∂   c   m      > 0   ,      ∂   g   C R *     ∂   c   m      < 0   ,      ∂   π   p   C R *     ∂   c   m      = 0   ,      ∂   π   t   C R *     ∂   c   m      < 0  ;  











(2) When     Φ   C R   ≥ 0  ,


      ∂   p   r   C R *     ∂   c   m      < 0   ,      ∂   e   C R *     ∂   c   m      < 0   ,      ∂   p   t   C R *     ∂   c   m      > 0   ,      ∂   g   C R *     ∂   c   m      < 0   ,      ∂   π   p   C R *     ∂   c   m      < 0   ,      ∂   π   t   C R *     ∂   c   m      < 0  .  













From Proposition 4, we can see how     c   m     influences the strategies. The retail price of remanufactured products will increase, the third-party green technology innovation level will decrease and the profit of the third-party will decrease with     c   m    . Meanwhile, when the quantity of collected used bikes is more than the market demand for remanufactured products (    Φ   C R   < 0  ), the decision and the profit of the platform are independent of     c   m    . However, when the quantity of collected used bikes is less than or equal to the market demand for remanufactured products (    Φ   C R   ≥ 0  ), the third-party will reduce the recycling price to ensure the maximum profit due to the increase in     c   m    , while the platform as the follower will certainly reduce the level of collection effort.



Proposition 5. 

(1) When     Φ   C R   < 0  ,


      ∂   p   r   C R *     ∂ a    =    ∂   e   C R *     ∂ a    = 0   ,      ∂   p   t   C R *     ∂ a    < 0   ,      ∂   g   C R *     ∂ a    < 0   ,      ∂   π   p   C R *     ∂ a    = 0   ,      ∂   π   t   C R *     ∂ a    < 0  ;  











(2) When     Φ   C R   ≥ 0  , the other parameters are the same as those of numerical experiments in Section 6, and we have   a ∈ [ 7 , 25.72 ]   and      ∂   p   r   C R *     ∂ a    < 0  ,      ∂   e   C R *     ∂ a    < 0  ,      ∂   p   t   C R *     ∂ a    < 0  ,      ∂   g   C R *     ∂ a    < 0  ,      ∂   π   p   C R *     ∂ a    < 0  ,      ∂   π   t   C R *     ∂ a    < 0  .





From Proposition 5, we can see how   a   influences the strategies. The retail price of the remanufactured products, the third-party green technology innovation level, and the profit of the third-party will decrease with   a  . Meanwhile, when     Φ   C R   < 0  , the decision and the profit of the platform are independent of   a  . However, when     Φ   C R   ≥ 0  , the third-party will reduce the recycling price to ensure the maximum profit due to the increase in   a  , while the platform as the follower will certainly reduce the level of collection effort.



Proposition 6. 

(1) When     Φ   C R   < 0  ,


      ∂   p   r   C R *     ∂ v    =    ∂   e   C R *     ∂ v    = 0   ,      ∂   p   t   C R *     ∂ v    < 0   ,      ∂   g   C R *     ∂ v    < 0   ,      ∂   π   p   C R *     ∂ v    = 0   ,      ∂   π   t   C R *     ∂ v    < 0  ;  











(2) When     Φ   C R   ≥ 0  ,



①      ∂   p   r   C R *     ∂ v    < 0  ,      ∂   e   C R *     ∂ v    < 0  ,      ∂   p   t   C R *     ∂ v    < 0  ,      ∂   g   C R *     ∂ v    < 0  ,      ∂   π   t   C R *     ∂ v    < 0  ;



② The other parameters are the same as those of numerical experiments in Section 6, and we have   v ∈ [ 6.25 , 93.75 ]   and      ∂   π   p   C R *     ∂ v    < 0  .





Proposition 6 demonstrates the impact of   v   on the equilibrium strategies and profits. It is worth noting that the impact of the innovation cost coefficient and price sensitivity coefficient on decision-making is consistent. Therefore, the third-party should try its best to reduce the cost of green innovation technology research and development.



Due to the complexity of the decisions and the profits in the case with information asymmetry, the next section will utilize numerical experiments to more intuitively demonstrate the impact of hidden information on decisions and profits. Additionally, a comparative analysis of the optimal strategies between the case with information asymmetry and the case with information symmetry will also be conducted.




6. Numerical Experiments


This section will utilize Mathematica to perform numerical experiments, providing a more intuitive analysis of the impact of hidden information on the decision-making quantities and profits in the presence of information asymmetry. Referring to the parameter data settings provided by Zheng et al. [27] in our example analysis and based on the models established above, the following assumptions will be made.



If     Φ   C R   < 0   and     Φ   I R   < 0  , we can assume the following:


    s ,   β   1   ,   β   2   , k ,   c   r   ,   c   m   , h , v , d , a , b , γ   =   20 , 10,10,30,4 , 30,40,30,1200,20,15,1   ;  











If     Φ   C R   ≥ 0   and     Φ   I R   ≥ 0  , we can assume the following:


    s ,   β   1   ,   β   2   , k ,   c   r   ,   c   m   , h , v , d , a , b , γ   =   200 , 10,10,30,4 , 30,40,30,1200,20,15,1   ;  











6.1. Comparisons and Analyses


This section presents a comparison and analysis of the equilibrium strategies and profits of both models through numerical experiments. It is assumed that, in the case with asymmetric information, the mean values of   s   and   k   are     µ   1   = 21   and     µ   2   = 33  , respectively, when     Φ   I R   < 0  . When     Φ   I R   ≥ 0  , the mean values of   s   and   k   are     µ   1   = 210   and     µ   2   = 33  , respectively. The standard deviation of   s   and   k   are     σ   1   = 0.1   and     σ   2   = 0.2  . Substituting these values into the equations for Propositions 1 and 2, we can obtain the optimal strategies and profits for both models. The results are presented in Table 2.



As can be seen from Table 2, in the case with information asymmetry, the recycling effort level of the platform, the recycling price of the third-party, and the profits of both the operating platform and the third-party will be lower compared to information symmetry. When the quantity of collected used bikes is more than the market demand (    Φ   C R   < 0  ,      Φ   I R   < 0  ), information asymmetry has no impact on the retail price and the level of environmental technology innovation of the third-party. When the quantity of collected used bikes is less than or equal to the market demand (    Φ   C R   ≥ 0  ,    Φ   I R   ≥ 0  ), the green technology innovation level of the third-party will be lower than that under the condition of information symmetry, and the retail price of the third-party will be higher than that under the condition of information symmetry.




6.2. Impact of the Private Information on the Decision


When the platform has the private information, the third-party cannot obtain the specific information of the collected basic quantity   s   and the recycling effort level coefficient   k  . Therefore, we mainly analyze the impact of the mean value and deviation of   s   and   k   on the optimal decisions and optimal profits. Table 3 shows the impact of the average value of the recycling base volume on the strategies, and Table 4 shows the impact of the average value of   k   on the optimal decision and optimal profit.



It can be seen from Table 3 and Table 4 that as     µ   1     and     µ   2     increase, the optimal recycling effort level, optimal recycling price, and both the platform’s profit and the third-party’s profit decrease. This is attributed to the increase in the recycling base volume and cost, which consequently leads to a decline in the recycling effort level and optimal recycling price. As a result, the profits earned by the platform and the third-party also decline.



If the quantity of used bikes collected exceeds the market demand (    Φ   I R   < 0  ), the retail price of remanufactured products and the level of third-party green technology innovation will remain unaffected by     µ   1     and     µ   2    . This is because a sufficient quantity of recycled scrap bikes will be available to meet the market demand for remanufactured products. Consequently, any changes in     µ   1     and     µ   2     will not impact the third-party’s decision regarding the retail price or the level of green technology innovation for remanufactured products. When the quantity of collected used bikes is less than or equal to the market demand (    Φ   I R   ≥ 0  ), the retail price of remanufactured products and the green technology innovation level of the third-party will increase with     µ   1    , but will decrease with     µ   2    .



