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Abstract

:

With improvement in consumers’ environmental awareness and the level of design for remanufacturing (DfR), the traditional supply chain is gradually changing into a closed-loop supply chain (CLSC). However, a high level of remanufacturing design will increase design costs for manufacturers, while also reducing the cost for remanufacturers. Moreover, manufacturers usually use patent barriers to restrict the development of remanufacturers. The main aims of this study were to explore how manufacturers and remanufacturers can benefit each other, taking into account patent protection and carbon emissions. Firstly, we adopted game theory to establish four decision-making models of the manufacturer and remanufacturer regarding DfR. Secondly, we designed a cost-sharing contract for DfR based on the decentralized decision-making model to coordinate a CLSC. The results of this study showed that under the patent-protected market environment, DfR increased the manufacturer’s profit but did not necessarily promote the remanufacturer’s profit growth. A cost-sharing contract can effectively achieve improvements in the presence of DfR, increase profits for both parties, and improve the economic and environmental benefits of the CLSC.
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1. Introduction


In recent years, due to the rapid growth in demand for material consumption, resource shortages and environmental pollution have become increasingly serious issues. In addition, an increasing number of countries and international organizations have recognized the importance of energy saving and reducing polluting emissions in sustainable remanufacturing [1,2]. Remanufacturing is a key link in closed-loop supply chains (CLSCs). It effectively reduces the demand for resources and improves the utilization rate of waste products, thus reducing pollution in the environment from waste. This is of great significance in achieving green, low-carbon, and sustainable development. Many independent third-party remanufacturers in the market, such as Recycle Assist (RA) companies and Repeat-O-Type companies, have access to more professional technology and equipment, and they can provide recycling and remanufacturing services for numerous enterprises, thus forming a scale effect. Approximately 90% of the recycling volume in the market is remanufactured by them, and third-party remanufacturers have become the main force in the remanufacturing industry [3]. Due to the existence of a large number of independent remanufacturers in the market, DfR reduces the cost of remanufacturing but greatly increases the design and production costs of manufacturers, resulting in the phenomenon of “free-riding” by remanufacturers. As a result, manufacturers are reluctant to implement high-level DfR and tend to pursue only the minimum government-required level, or even false DfR. In addition, with the increasing awareness of the need for intellectual property protection, manufacturers tend to set up patent barriers to restrain remanufacturers, which also limits the development of remanufacturing.



To further explore the impact of a closed-loop supply chain on the decision-making of manufacturers and remanufacturers, scholars have shifted the focus of their research to patent protection. A number of scholars have proposed that the supplier holding the patent should calculate the intellectual property licensing fees, either as a percentage of the sales prices of its manufactured products (i.e., a product-based strategy) or as a percentage of the wholesale price of its components (i.e., a component-based strategy) [4,5]. In addition, some scholars have studied the various models that arise when manufacturers license the patents of DfR to different parties, such as the manufacturer assuming the responsibility for remanufacturing, the manufacturer authorizing distributors to remanufacture, or the manufacturer authorizing third parties to remanufacture [6,7]. To date, there have been many studies regarding CLSCs, but most of them have focused on the model of the patent license fee or the forms of patent assignment. Few scholars have focused on the coordination of CLSCs considering patent protection under DfR. The following questions, therefore, remain unanswered: How can the conflict between manufacturers and remanufacturers be effectively resolved while improving DfR? How should DfR affect the decisions of both parties in a patent-protected market environment? How should coordination mechanisms be developed to improve the economic and environmental performance of a closed-loop supply chain in the context of DfR?



The questions mentioned above have been addressed by this study. Firstly, we established a closed-loop supply chain game model consisting of manufacturers and remanufacturers in a patent-protected market environment. This specifically included building a closed-loop supply chain game model with decentralized decision-making without DfR, decentralized decision-making with DfR, centralized decision-making, and coordinated decision-making. Moreover, we solved the model and analyzed the impact of remanufacturing design on the decision-making of both parties. Secondly, this study introduced a DfR cost-sharing contract to coordinate a closed-loop supply chain, solving the equilibrium solution under cost-sharing contract coordination and comparing the equilibrium results prior to its implementation. After the coordination of the cost-sharing contract, we then tested the effect of the contract coordination.



This paper is organized as follows: Section 2 presents a literature review undertaken to provide a comprehensive analysis of previous studies. Section 3 describes and assumes the supply chain models and symbols. Section 4 establishes a closed-loop supply chain game model consisting of manufacturers and remanufacturers in the market environment of patent protection and then introduces a DfR cost-sharing contract to coordinate the closed-loop supply chain. Section 5 carries on the numerical example analysis to the model result to provide further enlightenment related to management. Section 6 provides the conclusion of the study and future directions, and Section 7 concludes the paper.




2. Literature Review


2.1. Overview of a Closed-Loop Supply Chain


With the emphasis of the global society on environmental protection and sustainable development, an increasing number of scholars have become devoted to research on closed-loop supply chains (CLSC). As a result, the literature on this topic is relatively abundant. Regarding the concept of a closed-loop supply chain, as early as 2003, Fleischmann [8] first proposed the definition as the reverse logistics of recycling and DfR relating to waste products in a traditional forward supply chain system. Later, Van and Guide [9] proposed that a CLSC is a closed-loop system composed of forward and reverse supply chains, which has become a more authoritative definition recognized by the academic community today. Ferguson and Toktay [10] analyzed the competition between new products and remanufactured products produced by monopoly manufacturers and identified the boundary conditions for manufacturers to remanufacture themselves. Furthermore, they proposed remanufacturing and preemptive recycling to prevent profit losses for manufacturers due to external remanufacturing. Orsdemir et al. [11] constructed a game model between manufacturers and remanufacturers. They found that when the original manufacturer had a stronger competitive position, they were more inclined to change the quality design of the new product to restrict remanufacturing. On the other hand, when the original manufacturer had a weaker competitive position, they were more inclined to restrict the quantity of the new product. Wu and Zhou [12] studied manufacturers’ recycling strategies from a competitive perspective and found that manufacturers recycled their used products more effectively than retailers. Huang et al. [13] developed a two-cycle, two-oligopoly, closed-loop supply chain game model to explore the production of manufacturers and their pricing strategies in the face of a competitive environment. This model was also extended to multi-cycle and wireless cycle cases. Chai et al. [14] explored the optimal competitive strategy of the original manufacturer in the face of remanufacturer threats and environmental regulation in terms of carbon emission limits and trade policies. They showed that when the carbon emission cap allocated to the original manufacturer was small, it faced an unfavorable position when competing with remanufacturers. Qiao and Su [15] studied the optimal price and quality of new and remanufactured products and discussed the quality adjustment of original manufacturers in the new market segment. They found that, when original manufacturers compete with remanufacturers, the original manufacturers cannot reduce the product quality. Soon et al. [16] used the augmented epsilon constraint (AEC) method, which provided an efficient set of solutions for the decision-making layer of the closed-loop supply chain model.



The above studies examined manufacturer and remanufacturer decision-making problems in closed-loop supply chains from several perspectives. While earlier scholars focused on the pricing decisions of manufacturers and remanufacturers, more recent studies have considered additional external influences, such as carbon emissions, remanufacturing cycles, etc. With reference to the previous research results, this paper also considered the carbon emission factor when building the model.