This indicates that when the quantity of recycled used bikes is insufficient to meet the market demand for remanufactured products, the profit potential for the third-party increases as the supply of used bikes rises. As a result, the retail price increases with the level of green technology innovation. However, the cost of collecting bikes on the platform will increase with an increase in the recycling effort cost coefficient, and this may diminish the incentive for bike collection, which may ultimately lead to a decrease in the supply of used bikes. Therefore, the third-party may reduce their input of green technology innovation, leading to a decrease in the retail price of remanufactured products.



Regardless of whether the constraints are tight or not, it can be seen more directly from Figure 2 and Figure 3 that as     µ   1     and     µ   2     increase, the optimal profits of both the platform and the third-party remanufacturer decrease.



In Section 4.2, Proposition 2 shows that when     Φ   I R   < 0  , the standard deviations     σ   1     and     σ   2     have no effect on the optimal solution; when     Φ   I R   ≥ 0  , the optimal solution is not affected by     σ   1    . Then, we only need to analyze the impact of     σ   2     on the relevant equilibrium strategies and profit under information asymmetry when     Φ   I R   ≥ 0   (see Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9).



As shown in Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, with the increase in     σ   2    , the platform reduces the recycling effort level, the third-party reduces the recycling price and the level of green technology innovation, and increases the retail price, and the platform’s profit and the third-party’s profit decrease accordingly. This indicates that as the uncertainty of the recycling effort cost increases, the platform is less willing to pay for a higher level of recycling effort. This, in turn, causes the third-party to lower the recycling price and green technology innovations while raising the retail price.



Despite the retail prices of remanufactured products being higher when the platform has private information, the supply chain’s efficiency is reduced due to information asymmetry. This is because, in the presence of private information, the recycling effort level, recycling price, retail price of remanufactured products, and profits of both the platform and the third-party are all lower. Therefore, it can be concluded that information asymmetry negatively impacts the effectiveness of the supply chain. This is consistent with the results of the values in Table 2.





7. Coordination Contract Design


From what we have discussed above, it is not difficult to find that information asymmetry can lead to a reduction in supply chain efficiency. The remanufacturer would have an incentive to improve the performance of the supply chain by developing contracts that encourage the platforms to disclose their private information. This section aims to improve the situation for both parties in the reverse supply chain of shared bikes under information asymmetry through contractual measures.



Although there are many contracts that can be used to coordinate the supply chain to achieve optimal decision-making and improve the overall efficiency of the supply chain, considering the effectiveness of the two-part pricing contract in coordinating the supply chain, which is widely adopted in practice, perfect coordination of the supply chain can be achieved. Therefore, to encourage the platform to participate in cooperation, it is assumed that the third-party manufacturer introduces two-part pricing contracts to drive the platform to disclose its private information.



In this two-part pricing contract, the third-party decides that the platform pays the   f   fixed fee and the recycling price     p   r    . In the Stackelberg game model with asymmetric information, the platform accepts the contract on the condition that it can obtain at least the retained profits. We assume that under the two-part pricing contract, the platform will disclose its private information. Figure 10 is the schematic diagram of the coordination design.



Based on the above analysis, we construct a recycling and remanufacturing coordination model under information asymmetry, which is represented by Model   I C  . Under the two-part pricing contract, the platform first needs to pay a fixed fee   f   to the third-party, and the third-party needs to decide the recycling price     p   r     of the used shared bikes. Meanwhile, the platform accepts the contract on the condition that at least its profit of   E [   π   p   I R *   ]   is guaranteed. Thus, the optimization problem of the third-party and that of the platform are transformed into


           max     p   t     , p   r   , f , g    ⁡    π   t   I C     =   d − a   p   t   + b g       p   t   −   c   m     −    1   2    v   g   2   +   s +   β   1     p   r   +   β   2   e     h −   p   r     + f     s . t .       e ∈ max  ⁡    π   p   I C     =   ( p   r   −   c   r   ) ( s +   β   1     p   r   +   β   2   e ) −    1   2      k   e   2   − f           



(5)






         ( p   r   −   c   r   ) ( s +   β   1     p   r   +   β   2   e ) −    1   2    k   e   2   − f ≥ E [   π   p   I R *   ]       p   t     , p   r   , g , e , f ≥ 0       



(6)







Proposition 7. 

If the third-party and the platform enter into a two-part pricing contract, the optimal decisions are as follows:



(1) When     Φ   I C   < 0  ,


          p   r   I C *   = h         e   I C *   =    ( h −   c   r   )   β   2     k            p   t   I C *   =    d v + ( a v   − b   2   )   c   m     2 a v −   b   2              g   I C *   =    b   d − a   c   m       2 a v −   b   2                f   I C *   =    ( h −   c   r   ) ( 2 k ( s + h   β   1   ) + ( h −   c   r   )   β   2   2   )   2 k    − E [   π   p   I R *   ]       ;  











(2) When     Φ   I C   ≥ 0  ,


          p   r   I C *   =    k     a   2   h v +   b   2   s   γ   2   + a v γ   d − 2 s γ   −   a   2   v γ   c   m     + ( 2 a v −   b   2   )   γ   2     c   r     β   2   2       a   2   k v + ( 2 a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   )            e   I C *   =    ( a d v γ +   a   2   v ( h − γ   c   m   −   c   r   ) − ( 2 a v −   b   2   ) ( s +   c   r     β   1   )   γ   2   )   β   2       a   2   k v + ( 2 a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   )            p   t   I C *   =    ( a k v d + (   b   2   − a v ) k s γ + L   β   2   2   + H ( k   β   1   +   β   2   2   ) )     a   2   k v + ( 2 a v −   b   2   )   γ   2     β   2   2              g   I C *   =    a b γ   k s −   c   r     β   2   2     +   b d   γ   2   + a b γ   h − γ   c   m         k   β   1   +   β   2   2         a   2   k v +   2 a v −   b   2       γ   2     k   β   1   +   β   2   2                  f   I C *   =    k L ( Θ − H ) + k (   Θ   2   −   H   2   )   β   2   2     2   (   a   2   k v − (   b   2   − 2 a v )   γ   2   ( k   β   1   +   β   2   2   ) )   2      − E [   π   p   I R *   ]       ;  








where the optimal contract is (    f   I C *   ,   p   r   I C *    );   L = γ ( d v γ − ( a v −   b   2   ) ( h −   c   r   ) )  ;


      H = γ ( d v γ − ( a v −   b   2   ) ( h − γ   c   m   )   ;   L = 2 a k v ( a s + ( a h + d γ − a γ   c   m   )   β   1   )  ;     Θ = a d v γ +   a   2   v ( h − γ   c   m   −   c   r   )  ;   H = ( 2 a v −   b   2   )   γ   2   ( s +   c   r     β   1   ) ;         Φ   I C   = k (   b   2   s γ + a v ( d − 2 s γ ) ) −   a   2   k v   c   m   − ( 2 a v −   b   2   ) γ ( h k   β   1   + ( h −   c   r   )   β   2   2   ) .      













In addition, the platform’s profit, third-party’s profit, and integral supply chain’s profit are shown in Table 5.



By comparing and analyzing the optimal solution of the model when the information is asymmetric and when the two-part pricing is coordinated, we can obtain Proposition 8.



Proposition 8. 

(1) When     Φ   I C   < 0   and     Φ   I R   < 0  ,


     p   r   I C *   >   p   r   I R *     ,     e   I C *   >   e   I R *     ,   p   t   I C *   =   p   t   I R *     ,   g   I C *   =   g   I R *     ,   π   I   I C *   >   π   I   I R *    .  