2.2. The Influence of DfR on a Closed-Loop Supply Chain


Recent research concerning DfR has focused on the methods and influencing factors of DfR and its impact on closed-loop-supply-chain decision-making. Ijomah et al. [17] reviewed the relevant research on DfR, analyzed the technical factors affecting it (including the material, structure, connection method, etc.) in a UK industrial case study, and proposed methods and basic steps for optimizing DfR. Hatcher et al. [18] analyzed problems in the DfR process and conducted a feasibility analysis of DfR. In addition, they further analyzed the case of the UK machinery industry, identified the internal and external factors affecting DfR, and proposed an integrated network model to map the relationship between the factors identified. In addition, some scholars have also considered DfR in the decision-making of closed-loop supply chains. Wu [19] examined manufacturers’ DfR decisions and supply chain members’ competitive pricing strategies and showed that it is effective for manufacturers to respond to the threat of remanufacturers by standardizing their DfR. Subramanian et al. [20] believed that this would be useful in extending other seminal operations and marketing models to account for the different costs and market effects of remanufacturing.



The above literature concerning the impact of DfR on closed-loop supply chain decisions provided inspiration for this study. The aforementioned literature mostly explored how manufacturers can adjust their DfR to cope with the threat of remanufacturers from a competitive perspective. Few scholars have considered how to effectively resolve the conflict between manufacturers and remanufacturers while also improving the level of DfR. This is a pressing issue requiring resolution.




2.3. Patent Protection of DfR


In supply chain studies considering patent protection, most have discussed the use of DfR or patent protection by manufacturers to meet the challenges of remanufacturers from a competitive perspective. Kamien and Tauman [21] compared the models that were most conducive to reducing patent license fees and found that patent owners preferred a per-product royalty model, while patent buyers preferred a lump-sum payment model. Hong et al. [22] explored the effects of fixed patent license models and commission licensing models on recycling and remanufacturing in the context of manufacturers producing both new and remanufactured goods in a Gounod duopoly model. Chen et al. [4] explored the impact of product-based and component-based strategies for patent license fees in a supply chain consisting of a component supplier and two double-oligopolistic manufacturers. Ghosh et al. [23] investigated the impact of a lump-sum unit royalty model and a revenue-sharing royalty model on the decisions of manufacturers and remanufacturers. Zhang and Ren [1] investigated the impact of patent licensing on each decision in a closed-loop supply chain system consisting of manufacturing, retailers, and third-party remanufacturers. Huang and Wang [6] explored the decisions of manufacturers, distributors, and remanufacturers under three different patent licensing models in the context of a demand for information-sharing and found that information-sharing always helps enhance both manufacturer and remanufacturer profits.



The CLSC studies above that have considered patent protection have mostly discussed the use of remanufactured designs or patent protection by manufacturers to meet the challenges of remanufacturers from a competitive perspective.




2.4. The Coordination between Manufacturers and Remanufacturers


Regarding contract coordination, it can mainly be divided into the following three categories: cost-sharing contract coordination, revenue-sharing contract coordination, and two-part contract coordination. Zhou et al. [24] designed a service-cost-sharing contract to address the phenomenon of manufacturers’ online channels piggybacking onto retailers’ presale services. This effectively resolved the conflict between the two parties and improved the service level and overall performance of the supply chain. He et al. [25] established a supply chain system consisting of a carbon emission reduction service provider (SP) and a low-carbon advertising service integrator (SI). Then, they explored the optimal strategies of both parties under three cost-sharing models. Finally, they found that two-way cost-sharing could achieve mutual benefits and win–win situations. Chen et al. [26] studied the remanufacturing process innovations, pricing decisions, and cost-sharing mechanisms of closed-loop supply chains under different power structures and compared the optimal cost-sharing mechanisms of retailers under each model. Wu et al. [27] established a dual-channel reverse supply chain consisting of recycling centers and third-party recyclers, obtained their optimal decisions through decentralized and centralized decision-making, and designed a revenue-sharing contract between recycling centers and recyclers to improve the supply chain. Rezayat et al. [28] introduced a hierarchical revenue-sharing contract in a closed-loop supply chain of waste electronics consisting of coordinated manufacturers, retailers, and recyclers. Jian et al. [29] constructed a centralized and decentralized decision-making model for manufacturers’ equity concerns by considering retailers’ sales efforts. They also designed a profit-sharing pact to coordinate a green closed-loop supply chain. Feng et al. [30] used a two-part pact and a revenue-sharing pact to successfully coordinate a dual-channel, two-level reverse supply chain system consisting of distributors and recyclers. Shi et al. [31] compared the different coordination performances of two-part and reversed revenue-sharing contracts in a closed-loop supply chain system.



In conclusion, a large amount of research exists on DfR and the decision-making and coordination of CLSCs; however, patent protection and environmental performance have received less attention in the models used in the existing research in terms of the impact of DfR on the decision-making of CLSCs. Contractual designs in the context of DfR have not been included in studies on the contractual coordination of closed-loop supply chains to coordinate their economic and environmental benefits. In the study, we investigated a new model of cooperation between manufacturers and remanufacturers in DfR and patent protection, assuming that manufacturers were the dominant market player. We then compared this with the competitive model to explore whether the cooperative model could improve DfR while successfully resolving conflicts between the two parties. To raise the level of DfR and efficiently coordinate the closed-loop supply chain to increase economic and environmental benefits, we also created a contractual mechanism for sharing the cost of DfR.





3. Problem Description


The closed-loop supply chain system considered in this paper consisted of a single manufacturer and a remanufacturer. The remanufacturing models in this paper were divided into four types: A, B, C, and D. These four models are shown in Figure 1, Figure 2, Figure 3 and Figure 4, below. In Model A, the manufacturer does not implement DfR, and the remanufacturer has to pay the patent license fee to the manufacturer before producing and selling the remanufactured product. Model B involves decentralized decision-making. The manufacturer implements DfR and bears the corresponding design cost. In addition, the remanufacturer pays the patent license fee to the manufacturer before producing and selling the remanufactured goods. As an example, businesses such as Sany Heavy Industry (China) and Peterbilt Motors (U.S.) permit remanufacturing enterprises to conduct recycling and remanufacturing through patent authorization [32]. Model C involves centralized decision-making. The manufacturer implements DfR; however, the manufacturer and remanufacturer, as a whole, jointly decide on the level of DfR, the production volume of each product, etc. The remanufacturer does not need to pay royalties to the manufacturer at this time. Model D involves coordinated decision-making. The manufacturer implements DfR and provides the contract. In addition, the remanufacturer remanufactures with an appropriate patent license fee and shares a proportionate share of the cost of DfR. Each member’s profits after coordination are no less than before coordination.




4. Notation and Assumptions


The notation in this paper is illustrated in Table 1, where   i = A , B , C , D   denotes decentralized decision-making without DfR, decentralized decision-making with DfR, centralized decision-making, and contractual coordination decision-making, respectively.



To facilitate the analysis and discussion of the problem, we set the following assumptions:



Assumption 1.

The product is in the maturity stage of its life cycle when the output and price of the product are relatively stable. The manufacturer and remanufacturer pursue profit maximization with symmetric and complete information, where the manufacturer is the dominant player in the Stackelberg game.





Assumption 2.