(2) When     Φ   I C   ≥ 0   and     Φ   I R   ≥ 0  , the difference between the optimal solution and profit under information asymmetry and coordination is more complicated. Therefore, the numerical experiment is conducted for comparative analysis, and the parameter assignment is consistent with the above, and we have Table 6.





Proposition 8 shows that under the coordination of the two-part pricing contract, the optimal recycling effort level of used shared bikes will be improved. The recycling price of used bikes and the level of green technology innovation will be increased, and the retail price of remanufactured products will be decreased. The overall profit of the supply chain will increase. Although in the two-part pricing contract, due to the restriction of the contract, the platform only obtains the retained profit when the information is asymmetric and does not obtain the excess profit, it can be remedied by the transfer payment scheme of the remanufacturer. This mechanism is widely used in many studies. Due to the increased profit of the supply chain system, two-part pricing contracts combined with transfer payment schemes can bring Pareto optimization for the platform and the third-party.




8. Conclusions and Managerial Implications


With the increasing number of used bikes, how to effectively realize the recycling and management of shared bikes has become an urgent problem that needs to be solved. Considering the private information in the recycling process, we first constructed a two-level supply chain game model in which there is a bicycle operation platform and a third-party remanufacturer, and we discussed the impact of the double information asymmetry of the recycling base volume and recycling effort cost scale parameters on the reverse supply chain decision-making of used shared bikes. Secondly, two-part pricing contracts were introduced to coordinate the design of supply chain efficiency reduction under information asymmetry.



Based on our discussion above, we draw some conclusions.



	(1)

	
In the case with information symmetry, the effects of the recycling effort level coefficient on the optimal recycling price, optimal recycling effort, optimal green technology innovation level, single-cycle operating platform, and profit of third-party remanufacturer are positive, while the effects of the remanufacturing cost, consumer price sensitivity to the remanufactured products, and cost coefficient of green technology innovation on them are negative. The impact of the remanufacturing cost on the optimal retail price of the remanufactured products is positive, but the impact of the recycling effort level coefficient, consumer price sensitivity to the remanufactured products, and cost coefficient of green technology innovation on the optimal retail price is negative.




	(2)

	
Information asymmetry will lead to a reduction in supply chain profits. Due to the incomplete recycling information structure, the third-party will lower the recycling price and increase the retail price of the remanufactured products, while the platform will lower the recycling effort level to ensure the maximization of its own interests. In this case, the profits of the platform, the third-party, and the whole supply chain will decrease compared with the symmetric information, bringing about a reduction in the supply chain’s efficiency.




	(3)

	
In the case of information asymmetry, the two-part pricing contract can effectively realize the coordination between the bike-sharing platform and the third-party, as well as the disclosure of recycling information by the platform, and achieve a win-win strategy for both parties.







Our work has the following managerial implications.



	(1)

	
On the one hand, the bike-sharing operation platform should comply with relevant government policies to do a good job in recycling and increase the recycling amount of shared bikes by means of green advertising, improving the recycling process and establishing a good corporate image. On the other hand, in the process of recycling bikes, we should pay attention to the disclosure of relevant information, carry out active cooperation and communication with the third-party, and maximize the profits of both parties by signing two-part pricing contracts and revenue sharing contracts while ensuring our own interests.




	(2)

	
When recycling and remanufacturing activities are carried out by third-party remanufacturers, they should not only motivate the platform to actively recycle shared bikes by setting reasonable recycling prices, but also accelerate green technology innovation, reduce unnecessary losses during the remanufacturing process, and improve the conversion rate of used bikes. The third-party can introduce two-part pricing contracts to encourage platforms to disclose private information, and they can also make additional revenue sharing contracts or other contracts to promote cooperation between platforms. In this way, both parties can achieve mutual benefit and win-win results, promote recycling of shared bikes, and realize sustainable development.







Our work has the following contribution and impact on sustainable development. (1) This article can help to reduce the negative impact of used shared bikes on the environment, which is conducive to the green development of shared bikes. (2) In a reverse supply chain, private information can exacerbate the double marginalization effect. A two-part pricing contract is introduced to incentivize the platform to share private information and coordinate the supply chain, which can effectively improve the performance of the integral supply chain and implement a “win-win” strategy for the third-party remanufacturer and the platform. Thus, both parties can promote the recycling of shared bikes and realize sustainable development.



In addition, some shortcomings exist in this paper and we will try to investigate them in the future. (1) Some assumptions in this paper are idealistic and verification using a single data set has limitations in generalizing the proposed methodology. More factors can be considered in future studies and experiments can be carried out by using real case data. (2) In the process of building the models, only one bike-sharing operation platform and a third-party recycling remanufacturer are considered, while other stakeholders (government, public, bike-sharing suppliers, etc.) are ignored in the whole life-cycle management of shared bikes, which has certain limitations. (3) Two-part pricing contracts are adopted to coordinate the bike-sharing operating platform and the third-party. In the future, other contracts can also be considered to coordinate the bike-sharing reverse supply chain.
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Appendix A


Proof of Proposition 1. 

The profit function of the platform is as follows:


    π   p     e   =   ( p   r   −   c   r   ) ( s +   β   1     p   r   +   β   2   e ) −    1   2    k   e   2    



(A1)







The profit function of the third-part is as follows:


            π   t       p   t     , p   r   , g   =   d − a   p   t   + b g       p   t   −   c   m     −    1   2      v   g   2   + ( s +   β   1     p   r   +   β   2   e )   h −   p   r           s . t .       d − a   p   t   + b g ≤ γ ( s +   β   1     p   r   +   β   2   e )            



(A2)







According to the backward induction method, the decision of the platform is as follows:


  m a x   π   p     e   =   ( p   r   −   c   r   ) ( s +   β   1     p   r   +   β   2   e ) −    1   2    k   e   2    



(A3)







The optimal effort level can be obtained:     e   C R *   =    (   p   r   −   c   r   )   β   2     k     .



By substituting     e   C R *     into Equation (A2), the manufacturer’s decision can be obtained as follows:


            m a x π   t       p   t     , p   r   , g   =   d − a   p   t   + b g       p   t   −   c   m     −    1   2      v   g   2   + ( s +   β   1     p   r   +   β   2   e )   h −   p   r           s . t .       d − a   p   t   + b g ≤ γ ( s +   β   1     p   r   +   β   2   e )          



(A4)







We make     Φ   C R   = d − a   p   t   + b g − γ ( s +   β   1     p   r   +   β   2   e )  .



Case 1: When     Φ   C R   < 0  .



According to Equation (A4), we solve      ∂   π   t     ∂   p   t      = 0  ,      ∂   π   t     ∂   p   r      = 0  ,      ∂   π   t     ∂ g    = 0 ,   and the simultaneous solution can be obtained as follows:


     p   t   C R *   =    d v + ( a v −   b   2   )   c   m     2 a v −   b   2        ;     p   r   C R *   =    k ( h   β   1   − s ) + ( h +   c   r   )   β   2   2     2 ( k   β   1   +   β   2   2   )      ;     g   C R *   =    b ( d − a   c   m   )   2 a v −   b   2       .  



(A5)




where   a v −   b   2   > 0  ,   d − a   c   m   > 0  .



According to Equation (A4), the third-order Hessian matrix of Equation (A4) can be obtained as follows:


    H   1   =      − 2 a   0   b     0   − 2   β   1   −    2   β   2   2     k      0     b   0   − v       



(A6)







Since   − 2 a < 0  ,        − 2 a   0     0   − 2   β   1   −    2   β   2   2     k         =    4 a ( k   β   1   +   β   2   2   )   k    > 0  ,        − 2 a   0   b     0   − 2   β   1   −    2   β   2   2     k      0     b   0   − v      =    − 2 ( 2 a v −   b   2   ) ( k   β   1   +   β   2   2   )   k    < 0  , according to the Horwitz theorem, it can be proved that the matrix is negative definite, the optimal solution in Case 1 is as follows:


    p   t   C R *   =    d v + ( a v −   b   2   )   c   m     2 a v −   b   2      ;   p   r   C R *   =    k ( h   β   1   − s ) + ( h +   c   r   )   β   2   2     2 ( k   β   1   +   β   2   2   )    ;     g   C R *   =    b ( d − a   c   m   )   2 a v −   b   2      ;  













     e   C R *   =      β   2   ( ( h − 2   c   r   )   k β   1   + ( h   −   c   r   ) β   2   2   − k s )   2 k ( k   β   1   +   β   2   2   )    ;   










     π   t   C R *   =    s h   2    +    v   ( d − a   c   m   )   2     2 ( 2 a v −   b   2   )    +      k   2   (   s   2   +   h   2     β   1   2   ) + 2 k ( h ( h −   c   r   )   β   1   − s   c   r   )   β   2   2   +   ( h −   c   r   )   2     β   2   4     4 k ( k   β   1   +   β   2   2   )      ;   










     π   p   C R *   =    ( k ( h − 2   c   r   )   β   1   + ( h −   c   r   )   β   2   2   − k s ) ( 2   k   2     β   1   ( s + h   β   1   ) + 3 k ( s + h   β   1   )   β   2   2   + ( h −   c   r   )   β   2   4   )   8 k   ( k   β   1   +   β   2   2   )   2      ;   











Case 2: When     Φ   C R   ≥ 0  .



When     Φ   C R   ≥ 0  , the constraint conditions in Equation (A4) are established at the equal sign and can be obtained at this time:


    p   t   C R *   =    k   d + b g − s γ − γ   p   r     β   1     − γ (     p   r   − c   r   )   β   2   2     a k     



(A7)







Substituting     p   t   C R *     into Equation (A4), the second-order Hessian matrix of Equation (A4) can be obtained as follows:


    H   2   =      − 2   β   1   −    2   β   2   2     k    −    2   ( − k γ   β   1   − γ   β   2   2   )   2     a   k   2        −    b ( − k γ   β   1   − γ   β   2   2   )   a k        −    b ( − k γ   β   1   − γ   β   2   2   )   a k      − v       



(A8)







Since   − 2   β   1   −    2   β   2   2     k    −    2     − k γ   β   1   − γ   β   2   2       2     a   k   2      < 0  ,        k   β   1   +   β   2   2       2   a   2   k v + ( 2 a v −   b   2   )   γ   2     k   β   1   +   β   2   2           a   2     k   2      > 0  , according to the Horwitz theorem, it can be proved that the matrix is negative definite.



According to Equation (A4), we solve      ∂   π   t     ∂   p   r      = 0  ,      ∂   π   t     ∂ g    = 0   and the solution can be obtained as follows:


    p   r   *   =   c   r   −    k ( s +   c   r     β   1   )   2 ( k   β   1   +   β   2   2   )    +    k ( 2   a   2   v   h − γ   c   m   −   c   r     +   b   2   s   γ   2   + 2 a v γ   d − s γ   − ( 2 a v −   b   2   )   γ   2     c   r     β   1   )   4   a   2   k v + 2   γ   2   ( 2 a v −   b   2   ) ( k   β   1   +   β   2   2   )    ,  










    g   *   =    b γ (   k   β   1   +   β   2   2       a h + d γ − a γ   c   m     − a (     β   2   2   c   r   − k s ) )   2   a   2   k v +   γ   2   ( 2 a v −   b   2   ) ( k   β   1   +   β   2   2   )    .  











Substitute     p   r   *    ,     g   *     into     p   t   *   ,     e   *    :


    p   t   C R *   =    2 a d k v + γ   a v −   b   2         β   2   2     c   r   − k s   + γ ( k   β   1   +   β   2   2   ) ( d v γ − ( a v −   b   2   ) ( h − γ   c   m   ) )   2   a   2   k v +   γ   2   ( 2 a v −   b   2   ) ( k   β   1   +   β   2   2   )    ,  










    e   C R *   =    ( s +   c   r     β   1   )   β   2     2 ( k   β   1   +   β   2   2   )    +    ( 2   a   2   v   h − γ   c   m   −   c   r     +   b   2   s   γ   2   + 2 a v γ   d − s γ   − ( 2 a v −   b   2   )   γ   2     c   r     β   1   )   β   2     4   a   2   k v + 2   γ   2   ( 2 a v −   b   2   ) ( k   β   1   +   β   2   2   )    ,  











We further obtain,


    π   t   C R *   =    v   ( a k s + k ( a h + d γ − a γ   c   m   )   β   1   + ( a h + d γ − a ( γ   c   m   +   c   r   ) )   β   2   2   )   2     2 ( k   β   1   +   β   2   2   ) ( 2   a   2   k v − (   b   2   − 2 a v )   γ   2   ( k   β   1   +   β   2   2   ) )    ,  










    π   p   C R *   =    k (   a   2   k v ( s +   β   1     c   r   ) + ( k   β   1   +   β   2   2   ) M ) ( 2 a k v   β   1   F − 3 k   a   2   v s + ( k   β   1   +   β   2   2   )   β   2   2   N +   β   2   4     a   2   v   c   r   )   ( 2   ( k   β   1   +   β   2   2   )   2     ( − 2   a   2   k v − ( 2 a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   ) )   2   )    .  








where



  M =   a   2   h v +   b   2   s   γ   2   + a v γ ( d − 2 s γ ) −   a   2   v ( γ   c   m   +   c   r   ) + (   b   2   − 2 a v )   γ   2     c   r     β   1    ,



  N = −   a   2   h v +   b   2   s   γ   2   − a v γ ( d + 2 s γ ) +   a   2   v γ   c   m   + (   b   2   − 2 a v )   γ   2     c   r     β   1    ,



  F = − a k s − ( a h + d γ − a γ   c   m   ) ( k   β   1   +   β   2   2   )  . □





Proof of Proposition 2. 

The profit function of the platform is as follows:


  m a x   π   p     e   =   ( p   r   −   c   r   ) ( s +   β   1     p   r   +   β   2   e ) −    1   2    k   e   2    



(A9)







The profit function of the third-party is as follows:


            max     p   r   ,   p   t   , g    ⁡    E   φ       π   t       p   r   ,   p   t   , g ,   e   *   ( φ )     =       max     p   r   ,   p   t   , g    ⁡    ∬    Q   p        π   t       p   r   ,   p   t   , g ,   e   *   ( φ )     f   p   ( s , k ) d φ             s . t .       d − a   p   t   + b g ≤ γ ( s +   β   1     p   r   +   β   2     e   *   ( φ ) )          



(A10)







Like Proposition 1, the optimal effort level can be obtained by backward induction as follows:


    e   I R *   ( φ ) =    (   p   r   −   c   r   )   β   2     k     



(A11)







Similarly, in the case of information asymmetry, there is a unique     Φ   I R    ; when     Φ   I R   < 0  , the constraint is not tight; when     Φ   I R   ≥ 0  , the constraint is tight; where     Φ   I R   = d − s +    −   b   2   d + a d v +   a   2   v   c   m       b   2   − 2 a v    −      β   1       h +   c   r       β   2   2   +     β   1   h −   μ   1       μ   2       2     β   2   2   +   β   1     μ   2        −    ( h −   c   r   )   β   2   4   +   β   2   2   (   h − 2   c   r       β   1   −   μ   1   )   μ   2     2 k (   β   2   2   +   β   1     μ   2   )     .



Case 1: When     Φ   I R   < 0  .