The remanufacturer will put all the used products into remanufacturing, and all the remanufactured products will be put on the market. As the number of recycled products increases, the difficulty of recycling increases. The recycling cost function of used products is a quadratic function of the number of recycled products; the function of the recycling cost is   λ   (  q r i  )  2  / 2  , and   λ > 0   reflects the difficulty of recycling [33].





Assumption 3.

The unit production cost of the remanufactured product is smaller than the unit production cost of the new product. According to the literature, the DfR cost is a quadratic function of the DfR level; when   k > 0  , the DfR factor is   0 <  ξ i  < 1  .





Assumption 4.

When   0 < δ < 1  , the function of the carbon emissions per unit of remanufactured product without DfR is   δ  e n   .





Assumption 5.

According to consumer utility theory, the price of a new product is related to demand as    p n i  = G −  q n i  − θ  q r i   , and the price of a remanufactured product is related to demand as    p r i  = θ ( G −  q n i  −  q r i  )  .






5. Decision-Making and Coordination Model


5.1. Decentralized Decision-Making without DfR


In the decentralized decision-making model, where the manufacturer does not implement DfR, the decision sequence between the two parties is as follows: In the first stage, the manufacturer decides the production volume of the new product,    q n A   , and the unit patent license fees,    f A   . In the second stage, the remanufacturer decides the recycling rate of the used product,    τ A   , based on the manufacturer’s decisions. The manufacturer’s profits and the remanufacturer’s profit optimization problems can be described as follows:


    max    q n A  ,  f A       Π m A  =  p n A     q n A  +  f A     q r A  −  C n     q n A  − ω  e n   q n A   



(1)






    max    τ A       Π r A  =  p r A   q r A  −  f A   q r A  −  C r   q r A  −  λ 2    (  q r A  )  2  − ω δ  e n   q r A   



(2)







The total closed-loop supply chain carbon emissions can be described as follows:


   E A  =  e n   q n A  + δ  e n   q r A  =  e n  (  q n A  + δ  q r A  )  



(3)







The above problem is a full-information dynamic game, which is solved using the inverse induction method; i.e., induction is reasoned step-by-step from the last stage of the dynamic game to solve the equilibrium result of the dynamic game. The solution process is as follows:



In the second stage, the remanufacturer’s profit maximization,   max    Π r A   , is solved. Finding the second-order derivative of    Π r A    over    τ A    provides the result      ∂ 2   Π r A    ∂   (  τ A  )  2    < 0  ; therefore,    Π r A    is a concave function of    τ A   . According to the extreme value condition of the unitary function, the function has an optimal solution. The first-order derivative and the reaction function of    Π r A    concerning    τ A    are as follows:


    ∂  Π r A    ∂  τ A    =  q n A  [  q n A  ( − 2 θ  τ A  − θ ) + G θ − ω δ  e n  −  f A  −  C r  ] = 0  



(4)






   τ A  =   G θ − ω δ  e n  − θ  q n A  −  f A  −  C r     q n A  ( λ + 2 θ )    



(5)







In the first stage, the manufacturer’s profit maximization,   max    Π m A   , is solved. Equation (5) is substituted into Equation (1), and the Hessian matrix of    Π m A  (  q n A  ,  f A  )   is obtained as


  H (  Π m A  ) =         2  θ 2    2 θ + λ   − 2    0     0    −  2  2 θ + λ          



(6)







Since     2  θ 2    2 θ + λ   − 2 < 0   and     H (  Π m A  )   > 0  , then    Π m A    is a strictly concave function concerning    q n A    and    f A   . The first-order derivatives of    Π m A    with respect to    q n A    and    f A    are set to zero.


    ∂  Π m A    ∂  q n A    =    θ 2  ( 2  q n A  − G ) + θ [ ω  e n  ( δ − 2 ) + 2 ( G −  C n  − 2  q n A  ) +  C r  ] + λ ( G − ω  e n  −  C n  − 2  q n A  )   λ + 2 θ   = 0  



(7)






    ∂  Π m A    ∂  f A    =   G θ − δ ω  e n  − 2  f A  −  C r    λ + 2 θ   = 0  



(8)







Solving Equations (7) and (8) jointly yields    q n A    and    f  A *     as follows:


   q n  A *   =   G  θ 2  + θ [ 2  C n  − ω  e n  ( δ − 2 ) − 2 G −  C r  ] − λ ( G − ω  e n  −  C n  )   2 (  θ 2  − 2 θ − λ )    



(9)






   f  A *   =   G θ − ω  e n  δ −  C r   2   



(10)







Substituting    q n  A *     and    f  A *     into Equation (5) yields


   τ  A *   =   ω  e n  δ +  C r  − θ ( ω  e n  +  C n  )   G  θ 2  + θ [ 2  C n  − ω  e n  ( δ − 2 ) − 2 G −  C r  ] − λ ( G − ω  e n  −  C n  )    



(11)







From    q r i  =  τ i   q n i   ,    q r  A *     is obtained as


   q r  A *   =   ω  e n  δ +  C r  − θ ( ω  e n  +  C n  )   2 (  θ 2  − 2 θ − λ )    



(12)







For simplicity, we assumed that   X = G  θ 2  + θ [ 2  C n  − ω  e n  ( δ − 2 ) − 2 G −  C r  ]     − λ ( G − ω  e n  −  C n  )   and   Y = ω  e n  δ +  C r  − θ ( ω  e n  +  C n  )  . The optimal profits of the manufacturer and remanufacturer and the total supply chain carbon emissions are as follows:


   Π m  A *   =     ( G −  C n  − ω  e n  )  2  (  θ 2  − 2 θ − λ ) −  Y 2    4 (  θ 2  − 2 θ − λ )    



(13)






   Π r  A *   =    Y 2  ( 2 θ + λ )   8   (  θ 2  − 2 θ − λ )  2     



(14)






   E  A *   =   ( X + δ Y )  e n    2 (  θ 2  − 2 θ − λ )    



(15)







Proposition 1.

Impact of the carbon tax rate on the manufacturer: As the carbon tax rate increases, the manufacturer’s new product output, royalties per unit, and profits decrease.





Proof 1.

The first-order partial derivatives of the carbon tax rate,  ω , were solved for new product production,    q n  A *    ; royalties,    f  A *    ; and manufacturer’s profit,    Π m  A *    ; therefore,     ∂  f  A *     ∂ ω   = −   δ  e n   2  < 0  ,     ∂  q n  A *     ∂ ω   =   ( 2 − δ ) θ  e n  + λ  e n    2 (  θ 2  − 2 θ − λ )   < 0  , and     ∂  Π m  A *     ∂ ω   = −    e n  ( X + δ Y )   2 (  θ 2  − 2 θ − λ )    . Since,    q n  A *   =  X  2 (  θ 2  − 2 θ − λ )   > 0   and    q r  A *   =  Y  2 (  θ 2  − 2 θ − λ )   > 0  , we learned that   X < 0   and   Y < 0  , which leads to     ∂  Π m  A *     ∂ ω   < 0  . □





Proposition 2.

As the carbon tax rate increases, (1) when   θ >    C r  − δ  C n   G  + δ  , the recycling rate of used products increases; (2) when   θ > δ  , the output of remanufactured products and the profits of the remanufacturer increase.





Proof 2.