By substituting     e   I R *   ( φ )   into Equation (A10), and solving      ∂   π   t     ∂   p   t      = 0  ,      ∂   π   t     ∂ g    = 0  , we can obtain a simultaneous solution as follows:


     p   t   I R *   =    d v + ( a v −   b   2   )   c   m     2 a v −   b   2        ;     g   I R *   =    b ( d − a   c   m   )   2 a v −   b   2       ;  











The optimal recovery price needs to satisfy the equation (integral after derivative):


    ∬    Q   p         − k s + k ( h − 2   p   r   )   β   1   + ( h +   c   r   − 2   p   r   )   β   2   2     k      f   p   ( s , k ) d φ   = 0  



(A12)







According to the mean value theorem of integration, we can obtain     p   r   I R *   =      h +   c   r       β   2   2   +     β   1   h −   μ   1       μ   2     2     β   2   2   +   β   1     μ   2         , substituting     p   r   I R *     into     e   I R *   ( φ )  , then we can obtain     e   I R *   =      β   2   ( ( h −   c   r   )   β   2   2   + ( ( h − 2   c   r   )   β   1   −   μ   1   )   μ   2   )   2 k (   β   2   2   +   β   1     μ   2   )     .



Case 2: When     Φ   I R   ≥ 0  .



At this time, the optimization problem of the third-party is reduced to a function with only two variables, and the constraint condition is established at the equal sign, and the optimal retail price can be obtained as follows:


    p   t   I R *   ( φ ) =    k ( d + b g − s γ − γ   p   r     β   1   ) + γ (   c   r   −   p   r   )   β   2   2     a k     



(A13)







By substituting     e   I R *   ( φ )   and     p   t   I R *   ( φ )   into Equation (A10), the optimal recycling price and the optimal green technology level can respectively satisfy the equation as follows:


    ∬    Q   p        Π f   p   ( s , k ) d φ   = 0 ;  



(A14)






    ∬    Q   p       (    k ( − a g v + b s γ + b γ   p   r     β   1   ) + b γ ( −   c   r   +   p   r   )   β   2   2     a k    )   f p  ( s , k ) d φ   = 0 ;  



(A15)




where   Π =    1   a   k   2      (   k   2   ( − a s +   β   1   ( a h + γ ( d + b g − 2 s γ ) − a γ   c   m   − 2   p   r   ( a +   γ   2     β   1   ) ) ) − a k   β   2   2   ( h +   c   r   − 2   p   r   ) + k γ ( d + b g − 2 s γ − a   c   m   + 2 γ (   c   r   − 2   p   r   )   β   1   )   β   2   2   + 2   γ   2   (   c   r   −   p   r   )   β   2   4   )  .



We can obtain by solving as follows:


    p   r   I R *   =      β   2   2     μ   2     X   1   +   X   2   (   σ   2   2   +   μ   2   2   )     β   2   2     μ   2     Y   1   +   β   1     Y   2   (   σ   2   2   +   μ   2   2   )    ,  










    g   I R *   =    b γ (   β   2   2     μ   2   ( (   X   1   −   c   r     Y   1   )   β   2   2   + (   β   1     X   1   +     μ   1   Y   1   )   μ   2   ) + ( (   X   2   −   c   r     β   1     Y   2   )   β   2   2   +   β   1   (   X   2   +   μ   1     Y   2   )   μ   2   ) (   σ   2   2   +   μ   2   2   ) )   a v   μ   2   (   Y   1     β   2   2     μ   2   +   Y   2     β   1   (   σ   2   2   +   μ   2   2   ) )    ;  











By substituting     p   r   I R *     and     g   I R *     into     e   I R *   ( φ )   and     p   t   I R *     φ   ,   respectively, we can obtain


    p   t   I R *   =    k D + γ   c   r     β   2   2     a k    −    ( k γ   β   1   + γ   β   2   2   ) (   β   2   2     μ   2     X   1   +   X   2   (   σ   2   2   +   μ   2   2   ) )   a k (   β   2   2     μ   2     Y   1   +   β   1     Y   2   (   σ   2   2   +   μ   2   2   ) )    ;  










    e   I R *   =      β   2   (   β   2   2     μ   2     X   1   −   c   r     β   2   2     μ   2     Y   1   +   ( X   2   −   c   r     β   1     Y   2   ) (   σ   2   2   +   μ   2   2   ) )   k (   β   2   2     μ   2     Y   1   +   β   1     Y   2   (   σ   2   2   +   μ   2   2   ) )    .  











□





Proof of Proposition 3. 

(1) When     Φ   I R   < 0  ,



     ∂   p   r   C R *     ∂   β   2      =    k ( α +   c   r     β   1   )   β   2       ( k   β   1   +   β   2   2   )   2      > 0  ,      ∂   e   C R *     ∂   β   2      =    1   2    (    h −   c   r     k    −    2 k   β   1   ( α +   c   r     β   1   )     ( k   β   1   +   β   2   2   )   2      +    α +   c   r     β   1     k   β   1   +   β   2   2      ) > 0  ,



     ∂   p   t   C R *     ∂   β   2      =    ∂   g   C R *     ∂   β   1      = 0  ,      ∂   π   t   C R *     ∂   β   2      =      β   2   (   ( h −   c   r   )   2   −     k   2     ( α +   c   r     β   1   )   2       ( k   β   1   +   β   2   2   )   2     )   2 k    > 0  ,



     ∂   π   p   C R *     ∂   β   2      =      k   3     β   1     ( α + h   β   1   )   2     β   2   +   k   2   ( 3   α   2   +   β   1   ( h ( 2 α + 3 h   β   1   ) + 4   c   r   ( α − ( h −   c   r   )   β   1   ) ) )   β   2   3   + 3 k   ( h −   c   r   )   2     β   1     β   2   5   +   ( h −   c   r   )   2     β   2   7     4 k   ( k   β   1   +   β   2   2   )   3      > 0  ;



(2) When     Φ   I R   ≥ 0  ,



     ∂   p   r   C R *     ∂   β   2      = k   β   2   (    m     ( k   β   1   +   β   2   2   )   2      +    2 p y     ( x − y ( k   β   1   +   β   2   2   ) )   2      )  ,



     ∂   e   C R *     ∂   β   2      = −    m   2 ( k   β   1   +   β   2   2   )    +    p   x − y ( k   β   1   +   β   2   2   )    +   β   2   2   (    m     ( k   β   1   +   β   2   2   )   2      +    2 p y     ( x − y ( k   β   1   +   β   2   2   ) )   2      )  ;



We know from     p   r   C R *    ,      α +   c   r     β   1     2 ( k   β   1   +   β   2   2   )    < 2 (   a   2   v ( h − γ   c   m   −   c   r   ) +   b   2   α   γ   2   + a v γ ( d − 2 α γ ) − ( 2 a v −   b   2   )   γ   2     c   r     β   1   )  , so      ∂   p   r   *     ∂   β   2      > 0 ,    ∂   e   *     ∂   β   2      > 0  , where   m = α +   c   r     β   1    ,   p = ( 2   a   2   v ( h − ( γ   c   m   +   c   r   ) ) +   b   2   α   γ   2   + 2 a v γ ( d − α γ ) + (   b   2   − 2 a v )   γ   2     c   r     β   1   )  ,   x = 4   a   2   k v  ,   y = 2 (   b   2   − 2 a v )   γ   2    .



     ∂   p   t   C R *     ∂   β   2      =    2 k (   b   2   − a v ) γ ( 2   a   2   h v +   b   2   α   γ   2   + 2 a v γ ( d − α γ ) − 2   a   2   v ( γ   c   m   +   c   r   ) + (   b   2   − 2 a v )   γ   2     c   r     β   1   )   β   2       ( − 2   a   2   k v + (   b   2   − 2 a v )   γ   2   ( k   β   1   +   β   2   2   ) )   2      < 0  ,



     ∂   g   C R *     ∂   β   2      =    2 a b k γ ( 2   a   2   h v +   b   2   α   γ   2   + 2 a v γ ( d − α γ ) − 2   a   2   v ( γ   c   m   +   c   r   ) + (   b   2   − 2 a v )   γ   2     c   r     β   1   )   β   2       ( − 2   a   2   k v + (   b   2   − 2 a v )   γ   2   ( k   β   1   +   β   2   2   ) )   2      > 0  ,



     ∂   π   p   C R *     ∂   β   2      > 0  ,      ∂   π   t   C R *     ∂   β   2      > 0  , as shown in Figure A1 and Figure A2. The parameters are the same as those of the numerical experiments in Section 6. According to the condition of     Φ   C R   ≥ 0  , we have     β   2   ∈ [ 0 , 23.31 ]  . In this range, we have      ∂   π   p   C R *     ∂   β   2      > 0   and      ∂   π   t   C R *     ∂   β   2      > 0  . □
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Figure A1. The value of      ∂   π   p   C R *     ∂   β   2        in     β   2   ∈ [ 0 , 23.31 ]  . 






Figure A1. The value of      ∂   π   p   C R *     ∂   β   2        in     β   2   ∈ [ 0 , 23.31 ]  .
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Figure A2. The value of      ∂   π   t   C R *     ∂   β   2        in     β   2   ∈ [ 0 , 23.31 ]  . 






Figure A2. The value of      ∂   π   t   C R *     ∂   β   2        in     β   2   ∈ [ 0 , 23.31 ]  .
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Proof of Proposition 4. 

(1) When     Φ   I R   < 0  ,



     ∂   p   r   *     ∂   c   m      = 0  ,      ∂   e   *     ∂   c   m      = 0  ,      ∂   p   t   *     ∂   c   m      =      b   2   − a v     b   2   − 2 a v    > 0  ,      ∂   g   *     ∂   c   m      = −    a b   2 a v −   b   2      < 0  ,



     ∂   π   p   *     ∂   c   m      = 0  ,      ∂   π   t   *     ∂   c   m      = −    a v   d − a   c   m       2 a v −   b   2      < 0  .



(2) When     Φ   I R   ≥ 0  ,



     ∂   p   r   C R *     ∂   c   m      = −    2   a   2   k v γ   4   a   2   k v + 2     2 a v − b   2       γ   2     k   β   1   +   β   2   2        < 0  ,



     ∂   e   C R *     ∂   c   m      = −    2   a   2   v γ   β   2     4   a   2   k v + 2     2 a v − b   2       γ   2     k   β   1   +   β   2   2        < 0  ,



     ∂   p   t   C R *     ∂   c   m      =    ( a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   )   2   a   2   k v + ( 2 a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   )    > 0  ,



     ∂   g   C R *     ∂   c   m      = −    a b   γ   2   ( k   β   1   +   β   2   2   )   2   a   2   k v + ( 2 a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   )    < 0  ,



     ∂   π   p   C R *     ∂   c   m      < 0  ,      ∂   π   t   C R *     ∂   c   m      =    a v γ ( − a k α + k ( − a h − d γ + a γ   c   m   + )   β   1   + ( − a h − d γ + a ( γ   c   m   +   c   r   ) )   β   2   2   )   2   a   2   k v + ( 2 a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   )    < 0  . □





Proof of Proposition 5. 

(1) When     Φ   I R   < 0  ,



     ∂   p   r   C R *     ∂ a    =    ∂   e   C R *     ∂ a    = 0  ,      ∂   p   t   C R *     ∂ a    =    v ( − 2 d v +   b   2     c   m   )     (   b   2   − 2 a v )   2      < 0  ,      ∂   g   C R *     ∂ a    =    b ( − 2 d v +   b   2     c   m   )     (   b   2   − 2 a v )   2      < 0  ,



     ∂   π   p   C R *     ∂ a    = 0  ,      ∂   π   t   C R *     ∂ a    =    v ( − d + a   c   m   ) ( d v + ( a v −   b   2   )   c   m   )     (   b   2   − 2 a v )   2      < 0  ;



Since   − 2 d v +   b   2     c   m   − a v   c   m   + a v   c   m   =   a   c   m   − 2 d   v +   ( b   2   − a v )   c   m    ,   a   c   m   − 2 d < 0  ,     b   2   − a v < 0  , we can obtain   − 2 d v +   b   2     c   m   < 0  .



(2) When     Φ   I R   ≥ 0  ,



     ∂   p   r   C R *     ∂ a    < 0 ,    ∂   e   C R *     ∂ a    < 0 ,    ∂   p   t   C R *     ∂ a    < 0 ,    ∂   g   C R *     ∂ a    < 0 ,    ∂   π   p   C R *     ∂ a    < 0 ,    ∂   π   t   C R *     ∂ a    < 0  . □





As the derivation expressions are too complex, they were illustrated by graphs, as shown in Figure A3, Figure A4, Figure A5, Figure A6, Figure A7 and Figure A8. The parameters are the same as those of the numerical experiments in Section 6. According to the condition of     Φ   C R   ≥ 0  , we have   a ∈ [ 7 ,   25.72 ]  . In this range, we have      ∂   p   r   C R *     ∂ a    < 0 ,    ∂   e   C R *     ∂ a    < 0 ,    ∂   p   t   C R *     ∂ a    < 0 ,    ∂   g   C R *     ∂ a    < 0 ,    ∂   π   p   C R *     ∂ a    < 0 ,    ∂   π   t   C R *     ∂ a    < 0  .
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Figure A3. The value of      ∂   p   r   C R *     ∂ a      in   a ∈ [ 7,25.72 ]  . 






Figure A3. The value of      ∂   p   r   C R *     ∂ a      in   a ∈ [ 7,25.72 ]  .
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Figure A4. The value of      ∂   e   C R *     ∂ a      in   a ∈ [ 7,25.72 ]  . 
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Figure A5. The value of      ∂   p   t   C R *     ∂ a      in   a ∈ [ 7,25.72 ]  . 
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Figure A6. The value of      ∂   g   C R *     ∂ a      in   a ∈ [ 7,25.72 ]  . 
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Figure A7. The value of      ∂   π   p   C R *     ∂ a      in   a ∈ [ 7 , 25.72 ]  . 
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Figure A8. The value of      ∂   π   t   C R *     ∂ a      in   a ∈ [ 7 , 25.72 ]  . 
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Proof of Proposition 6. 

(1) When     Φ   I R   < 0  ,



     ∂   p   r   C R *     ∂ v    =    ∂   e   C R *     ∂ v    = 0  ,      ∂   p   t   C R *     ∂ v    = −      b   2     d − a   c   m             b   2   − 2 a v     2      < 0  ,      ∂   g   C R *     ∂ v    = −    2 a b ( d − a   c   m   )     (   b   2   − 2 a v )   2      < 0  ,



     ∂   π   p   C R *     ∂ v    = 0  ,      ∂   π   t   C R *     ∂ v    = −      b   2       d − a   c   m       2     2       b   2   − 2 a v     2      < 0  ;



(2) When     Φ   I R   ≥ 0  ,



     ∂   p   r   C R *     ∂ v    =    a   b   2   k   γ   2   ( − a k α − k   a   h −   c   n     +   d − a   c   m     γ     β   1   − ( a   h −   c   n   −   c   r     +   d − a   c   m     γ )   β   2   2   )     ( − 2   a   2   k v + (   b   2   − 2 a v )   γ   2   ( k   β   1   +   β   2   2   ) )   2      < 0  ,



     ∂   e   C R *     ∂ v    =    a   b   2     β   2     γ   2   ( − a k α − k   a   h −   c   n     +   d − a   c   m     γ     β   1   − ( a   h −   c   n   −   c   r     +   d − a   c   m     γ )   β   2   2   )     ( − 2   a   2   k v + (   b   2   − 2 a v )   γ   2   ( k   β   1   +   β   2   2   ) )   2      < 0  ,