The first-order partial derivatives of the carbon tax rate,  δ , for the recycling rate,    τ  A *    ; the output of remanufactured goods,    q r  A *    ; and the profit of remanufacturer,    Π r  A *    , were obtained as follows:     ∂  τ  A *     ∂ ω   =    e n  (  θ 2  − 2 θ − λ ) [ G ( δ − θ ) +  C r  − δ  C n  ]    X 2     ,     ∂  q r  A *     ∂ ω   =    e n  ( δ − θ )   2 (  θ 2  − 2 θ − λ )    , and     ∂  Π r  A *     ∂ ω   =    e n  ( δ − θ ) ( λ + 2 θ ) Y   4   (  θ 2  − 2 θ − λ )  2     . From proof 1, we can see that   X < 0   and   Y < 0  ; therefore, when   θ >    C r  − δ  C n   G  + δ   and     ∂  τ  A *     ∂ ω   > 0  ,   θ <    C r  − δ  C n   G  + δ   and     ∂  τ  A *     ∂ ω   < 0  ; similarly, when   θ > δ  ,     ∂  q r  A *     ∂ ω   > 0 ,   ∂  Π r  A *     ∂ ω   > 0  ; vice versa, when   θ < δ  ,     ∂  q r  A *     ∂ ω   < 0 ,   ∂  Π r  A *     ∂ ω   < 0  . □






5.2. Decentralized Decision-Making of DfR


In the decentralized decision-making model where the manufacturer implements DfR, the decision sequence of the two parties is as follows: In the first stage, the manufacturer decides the level of DfR for a new product,    ξ B   . In the second stage, the manufacturer decides the production volume of the new product,    q n B   , and the unit patent license fee,    f B   . In the final stage, the remanufacturer decides the recycling rate as    τ B    of the used product according to the manufacturer’s decision. The manufacturer’s profits and the remanufacturer’s profit optimization problems are as follows:


   Π m B  =  p n B     q n B  +  f B     q r B  −  C n     q n B  − ω    e n    ( 1 −  ξ B  )    q n B  −  k 2    (  ξ B  )  2   



(16)






   Π r B  =  p r B     q r B  −  f B     q r B  −  C r     q r B  −  λ 2        (  q r B  )  2  − ω   δ    e n  ( 1 −  ξ B  )    q r B   



(17)







The total closed-loop supply chain carbon emission,    E B   , can be shown as the following equation:


   E B  =  e n    ( 1 −  ξ B  )  q n B  + δ    e n    ( 1 −  ξ B  )  q r B  =  e n  ( 1 −  ξ B  )   (  q n B  + δ    q r B  )  



(18)







The above problem is a complete information dynamic game, which is solved using the inverse induction method. The solution process is similar to that of Section 5.1; therefore, the solution steps are omitted. When   2 k (  θ 2  − 2 θ − λ ) +  e n    2   ω 2  [ 2 θ ( 1 − δ ) +  δ 2  + λ ] < 0   is satisfied, it is thought that      ∂ 2   Π m B    ∂  ξ B    2    < 0  , and a level of DfR that maximizes the manufacturer’s profits exists. Furthermore, consistent with the above, let   X = G  θ 2  + θ [ 2  C n  − ω      e n  ( δ − 2 ) − 2 G −  C r  ] − λ ( G − ω      e n  −  C n  )  ,   Y = ω      e n  δ +  C r  − θ ( ω      e n  +  C n  )  ,   Z = 2 k (  θ 2  − 2 θ − λ ) +  e n    2   ω 2  [ 2 θ ( 1 − δ ) +  δ 2  + λ ]  , and   M = G ( δ − θ ) +  C r  − δ  C n   . Finally, each optimal solution is found as follows:


   ξ  B *   =   ( X + δ Y ) ω      e n   Z   



(19)






   q n  B *   =   2 k X + δ  e n    2   ω 2  M   2 Z    



(20)






   f  B *   =   2 k ( G θ −  C r  − δ  e n  ω ) (  θ 2  − 2 θ − λ ) −  e n    2   ω 2  ( 2 θ − θ δ + λ ) M   2 Z    



(21)






   τ  B *   =   2 k Y −  e n    2   ω 2  M   2 k X + δ  e n    2   ω 2  M    



(22)






   q r  B *   =   2 k Y −  e n    2   ω 2  M   2 Z    



(23)







The optimal profits and total supply chain carbon emissions for the manufacturer and remanufacturer, respectively, are shown as follows:


   Π m  B *   =   2 k [ X ( G −  C n  −  e n  ω ) + Y ( G θ −  C r  − δ  e n  ω ) ] +  e n    2   ω 2   M 2    4 Z    



(24)






   Π r  B *   =     [  e n    2   ω 2  M − 2 k Y ]  2  ( λ + 2 θ )   8  Z 2     



(25)






   E  B *   =   k  e n  ( X + δ Y ) { 2 k (  θ 2  − 2 θ − λ ) +  e n  ω [ ( λ + 2 θ ) ( G −  C n  ) − θ ( G θ − δ  C n  −  C r  ) − δ  C r  ] }    Z 2     



(26)







Proposition 3.

The impact of DfR on the manufacturer’s decision. The new product output, unit patent license fee, and manufacturer’s profit all increase.





Proposition 3 shows that the manufacturer reduces the carbon emissions of the new product through DfR, which further reduces the cost of carbon emissions, and has more cost space to produce the new product; therefore, the new product output increases. On the other hand, although the manufacturer has to bear the cost of DfR, it can pass on that part of the cost by increasing the patent license fee due to the patent-protected market environment. At the same time, the manufacturer’s profits mainly come from the sales revenue of new products and the patent license fee, which can be adjusted to ensure its revenue; therefore, the manufacturer’s profits also increase.



Proof 3.

The difference between the optimal new product yield, patent license fee, and manufacturer’s profits under the two models before and after the implementation of DfR can be obtained as follows:    q n  B *   −  q n  A *   =    e n    2   ω 2  ( δ θ − 2 θ − λ ) ( X + δ Y )   2 (  θ 2  − 2 θ − λ ) Z    ,    f  B *   −  f  A *   =   δ  e n    2   ω 2  ( X + δ Y )   2 Z    , and    Π m  B *   −  Π m  A *   =    e n    2   ω 2    ( X + δ Y )  2    4 (  θ 2  − 2 θ − λ ) Z    . Since   X < 0   and   Y < 0  ,    ξ  B *   =   ( X + δ Y ) ω      e n   Z  > 0   can be obtained as   Z < 0  ; therefore,    q n  B *   >  q n  A *    ,    f  B *   >  f  A *    , and    Π m  B *   >  Π m  A *    . □





Proposition 4.

The impact of DfR on the remanufacturer’s decision: (1) when   θ >    C r  − δ  C n   G  + δ  , the recycling rate of used products decreases; (2) when   θ > δ  , both the output of the remanufactured products and the remanufacturer’s profits decrease.





Proposition 4 shows that (1) when   θ >    C r  − δ  C n   G  + δ  , consumers’ preference for remanufactured products is relatively high, remanufactured products are more threatening to new products, and the manufacturer will increase the unit patent license fee to weaken the remanufacturer. For the remanufacturer, the cost of carbon emission reduction through DfR is smaller than the increase in the unit patent license fee; therefore, its profits are reduced, the recycling incentive is weakened, and the recycling rate is reduced. Conversely, when   θ <    C r  − δ  C n   G  + δ  , the preference for remanufactured goods is low, and the carbon emission cost reduced by DfR is greater than the patent license fees; therefore, its profitability increases, the recycling incentive is enhanced, and the recycling rate increases. (2) Similarly, when   θ > δ  , DfR inhibits remanufacturing, and when   θ < δ  , DfR promotes remanufacturing. This shows that under a market environment of patent protection, DfR does not necessarily increase the profits of the remanufacturer.