     ∂   p   t   C R *     ∂ v    =      b   2   γ ( − a k α − k   a   h −   c   n     +   d − a   c   m     γ     β   1   − ( a   h −   c   n   −   c   r     +   d − a   c   m     γ )   β   2   2   ) ( 2 a k +   γ   2   ( k   β   1   +   β   2   2   ) )     ( − 2   a   2   k v + (   b   2   − 2 a v )   γ   2   ( k   β   1   +   β   2   2   ) )   2      < 0  ,



     ∂   g   C R *     ∂ v    =    2 a b γ ( − a k α − k   a   h −   c   n     +   d − a   c   m     γ     β   1   − ( a   h −   c   n   −   c   r     +   d − a   c   m     γ )   β   2   2   ) ( a k +   γ   2   ( k   β   1   +   β   2   2   ) )     ( − 2   a   2   k v + (   b   2   − 2 a v )   γ   2   ( k   β   1   +   β   2   2   ) )   2      < 0  ,



     ∂   π   t   C R *     ∂ v    =      b   2     γ   2     ( − a k α − k   a   h −   c   n     +   d − a   c   m     γ     β   1   − ( a   h −   c   n   −   c   r     +   d − a   c   m     γ )   β   2   2   )   2     2     − 2   a   2   k v +     b   2   − 2 a v     γ   2     k   β   1   +   β   2   2         2      < 0  .



     ∂   π   p   C R *     ∂ v    < 0  , as shown in Figure A9. The parameters are the same as those of the numerical experiments in Section 6. According to the condition of     Φ   C R   ≥ 0  , we have   v ∈   6.25 ,   93.75   .   In this range, we have      ∂   π   p   C R *     ∂ v    < 0  . □
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Figure A9. The value of      ∂   π   p   C R *     ∂ v      in   v ∈ [ 6.25 , 93.75 ]  . 
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Proof of Proposition 7. 

The third-party optimization problem is as follows:


      max     p   t     , p   r   , f , g    ⁡    π   t   I C     =   d − a   p   t   + b g       p   t   −   c   m     −    1   2    v   g   2   +   s +   β   1     p   r   +   β   2   e     h −   p   r     + f  



(A16)






  s . t .       e ∈ max  ⁡    π   p   I C     =   ( p   r   −   c   r   ) ( s +   β   1     p   r   +   β   2   e ) −    1   2      k   e   2   − f      



(A17)






    ( p   r   −   c   r   ) ( s +   β   1     p   r   +   β   2   e ) −    1   2    k   e   2   − f ≥ E [   π   p   I R *   ]  



(A18)






    p   t     , p   r   , g , e , f ≥ 0  



(A19)







Under the two-part pricing contract, the reverse supply chain has the same equilibrium solutions as the centralized supply chain (Model   C  ). In the centralized model, the supply chain is regarded as a whole, and the optimization problem is as follows:


       max     p   t   , e , g    ⁡    π   I   C     =   d − a   p   t   + b g       p   t   −   c   m     −    1   2    v   g   2      +   s +   β   1     p   r   +   β   2   e     h −   c   r     −    1   2    k   e   2     



(A20)






  s . t . d − a   p   t   + b g ≤ γ ( s +   β   1     p   r   +   β   2   e )  



(A21)







Case 1: When     Φ   I R   < 0  .



According to Equation (A20), we solve      ∂   π   I     ∂   p   t      = 0  ,      ∂   π   I     ∂ e    = 0  ,      ∂   π   I     ∂ g    = 0 ,   and a simultaneous solution can be obtained as follows:


     p   t   C *   =    d v + ( a v   − b   2   )   c   m     2 a v −   b   2        ,     e   C *   =    ( h −   c   r   )   β   2     k      ,     g   C *   =    b ( d − a   c   m   )   2 a v −   b   2       ,  











Then, the     p   r   I C *     and     f   I C *     can be determined according to the condition of the two-part pricing contract. According to the manufacturer’s decision, the optimal decision of the platform can be obtained from Equation (A17) as follows:


    e   I C *   =    (   p   r   −   c   r   )   β   2     k    .  



(A22)







Under the two-part pricing contract, the optimal recovery effort level     e   I C *     should be the same as in the centralized model. By setting     e   I C *   =   e   C *    , we can obtain     p   r   I C *   = h  .



Therefore, the constraint condition of Equation (A21) can be simplified as     Φ   I C   < 0  , where     Φ   I C   = k (   b   2   s γ + a v ( d − 2 s γ ) ) −   a   2   k v   c   m   − ( 2 a v −   b   2   ) γ ( h k   β   1   + ( h −   c   r   )   β   2   2   )  .



At the same time, according to Equation (A18), it can be seen     π   p   I C   ≥ E [   π   p   I R *   ]  ; thus, the optimal fixed payment can be obtained as follows:


    f   I C *   =    ( h −   c   r   ) ( 2 k ( s + h   β   1   ) + ( h −   c   r   )   β   2   2   )   2 k    − E [   π   p   I R *   ]  



(A23)







Case 2: When     Φ   I R   ≥ 0  .



When     Φ   I C   ≥ 0  , then   d − a   p   t   + b g = γ ( s +   β   1     p   r   +   β   2   e )  , like Model   C R   in Case 2. The     p   t   C *    ,     g   C *     and     e   C *     can be obtained as follows:


    p   t   C *   =    ( a k v d + (   b   2   − a v ) k s γ + L   β   2   2   + H ( k   β   1   +   β   2   2   ) )     a   2   k v + ( 2 a v −   b   2   )   γ   2     β   2   2      ;  



(A24)






    g   C *   =    a b γ ( k s −   c   r     β   2   2   ) + ( b d   γ   2   + a b γ ( h − γ   c   m   ) ) ( k   β   1   +   β   2   2   )     a   2   k v + ( 2 a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   )    ,  



(A25)






    e   C *   =    ( a d v γ +   a   2   v ( h − γ   c   m   −   c   r   ) − ( 2 a v −   b   2   ) ( s +   c   r     β   1   )   γ   2   )   β   2       a   2   k v + ( 2 a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   )    .  



(A26)




where   L = γ ( d v γ − ( a v −   b   2   ) ( h −   c   r   ) )  ;   H = γ ( d v γ − ( a v −   b   2   ) ( h − γ   c   m   )  .



Then, the     p   r   I C *     and     f   I C *     can be determined according to the condition of the two-part pricing contract. According to the manufacturer’s decision, the optimal decision of the platform can be obtained from Equation (A17) as follows:


    e   I C *   =    (   p   r   −   c   r   )   β   2     k    .  



(A27)







Similarly, under the two-part pricing contract, the     e   I C *     should be the same as in the centralized model. By setting     e   I C *   =   e   C *    , we can obtain


    p   r   I C *   =    k     a   2   h v +   b   2   s   γ   2   + a v γ   d − 2 s γ   −   a   2   v γ   c   m     + ( 2 a v −   b   2   )   γ   2     c   r     β   2   2       a   2   k v + ( 2 a v −   b   2   )   γ   2   ( k   β   1   +   β   2   2   )    .  



(A28)







At the same time, according to Equation (A18), it can be seen     π   p   I C   ≥ E [   π   p   I R *   ]  ; thus, the optimal fixed payment can be obtained as follows:


    f   I C *   =    k L ( Θ − H ) + k (   Θ   2   −   H   2   )   β   2   2     2   (   a   2   k v − (   b   2   − 2 a v )   γ   2   ( k   β   1   +   β   2   2   ) )   2      − E [   π   p   I R *   ] .  