Proof 4.

The optimal waste product recycling rate, remanufactured product yield, and remanufacturer profits under the two models before and after the implementation of DfR are different, as follows:    τ  B *   −  τ  A *   = −    e n    2   ω 2  M ( X + δ Y )   X ( 2 k X + δ  e n    2   ω 2  M )    ,    q r  B *   −  q r  A *   =    e n    2   ω 2  ( θ − δ ) ( X + δ Y )   2 (  θ 2  − 2 θ − λ ) Z    , and    Π r  B *   −  Π r  A *   =    e n    2   ω 2  ( θ − δ ) ( X + δ Y ) ( 2 θ + λ ) [ Z Y + (  θ 2  − 2 θ − λ ) ( 2 k Y −  e n    2   ω 2  M ) ]   8   (  θ 2  − 2 θ − λ )  2   Z 2     . If   X < 0  ,   Y < 0  , and   Z < 0  , when   θ >    C r  − δ  C n   G  + δ  , it can be concluded that the magnitude of the product recovery rate under both models A and B is    τ  B *   <  τ  A *    ; when   θ <    C r  − δ  C n   G  + δ  ,    τ  B *   >  τ  A *    . Furthermore, from    q r  B *   =   2 k Y −  e n    2   ω 2  M   2 Z   > 0   we can obtain   2 k Y −  e n    2   ω 2  M < 0  ; therefore, when   θ > δ  , there are    q r  B *   <  q r  A *     and    Π r  B *   <  Π r  A *    ; when   θ < δ  , there are    q r  B *   >  q r  A *     and    Π r  B *   >  Π r  A *    . □






5.3. Centralized Decision-Making


In the case of centralized decision-making, the manufacturer and the remanufacturer are considered as a whole, and they jointly decide on the level of DfR,    ξ C   ; the new product yield,    q n C   ; and the recycling rate,    τ C   , of the used product. Moreover, the manufacturer does not charge the remanufacturer a royalty to make the whole supply chain system optimal. The decision-making problem is as follows:


   Π C  = [  p n C  −  C n  − ω    e n    ( 1 −  ξ C  ) ]  q n C  + [  p r C  −  C r  − ω   δ    e n  ( 1 −  ξ C  )   ]  q r C  −  λ 2        (  q r C  )  2  −  k 2    (  ξ C  )  2   



(27)






   E C  =  e n  ( 1 −  ξ C  )   (  q n C  + δ    q r C  )  



(28)







When   2 k ( 2  θ 2  − 2 θ − λ ) +  e n    2   ω 2  [ 2 θ ( 1 − 2 δ ) + 2  δ 2  + λ ] < 0  , the overall profit of the supply chain is optimal and is satisfied. According to the previous calculation, if    X 1  = 2 G  θ 2  + 2 θ [  C n  − ω      e n  ( δ − 1 ) − G −  C r  ] − λ ( G − ω      e n  −  C n  )  ,   Y = ω      e n  δ +  C r  − θ ( ω      e n  +  C n  )  ,    Z 1  = 2 k ( 2  θ 2  − 2 θ − λ ) +  e n    2   ω 2  [ 2 θ ( 1 − 2 δ ) + 2  δ 2  + λ ]  , and   M = G ( δ − θ ) +  C r  − δ  C n   , we finally find each optimal solution as follows:


   ξ  C *   =   (  X 1  + 2 δ Y ) ω      e n     Z 1     



(29)






   q n  C *   =   k  X 1  + δ  e n    2   ω 2  M    Z 1     



(30)






   τ  C *   =   2 k Y −  e n    2   ω 2  M   k  X 1  + δ  e n    2   ω 2  M    



(31)






   q r  C *   =   2 k Y −  e n    2   ω 2  M    Z 1     



(32)







The total profits of the closed-loop supply chain and the total carbon emissions of the supply chain are as follows:


   Π  C *   =   k [   ( G −  C n  −  e n  ω )  2  ( 2  θ 2  − 2 θ − λ ) − 2  Y 2  ] +  e n    2   ω 2   M 2    2  Z 1     



(33)






   E  C *   =   k  e n  (  X 1  + 2 δ Y ) { 2 k (  θ 2  − 2 θ − λ ) +  e n  ω [ λ ( G −  C n  ) + 2 θ ( G − G θ + δ  C n  −  C n  +  C r  ) − 2 δ  C r  ] }   4  Z 1    2     



(34)







Proposition 5.

The recycling rate of used products, the yield of remanufactured products, and the total profits of the supply chain will be better under centralized decision-making than decentralized decision-making.





Proposition 5 shows that under decentralized decision-making, the manufacturer will pay high costs to implement DfR and increase the patent license fees to prevent remanufacturers from “free-riding”, which will reduce the incentives of remanufacturers. On the contrary, under centralized decision-making, the manufacturer and the remanufacturer make a unified decision to maximize the profits of the supply chain. Therefore, the manufacturer no longer charges the remanufacturer the patent license fee, which effectively avoids the double marginal effect, promotes recycling and remanufacturing, and increases the overall profits of the supply chain. Consequently, under centralized decision-making, the product recycling rate, the output of remanufactured goods, and the total supply chain profit are all higher than under decentralized decision-making.



Proof 5.

The difference between the optimal new product output, the recycling rate of used products, the output of remanufactured products, and the total profits of the supply chain under centralized and decentralized decision-making can be obtained as follows:    τ  C *   −  τ  B *   = −   k ( 2 θ + λ ) ( G −  C n  −  e n  ω ) ( 2 k Y −  e n    2   ω 2  M )   2 X  X 1     ,    q r  C *   −  q r  B *   =   ( 2 θ + λ ) (  e n    2   ω 2  − 2 k ) ( 2 k Y −  e n    2   ω 2  M )   2 Z  Z 1     , and    Π  C *   −  Π  B *   =     [ ( 2 θ + λ ) ( 2 k Y −  e n    2   ω 2  M ) ]  2  (  e n    2   ω 2  − 2 k )   8  Z 2   Z 1     . From proof 4, we know that when   X < 0  ,   Y < 0  , and   Z < 0  ,   2 k Y −  e n    2   ω 2  M < 0  . In addition, from    q r  C *   =   2 k Y −  e n    2   ω 2  M    Z 1     , we know that    Z 1  < 0  . Since   Z < 0  , we obtain   2 θ k − δ  e n    2   ω 2  > 0  , and    e n    2   ω 2  − 2 k <   λ ( λ − 1 ) −   ( θ − δ )  2    2 θ ( 1 − δ ) +  δ 2  + λ   < 0  ; therefore,    q r  C *   >  q r  B *    q n  C *   −  q n  B *    q n  C *   −  q n  B *    q n  C *   −  q n  B *    , and    q r  C *   >  q r  B *    q n  C *   −  q n  B *    q n  C *   −  q n  B *    q n  C *   −  q n  B *    . From   X < 0  ,   G  θ 2  − θ ( ω      e n  δ +  C r  ) < ( 2 θ + λ ) ( G − ω      e n  −  C n  )   can be obtained, and from   Y < 0  ,   G  θ 2  −  θ 2  ( ω      e n  +  C n  ) < G  θ 2  − θ ( ω      e n  δ +  C r  )   can be obtained. The two equations can be combined to know that   (  θ 2  − 2 θ − λ ) ( G − ω      e n  −  C n  ) < 0   and   G − ω      e n  −  C n  > 0  ; thus, we can prove that    τ  C *   >  τ  B *    . □





Proposition 6.