(A29)




where   L = 2 a k v ( a s + ( a h + d γ − a γ   c   m   )   β   1   )  ,   Θ = a d v γ +   a   2   v ( h − γ   c   m   −   c   r   )  ,   H = ( 2 a v −   b   2   )   γ   2   ( s +   c   r     β   1   )  . □
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Figure 1. The reverse bikes shared supply chain model. 
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Figure 2. The impact of changes in     µ   1     and     µ   2     on the optimal profit when     Φ   I R   < 0 .  . 






Figure 2. The impact of changes in     µ   1     and     µ   2     on the optimal profit when     Φ   I R   < 0 .  .



[image: Sustainability 16 09194 g002]







[image: Sustainability 16 09194 g003] 





Figure 3. The impact of changes in     µ   1     and     µ   2     on the optimal profit when     Φ   I R   ≥ 0  . 
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Figure 4. The impact of     σ   2     on   e  . 
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Figure 5. The impact of     σ   2     on       p   r    . 
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Figure 6. The impact of     σ   2     on     p   t    . 
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Figure 7. The impact of     σ   2     on   g  . 
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Figure 8. The impact of     σ   2     on     π   t    . 
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Figure 9. The impact of     σ   2     on     π   p    . 
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Figure 10. The coordination design of Model   I R  . 
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Table 1. Explanations of the parameters.
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	Parameters
	Definition





	     p   r     
	The unit recycling price paid by the third-party to the platform



	     p   t     
	The unit selling price of the remanufactured product



	     c   r     
	The unit recycling cost of the platform



	     c   m     
	The unit cost to be paid in the process of disassembling and transforming



	   e   
	The recycling effort level of platform



	   s   
	The basic supply of used bikes



	   S   
	The supply of used bikes,    S (   p   r   , e ) = s +   β   1     p   r   +   β   2   e  



	     β   1     
	The sensitivity of the unit recycling price



	     β   2     
	The collection effort level coefficient of the platform



	   k   
	The recycling effort cost coefficient



	   h   
	The residual value of each used bike



	   v   
	The green technology innovation cost coefficient



	   D   
	The total market demand for the remanufactured product,    D = d − a   p   t   + b g  



	   d   
	The maximum demand in the market



	   a   
	The sensitivity coefficient of the price of the remanufactured product



	   b   
	The sensitivity coefficient of green technology



	   g   
	The green technology innovation level of the third-party



	   γ   
	The amount of products that can be converted from a used bike



	     π   p     
	The profit of the platform



	     π   t     
	The profit of the third-party



	     π   I     
	The supply chain’s profit



	     µ   1        ,     µ   2       
	The mean values of the recycling basic supply and recycling effort cost coefficients in the case with asymmetric information



	     σ   1        ,     σ   2     
	The standard deviations of the recycling basic supply and recycling effort cost coefficients in the case with asymmetric information



	   f   
	The fixed fee paid by platform to the third-party under the two-part pricing contract










 





Table 2. Equilibrium strategies and profits under both models.
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Model

	
Condition

	
      e   *      

	
      p   r   *      

	
      p   t   *      

	
      g   *      

	
    E [   π   p   *   ]    

	
    E [   π   t   *   ]    






	
CR

	
     Φ   C R   < 0   

	
5.250

	
19.75

	
48.46

	
9.231

	
3839.06

	
11,006.0




	
     Φ   C R   ≥ 0   

	
3.081

	
13.24

	
48.65

	
9.081

	
3215.15

	
15,256.2




	
IR

	
     Φ   I R   < 0   

	
5.220

	
19.66

	
48.46

	
9.231

	
3800.39

	
11,005.9




	
     Φ   I R   ≥ 0   

	
2.889

	
12.66

	
49.03

	
9.072

	
2955.22

	
15,248.8











 





Table 3. The impact of     µ   1     on Model   I R  .
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Condition

	
      µ   1      

	
      e   I R *      

	
      p   r   I R *      

	
      p   t   I R *      

	
      g   I R *      

	
    E [   π   p   I R *   ]    

	
    E [   π   t   I R *   ]    






	
     Φ   I R   < 0   

	
21

	
5.220

	
19.66

	
48.46

	
9.231

	
3800.39

	
11,005.85




	
31

	
5.091

	
19.28

	
48.46

	
9.231

	
3638.87

	
11,002.96




	
41

	
4.964

	
18.89

	
48.46

	
9.231

	
3480.80

	
10,996.14




	
     Φ   I R   ≥ 0   

	
210

	
2.889

	
12.66

	
49.03

	
9.072

	
2955.22

	
15,248.8




	
230

	
2.544

	
11.63

	
49.84

	
9.236

	
2510.87

	
15,195.6




	
250

	
2.199

	
10.60

	
50.65

	
9.399

	
2091.43

	
15,090.8











 





Table 4. The impact of     µ   2     on Model   I R  .






Table 4. The impact of     µ   2     on Model   I R  .





	
Condition

	
      µ   2      

	
      e   I R *      

	
      p   r   I R *      

	
      p   t   I R *      

	
      g   I R *      

	
    E [   π   p   I R *   ]    

	
    E [   π   t   I R *   ]    






	
     Φ   I R   < 0   

	
33

	
5.220

	
19.66

	
48.46

	
9.231

	
3800.39

	
11,005.85




	
43

	
5.175

	
19.53

	
48.46

	
9.231

	
3743.66

	
11,005.23




	
53

	
5.145

	
19.43

	
48.46

	
9.231

	
3705.19

	
11,004.63




	
     Φ   I R   ≥ 0   

	
33

	
2.889

	
12.66

	
49.03

	
9.072

	
2955.22

	
15,248.8




	
43

	
2.821

	
12.46

	
49.00

	
8.858

	
2867.17

	
15,243.7




	
53

	
2.771

	
12.31

	
48.99

	
8.720

	
2801.50

	
15,238.4











 





Table 5. The profit of platform, third-party, and supply chain of Model   I C  .






Table 5. The profit of platform, third-party, and supply chain of Model   I C  .





	

	
Condition

	
Optimal Profit






	
     π   p   I C *     

	
     Φ   I C   < 0   

	
   E [   π   p   I R *   ]   




	
     Φ   I C   ≥ 0   

	
   E [   π   p   I R *   ]   




	
     π   t   I C *     

	
     Φ   I C   < 0   

	
      ( 2 a v −   b   2   ) ( h −   c   r   ) ( 2 k ( s + h   β   1   ) + ( h −   c   r   )   β   2   2   ) − k v   ( d − a   c   m   )   2     2 k ( 2 a v −   b   2   )    − E [   π   p   I R *   ]   




	
     Φ   I C   ≥ 0   

	
     π   t   I C *     




	
     π   I   I C *     

	
     Φ   I C   < 0   

	
      ( 2 a v −   b   2   ) ( h −   c   r   ) ( 2 k ( s + h   β   1   ) + ( h −   c   r   )   β   2   2   ) − k v   ( d − a   c   m   )   2     2 k ( 2 a v −   b   2   )      




	
     Φ   I C   ≥ 0   

	
     π   I   I C *     











 





Table 6. The optimal solutions and the supply chain profit of Model   I C   and Model   I R  .






Table 6. The optimal solutions and the supply chain profit of Model   I C   and Model   I R  .





	
Model

	
Condition

	
      e   *      

	
      p   r   *      

	
      p   t   *      

	
      g   *      

	
    E [   π   I   *   ]    






	
IC

	
     Φ   I C   < 0   

	
12.00

	
40.00

	
48.46

	
9.231

	
22,818.46




	
     Φ   I C   ≥ 0   

	
7.440

	
26.32

	
46.00

	
13.44

	
23,519.39




	
IR

	
     Φ   I R   < 0   

	
5.220

	
19.66

	
48.46

	
9.231

	
14,806.19




	
     Φ   I R   ≥ 0   

	
2.889

	
12.66

	
49.03

	
9.072

	
18,204.02
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