The level of DfR and total supply chain carbon emissions are lower under centralized decision-making when   θ > δ   compared with decentralized decision-making.





Proposition 6 shows that, when   θ > δ  , the preference for remanufactured goods is higher, and carbon emissions are lower; both parties will focus on selling remanufactured products under centralized decision-making compared with decentralized decision-making. Therefore, lower remanufactured carbon emissions result in the manufacturer requiring lower efforts regarding DfR and a lower level of DfR, while the focus on producing and selling remanufactured products with low carbon emissions also results in lower total carbon emissions. Conversely, when   θ < δ  , the preference for remanufactured products is lower, and carbon emissions are higher; the manufacturer needs to undertake a higher level of DfR to reduce emissions, and the total carbon emissions of the supply chain are also higher.



Proof 6.

The difference between the optimal level of DfR and total supply chain carbon emissions under centralized and decentralized decision-making can be obtained as follows:    ξ  C *   −  ξ  B *   =    e n  ω ( 2 θ + λ ) ( 2 k Y −  e n    2   ω 2  M ) ( θ − λ )   Z  Z 1     ,    E  C *   −  E  B *   =    e n  ω ( 2 θ + λ ) ( 2 k Y −  e n    2   ω 2  M ) ( θ − λ ) W    Z 2   Z 1    2     , where   W > 0  . From proof 4, we know that   Z < 0   and   2 k Y −  e n    2   ω 2  M < 0  . From proof 5, we know that    Z 1  < 0  . Thus, when   θ > δ  , we obtain    ξ  C *   <  ξ  B *     and    ξ  C *   <  ξ  B *    ; when   θ > δ  , we obtain    ξ  C *   >  ξ  B *     and    E  C *   >  E  B *    . □






5.4. Coordinated Decision-Making


The manufacturer’s implementation of DfR increases its profits; however, DfR leads to higher royalty fees, which is detrimental to the recycling and remanufacturing of used products, and the remanufacturer’s profits may not increase. Therefore, the contract to coordinate the supply chain is as follows: the manufacturer provides the contract,   (  f D  , φ )  , and the remanufacturer remanufactures at an appropriate royalty fee,    f D   , while sharing a portion of the cost of DfR in the proportion  φ . The profits of each member after coordination are no less than before coordination:    Π m  D *   ≥  Π m  B *     and    Π r  D *   ≥  Π r  B *    . The remanufacturer considers whether to accept the covenant or not depending on the proportional share. The profit functions for the manufacturer and the remanufacturer are as follows:


   Π m D  =  p n D     q n D  +  f D     q r D  −  C n     q n D  − ω    e n    ( 1 −  ξ D  )    q n D  −  k 2  ( 1 − φ )   (  ξ D  )  2   



(35)






   Π r D  =  p r D     q r D  −  f D     q r D  −  C r     q r D  −  λ 2        (  q r D  )  2  − ω   δ    e n  ( 1 −  ξ D  )    q r D  −  k 2  φ   (  ξ D  )  2   



(36)







If the total profits of the coordinated supply chain are the same as centralized decision-making, it is necessary to satisfy    ξ  D *   =  ξ  C *    ,    q n  D *   =  q n  C *    , and    τ  D *   =  τ  C *    . The optimal contract can be calculated as   (  f  D *   ,  φ *  )  ,    f  D *   =   θ [ k  X 1  − δ  e n    2   ω 2  M ]    Z 1     , and    φ *  ∈ [ a , b ]  , and the values of  a  and  b  are as follows:


  a =   (  e n    2   ω 2  − 2 k )   [ ( 2 θ + λ ) ( 2 k Y −  e n    2   ω 2  M ) ]  2    2 k  e n    2   ω 2    (  X 1  + 2 δ Y )  2  Z    



(37)






  b =   (  e n    2   ω 2  − 2 k ) [ 2 k ( 3 λ + 6 θ − 4  θ 2  ) −  e n    2   ω 2  ( 4  δ 2  + 6 θ + 3 λ − 8 θ δ ) ]   [ ( 2 θ + λ ) ( 2 k Y −  e n    2   ω 2  M ) ]  2    4 k  e n    2   ω 2    (  X 1  + 2 δ Y )  2  Z    



(38)







Proposition 7.

Under coordinated decision-making, (1) the total profits of the supply chain are higher than under decentralized decision-making and the same as under centralized decision-making; (2) when   θ > δ   , the unit patent license fee and the total carbon emissions are lower than under decentralized decision-making, and the total carbon emissions are the same as under centralized decision-making.





Proposition 7 shows that when   θ > δ   the remanufacturer shares part of the cost of DfR, prompting the manufacturer to reduce the patent license fee charged to the remanufacturer. Furthermore, the reduction in the patent license fee further enhances the remanufacturer’s enthusiasm. After coordination through the DfR cost-sharing contract, the benefits to the manufacturer and remanufacturer will be higher than before coordination, and the total profits of the supply chain are higher. This is the same as under centralized decision-making.



Proof 7.

The difference between the optimal unit royalty before and after coordination can be obtained as    f  D *   −  f  B *   =   ( 2 θ + λ ) ( θ − δ ) ( 2 k Y −  e n    2   ω 2  M )   2 Z  Z 1     . In addition, from   Z < 0  ,    Z 1  < 0  , and   2 k Y −  e n    2   ω 2  M < 0  , it follows that when   θ > δ  ,    f  D *   <  f  B *    ; when   θ < δ  , there is    f  D *   >  f  B *    . From    ξ  D *   =  ξ  C *    ,    q n  D *   =  q n  C *    , and    τ  D *   =  τ  C *    , we know that    Π  D *   =  Π  C *     and    E  D *   =  E  C *    , and from Proposition 5, we also know that    Π  C *   >  Π  B *    ; therefore,    Π  D *   >  Π  B *    . From Proposition 6, we know that when   θ > δ  ,    E  C *   >  E  B *    ; therefore,    E  D *   >  E  B *    . □







6. Numerical Simulation


We compared each equilibrium solution of the above four models via numerical simulation and tested the models and propositions. Referring to the case of a previous study [34,35], each parameter was assigned the following values:   G = 1000  ,    C n  = 600  ,    C r  = 300  ,   ω = 20  ,   θ = 0.7  ,   δ = 0.6  ,    e n  = 5  ,   λ = 5  , and   k = 40 , 000  . The range of cost-sharing ratios under coordinated decision-making can be expressed as   φ ∈ [ 0.26 , 0.38 ]  . The outcomes under the different decision-making models are shown in Table 2.



The following conclusions can be drawn from the comparison in Table 2.



	(1)

	
When the level of DfR satisfies    ξ B  >  ξ C   , it shows that, for a given value, there is a   θ > δ   higher preference for remanufactured goods and lower carbon emissions, and both parties will focus on selling remanufactured goods under centralized decision-making. Furthermore, lower remanufacturing carbon emissions result in a lower level of DfR required by the manufacturer and, thus, a lower DfR level, which also verifies Proposition 6.




	(2)

	
When the unit patent license fee satisfies    f B  >  f A  >  f D   , it shows that the manufacturer has to bear the design cost under the decentralized decision-making of DfR compared with no DfR. Therefore, a higher patent license fee is needed to pass on this part of the cost, which verifies Proposition 3. Under coordinated decision-making, the patent license fee is minimized because the remanufacturer shares part of the DfR cost, which verifies Proposition 7.




	(3)

	
When the recycling rate of used products satisfies    τ C  >  τ A  >  τ B   , it shows that, compared with without DfR, the carbon emission costs reduced by the remanufacturer under the decentralized decision-making of DfR are smaller than the increased royalties. Therefore, its profits are reduced, the recycling incentive is weakened, and the recycling rate is reduced, which verifies Proposition 4. Under centralized decision-making, the unified decision-making of both parties maximizes the profits of the supply chain, effectively avoids the double marginal effect, and promotes recycling remanufacturing. In addition, the recycling rate is the highest, which verifies Proposition 5.




	(4)

	
When the manufacturer’s profits satisfy    Π m D  >  Π m B  >  Π m A   , it shows that the new product output increases after DfR, and the manufacturer’s sales revenue increases; it can also secure revenue by adjusting the patent license fee, so the profit increases compared with the pre-DfR, which verifies Proposition 3. The manufacturer’s profits are further increased compared with decentralized decision-making via contract coordination.




	(5)

	
When the remanufacturer profits satisfy    Π r D  >  Π r A  >  Π r B   , it shows that, for a given value of   θ > δ  , DfR acts as a disincentive to remanufacturing, and the remanufacturer’s profits are the lowest, which verifies Proposition 4. The remanufacturer’s profits are significantly enhanced and peak after contract coordination.




	(6)

	
When the total profits of the supply chain satisfy    Π D  =  Π C  >  Π B  >  Π A   , and the total carbon emissions satisfy    E D  =  E C  <  E B  >  E A   , it shows that DfR can effectively increase the total profit of the supply chain and reduce carbon emissions. In addition, centralized decision-making avoids the double marginal effect, maximizes the total profits of the supply chain, and minimizes carbon emissions. Coordinated decision-making can achieve same the total profits and carbon emissions of a closed-loop supply chain with centralized decision-making, and, at the same time, the respective profits of the manufacturer and the remanufacturer will be higher than under decentralized decision-making. Coordinated decision-making can achieve the same total profits and carbon emissions for a closed-loop supply chain as centralized decision-making can, and, at the same time, it can increase the profits of both the manufacturer and remanufacturer compared with decentralized decision-making. This shows that DfR can improve both overall economic efficiency and environmental performance. Moreover, a cost-sharing DfR contract can improve both the economic and environmental efficiency of a closed-loop supply chain.







6.1. Impact of Carbon Tax Rates on Manufacturer/Remanufacturer Decisions


With the increase in the carbon tax rate, the level of DfR increased and then decreased, as shown in Figure 5. This shows that increasing the carbon tax within a reasonable range will increase the carbon emission costs of enterprises; however, it also will force enterprises to make more efforts in DfR and improve the level of DfR to promote energy saving and emission reduction. On the other hand, a high carbon tax rate will increase the carbon emission burden of enterprises, which will counterproductively weaken the enthusiasm of enterprises for production and emission reduction and lead to a decrease in the level of DfR.



From Figure 6, it can be seen that the patent license fee decreased as the carbon tax rate increased. This shows that, as the carbon tax rate increases, it reduces the output of remanufactured products, which leads to a decrease in the patent license fee that the manufacturer can obtain; therefore, it promotes remanufacturing to obtain more patent revenue by reducing the unit patent license fee, which verifies Proposition 1.



As shown in Figure 7, the recycling rate of used products increased as the carbon tax rate increased. This shows that, at a given value, an increase in the carbon tax rate aggravates the carbon emission costs of the remanufacturer. The consumers’ willingness to pay for remanufactured products is relatively high at this time, and the market advantage of remanufactured products is significant. Therefore, the recycling rate of used products increases, which verifies Proposition 2.



Figure 8 and Figure 9 show that, as the carbon tax rate increased, the production of remanufactured products increased, but the production of new products decreased. Therefore, as the carbon tax rate increases, the carbon costs of the manufacturer increase, its revenue suffers, and the production of new products decreases. Since the carbon tax rate promotes remanufacturing, when the carbon tax rate increases, the production of remanufactured goods increases as the carbon tax rate increases, which verifies Proposition 2.



Figure 10 and Figure 11 show that as the carbon tax rate increased, the manufacturer’s profits decreased, while the remanufacturer’s profits increased. It can be seen that the carbon tax rate increases the carbon emission costs of the manufacturer. In addition, the manufacturer’s profit decreases when the carbon tax rate increases.




6.2. Impact of Carbon Emission Ratios on Manufacturer/Remanufacturer Decisions


From Figure 12, it can be seen that, with the increase in the carbon emission ratio, the DfR level increased. When the ratio of carbon emissions from remanufactured products to new products was lower than 0.7, the level of DfR in Model B was improved compared with Model C. This shows that, as the carbon emission ratio increases, the carbon emission of remanufactured goods also increases. In addition, the environmental pressure of remanufacturing borne by the manufacturer increases. Therefore, the DfR level is improved to save energy and reduce emissions. When the ratio of carbon emissions from remanufactured products to carbon emissions from new products is lower than 0.7, the preference for remanufactured goods will be higher, and carbon emissions will be lower. Therefore, both parties will focus on selling remanufactured goods under centralized decision-making. In addition, the DfR level required will be lower than that under decentralized decision-making. Conversely, when the ratio of carbon emissions from remanufactured products to carbon emissions from new products is higher than 0.7, the preference of remanufactured goods will be lower, and carbon emissions will be higher. Furthermore, the DfR level under centralized decision-making will be higher, which verifies Proposition 6.



From Figure 13, it can be seen that the recycling rate decreased as the carbon emission ratio increased. This shows that, with an increase in the carbon emission ratio, the carbon emissions of remanufactured products increase, the costs of carbon emissions increase, the benefit is impaired, and the decline in recycling motivation leads to a decrease in the recycling rate.



Figure 14 and Figure 15 show that, with the increase in the carbon emission rate, the production of new products increased, but the production of remanufactured products decreased. In addition, it can be seen that as the carbon emission rate increased, the carbon emissions of remanufactured products increased. This acts as a disincentive for remanufacturing, and the production of remanufactured products will decrease. On the contrary, when the carbon emissions of remanufactured products increase, competitiveness decreases, which increases the production of new products.



Figure 16 and Figure 17 show that, with the increase in the carbon emission rate, the manufacturer and remanufacturer’s profits gradually decreased. When the ratio of carbon emissions from remanufactured products to carbon emissions from new products is lower than 0.7, customers will be more willing to pay for remanufactured products. Furthermore, DfR plays a suppressive role in remanufacturing, and the profits are lower. When the carbon emission ratio of remanufactured products to new products is higher than 0.7, customers’ willingness to pay for remanufactured products will decline. Moreover, DfR plays a promotional role in remanufacturing, and the profits will be higher. Consequently, Proposition 4 is proven.




6.3. Impact of Preference for Remanufactured Products and Carbon Emission Ratio


Figure 18 and Figure 19 show that the total supply chain profits satisfy    Π C  >  Π B  >  Π A   . DfR can effectively improve the total supply chain profits, and centralized decision-making avoids the double marginal effect; therefore, the total supply chain profits reach their peak. DfR can effectively reduce the total carbon emissions of the supply chain when   θ > δ  , and centralized decision-making can further reduce the carbon emission of the supply chain. Thus, it can be seen that DfR can improve both overall economic efficiency and environmental performance, and centralized decision-making further promotes the optimization of the economy and environment.





7. Conclusions


In this study, we established four decision-making models: decentralized decision-making without DfR, decentralized decision-making with DfR, centralized decision-making, and coordinated decision-making. We introduced consumers’ willingness to pay for remanufactured products and compared the price, the patent license fee, the recovery rate, and profits under the three models using inverse induction and numerical simulation. In addition, the effects of the carbon tax, the carbon emission rate, and remanufactured goods preference on each equilibrium solution and profits were further analyzed. The main conclusions are as follows: (1) Although the carbon tax reduces the manufacturer’s profits, it encourages the manufacturer to take environmental responsibility, which leads to a higher level of DfR and lower patent license fees. When the consumer preference for remanufactured goods is greater than the carbon emission rate, the carbon tax encourages remanufacturing. Simultaneously, this results in an increase in the recycling rate and the remanufacturer’s profits. (2) Under a market environment of patent protection, DfR increases the manufacturers’ profits, new product output, and patent license fees. In contrast, consumers’ willingness to pay for remanufactured goods is greater than the carbon emission rate. Moreover, the carbon tax promotes remanufacturing, and the recycling rate and remanufacturers’ profits also increase. When consumers’ willingness to pay for remanufactured goods is greater than the carbon emission ratio, DfR inhibits remanufacturing, the remanufacturer’s profits decrease, and remanufactured product yields and the recycling rate decrease. (3) Through a DfR cost-sharing contract, the remanufacturer pays an appropriate royalty for remanufacturing while sharing the cost of DfR proportionally. In addition, the total profits and total carbon emissions of the closed-loop supply chain can be equal to those under centralized decision-making. At the same time, the profits of both the manufacturer and the remanufacturer are higher than under decentralized decision-making, and the economic and environmental benefits of the CLSC improve. This can effectively improve the economic and environmental benefits of the closed-loop supply chain, and, thus, the closed-loop supply chain is effectively coordinated.



The following is an overview of the novel contributions of this paper: (1) The competition model takes into account how DfR, patent protection, and carbon emissions may affect both manufacturer and remanufacturer strategies, which is more in line with reality. (2) In examining the impact of DfR, we were surprised to find that, although the carbon tax reduced manufacturer profits, it pushed manufacturers to take on environmental responsibility, resulting in higher levels of DfR. (3) This study will encourage manufacturers to support DfR and foster the growth of remanufacturing. The economic and environmental benefits of a closed-loop supply chain are improved when remanufacturers pay appropriate royalties for remanufacturing while sharing a proportion of the costs associated with the design.



Although we considered the behavior of closed-loop supply chain members under DfR and patent protection in this study, there were some limitations. The closed-loop supply chain studied in this paper included only a single manufacturer and remanufacturer. We did not consider other organizations such as retailers or recyclers or the introduction of multiple manufacturers and remanufacturers. Therefore, in the future, multiple manufacturers, retailers, recyclers, and remanufacturers could be introduced to the model, depicting a complete CLSC. In addition, multi-party strategic selection and the coordination of patent protection under DfR should be studied. The market demand considered in this paper was determined and the Stackelberg game was based on a completely informational market environment. However, in a real business environment, product requirements are often relatively random, and the information between enterprises is relatively confidential and asymmetrical. Therefore, in the future, this research could be extended to represent a market environment of random demand and information asymmetry.
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Figure 1. Decentralized decision-making without DfR. 
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Figure 2. Decentralized decision-making with DfR. 
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Figure 3. Centralized decision-making. 
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Figure 4. Contractual coordination decision-making. 
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Figure 5. The effect of  ω  on    ξ i   . 
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Figure 6. The effect of  ω  on    f i   . 
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Figure 7. The effect of  ω  on    τ i   . 
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Figure 8. The effect of  ω  on    q n i   . 
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Figure 9. The effect of  ω  on    q r i   . 
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Figure 10. The effect of  ω  on    Π m i   . 
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Figure 11. The effect of  ω  on    Π r i   . 
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Figure 12. The effect of  δ  on  ξ . 
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Figure 13. The effect of  δ  on  τ . 
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Figure 14. The effect of  δ  on    q n i   . 
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Figure 15. The effect of  δ  on    q r i   . 
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Figure 16. The effect of  δ  on    Π m i   . 
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Figure 17. The effect of  δ  on    π r   . 
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Figure 18. The effect of  θ  and  δ  on    Π i   . 
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Figure 19. The effect of  θ  and  δ  on    E i   . 
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Table 1. Symbol description.






Table 1. Symbol description.





	Symbol
	Meaning





	    p n i  /  q n i    
	Price/quantity of new products,   i =      A , B , C , D  



	    p r i  /  q r i    
	Price/quantity of remanufactured products,   i =      A , B , C , D  



	    C n  /  C r    
	Unit production cost of new/remanufactured products



	    f i    
	Unit patent license fee



	  ω  
	Carbon tax rate



	  G  
	Total market volume



	  θ  
	Consumers’ willingness to pay for remanufactured products



	  λ  
	Cost factor of recycling waste products



	    τ i    
	Recycling rate of used products,   i =      A , B , C , D  



	  k  
	The coefficient of DfR



	    ξ i    
	The level of DfR,   i =      A , B , C , D  



	    e n    
	Unit carbon emissions of new products without DfR



	    δ     
	Ratio of carbon emissions from remanufactured products to carbon emissions from new products



	    E i    
	Carbon emissions,   i =      A , B , C , D  



	    Π m i    
	Manufacturer’s profit,   i =      A , B , C , D  



	    Π r i    
	Remanufacturer’s profit,   i =      A , B , C , D  



	    Π i    
	Total supply chain profit,   i =      A , B , C , D  
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Table 2. Equilibrium results under different decision-making models.
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Variants

	
Model A

	
Model B

	
Model C

	
Model D




	
    φ = 0.28    

	
    φ = 0.32    

	
    φ = 0.36    






	
    ξ i    

	
-

	
0.4255

	
0.4219

	
0.4219

	
0.4219

	
0.4219




	
    q n i    

	
142.30

	
163.83

	
154.85

	
154.85

	
154.85

	
154.85




	
    f i    

	
170.00

	
182.77

	
-

	
108.40

	
108.40

	
108.40




	
    τ i    

	
0.08

	
0.06

	
0.15

	
0.15

	
0.15

	
0.15




	
    q r i    

	
11.00

	
10.64

	
23.21

	
23.21

	
23.21

	
23.21




	
    Π m i    

	
23,214.89

	
26,382.98

	
-

	
26,446.62

	
26,589.04

	
26,731.47




	
    Π r i    

	
387.08

	
362.15

	
-

	
726.38

	
583.96

	
441.53




	
    Π i    

	
23,601.97

	
26,745.13

	
27,173.00

	
27,173.00

	
27,173.00

	
27,173.00




	
    E i    

	
744.50

	
488.91

	
487.81

	
487.81

	
487.81

	
487.81
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